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Ab stract: Since 50 years cop per-sil ver ores have been ex tracted from the Lubin-Sieroszowice de posit lo cated on
the bor der be tween the Lower and Up per Perm ian sed i ments. It is a world class stratoidal type de posit. In the
whole world the Kupferschiefer unit is rec og nized as a black, clayey or ganic-rich shale. The Cu-Ag de posit is a
part of the Fore-Sudetic Monocline, and is lo cated on the bor der of the Lower and Up per Perm ian strata The
monocline in cludes three rock com plexes. The first is the base ment, which com prises Pro tero zoic crys tal line rocks 
and Car bon if er ous sed i ments. It is over lain by monoclinally dip ping Perm ian and Tri as sic sed i men tary rocks. 

In this work, study on ore min er ali sa tion of the red va ri ety of the Kupferschiefer are pre sented. Ox i da tion of
the Kupferschiefer as an epigenetic phe nom ena.The ox i dized zones re veal low con cen tra tions of sim ple cop per
sulphides with the dom i nat ing chal co py rite ac com pa nied by bornite, py rite, covel lite, ga lena, clausthalite, chalco-
cite, digenite, spioncopite, geerite, na tive Au, electrum, tetraauricupride, naumannite, na tive Pb, Pd-ar sen ides and
min er als of mixed com po si tion: Au-Ag-Pb-Bi-Se-Te, Au-Ag-Pb-Te, Bi-Cu, Bi-Pd and Pd-As-O. Most im por tant
are nat u ral al loys of pre cious met als, Pd-ar sen ides and ox i dized phases (mostly Pd ones), which strongly in flu ence 
the ef fec tive ness of froth flo ta tion. Pre cious met als form sev eral parageneses: i – clausthalite - na tive Pb - electrum 
- AuPb2, ii – Pt-na tive Au - na tive Pd - sobolevskite - na tive Pb, iii – na tive Au - haematite - bornite - min er als of
covel lite-chalcocite group, iiii – electrum - tetraauricupride - chalcocite, iiiii – electrum - Pd-ar sen ides - tellurides
- selenides - BiPd and CuBi nat u ral al loys - Pd-ox ides.

The red Kupferschiefer va ri ety is dis tinctly lower in car bon ates and re sem bles rather a marl. Av er age Fe2O3

con tent is about 5 times higher than that in the grey Kupferschiefer. The av er age TOC con tent in the red
Kupferschiefer is about 10 times lower than that in the black Kupferschiefer and about 5 times lower than that in
the grey Kupferschiefer. Av er age Cu con tent is 1,070 ppm at vari abil ity co ef fi cient 81% . The grey Kupferschiefer 
con tains 3 times higher con tents of Cu and its vari abil ity co ef fi cient is 2 times higher, which points out to
quan ti ta tive changes dur ing the leach ing of cop per when  sec ond ary ox i da tion of de posit pro ceeded. Thus, low Cu
and TOC val ues can be in dic a tive for ox i diz ing en vi ron ment and, con se quently, can be good ex plo ra tion guides to
zones en riched in pre cious met als. 

Av er age Au con tent in the red Kupferschiefer is high 15.419 ppm, is much higher than that for the grey
Kupferschiefer. Com par i son of metal con tents in sam ples from the ox i dized zones re veal high vari abil ity of Au
val ues in the red, which may change from a few ppm to over 100 ppm. Neg a tive Cu-Au cor re la tion sup ports the
hy poth e sis on the in tro duc tion of gold into the red Kupferschiefer dur ing the leach ing of cop per. Au ho ri zon is
con tin u ous and lo cated close to the bot tom con tour of Cu de posit. It in cludes the top part of the sand stone and
ex tends down, even be neath 1 m from the top of the sand stone. The av er age  thick ness of the high-Au zones is 0.2
m, and var i ous from 0 up to 1.4 me ters. The Au and PGE de posit de scribed in this pa per fit well in the world
cri te ria for eco nomic-grade ac cu mu la tions. 
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IN TRO DUC TION

The re search pro ject car ried out in the Lubin–Sieroszo-
wice cop per de posit in the years 1995–1997 en abled the au -
thors to con clude the reg u lar i ties of the oc cur rence of pre -
cious met als in the study area. It was found that pre cious
met als are re lated to sec ond ary ox i da tion zones of rocks and 
are hosted mostly in the sand stones, and in the bot tom part
of the Kupferschiefer, but are less com mon in the car bon ate
rocks (Re port AGH, 1996, 1997).

Maps and cross-sec tions pro duced for that pro ject al -
lowed the au thors to es ti mate the size of ox i dized zones, di -
rec tions of their ex ten sion and ac cu mu lated re serves of
gold. Bas ing on these data, the south west ern and west ern
parts of the min ing lease were se lected as most prom is ing
for the fu ture ex plo ra tion for pre cious met als.

In the late 1990ties the se lected parts of the de posit area
were not enough well rec og nized as in ten sive de vel op ment
works were at the stage of plan ning. The de vel op ment of the 
min ing works in this part of cop per de posit, that took place
in the fol low ing years, en abled the au thors to ac cess the new 
fields and eval u ated the con cen tra tions of pre cious met als.

Tak ing into ac count that sev eral years have passed
since the com ple tion of the early re search, the new pro ject
has been pro posed, fo cused on both the ba sic and ap plied
stud ies. Ac cu mu la tion of such a large amount of gold at the
bot tom of the cop per ore zone and, com monly, also in the
sand stone be neath the cop per zone can be re garded as a
gold de posit proper and, si mul ta neously, may rise se ri ous
le gal prob lems in flu enc ing its eco nomic value.

Stud ies planned and com pleted for the fol low ing pro -
ject were the con tin u a tion of the al ready com pleted, early
re search. Hence, in the first chap ter pro vides the sum mary
of pre vi ous re sults, in or der to clar ify the prob lem. The
mono graph is a set of pa pers writ ten by var i ous au thors un -
der the com mon ti tle.

Sin cere thanks are due to the Staff of the Geo log i cal
De part ment at the Polkowice-Sieroszowice Mine, par tic u -
larly to Mr. A. Michalik, Mr. R. Leszczyñski, Mr. J. Byra
and Mr. R. Ro¿ek for their kind as sis tance and dis cus sions
dur ing the sam pling of the de posit. The au thors are in debted 
also to Ms. E. Szwed, Mr. H. Czerw, Mr. D. Bembenista
and Mr. P. Lenik for as sis tance in pro cess ing of graphic ma -
te ri als.

METH ODS

SAM PLING

The sam pling was ac com plished in un der ground work -
ings of the Polkowice-Sieroszowice Mine. From the area
occuppied by the sec ond ary ox i dized cop per de posit 35
chan nel sam ples were col lected from the full heights mine
work ings. Sam pling pro ce dure was con sis tent with that ap -
plied by the KGHM Polska MiedŸ S.A. Com pany, i.e. each
chan nel sam ple was di vided into 20-cm-long in ter val sam -
ples re lated to cop per ore li thol ogy. Such pro ce dure gave
to tally 314 in ter val sam ples from which 204 sam ples were
se lected for chem i cal anal y ses for Au, Pt and Pd. From the
all col lected in ter val sam ples the pol ished sec tions were cut

for mi cro scopic stud ies. Ad di tional 200 pol ished sec tions
were pre pared from sam ples col lected in the zones po ten -
tially en riched in no ble met als. Next 1,120 in ter val sam ples
col lected for ear lier re search pro jects (Re port AGH, 1996,
1997; Pieczonka, 1998) were in cluded into the mi cro scopic
stud ies as well as into the microprobe WDS and EDS anal y -
ses. To tal num ber of sam ples de rived from the no ble metal
zone ex ceeded 1,500. Lo cal iza tion of sam pling sites is
shown in Fig. 1.

MI CRO SCOPIC STUD IES

All mi cro scopic ob ser va tions were car ried on at the De -
part ment of Ore and Evaporite De pos its, Fac ulty of Ge ol -
ogy, Geo phys ics and En vi ron ment Pro tec tion at the
AGH-Uni ver sity of Sci ence and Tech nol ogy (UST) in
Kraków. Both the NIKON and OPTON mi cro scopes were
used, equipped with the in te grated sys tems of op ti cal pho -
tog ra phy and com puter im ag ing us ing the MULTISCAN
1106 soft ware.

Mi cro scopic ob ser va tions en abled the se lec tion of sam -
ples for the mircoprobe chem i cal anal y ses, which were ap -
plied for iden ti fi ca tion of grains too small (<5 µm across) to
be cred i bly iden ti fied un der the mi cro scope. This pro ce dure 
led to the dis cov ery of over 20 new min er als and first ap -
pear ances of min er als in Po land.

MICROPROBE ANAL Y SES

Chem i cal com po si tion of na tive gold, electrum and ac -
com pa ny ing min er als was an a lyzed with the microprobe.
Be fore the year 2000 anal y ses were run at the Re search In -
sti tute of Non-fer rous Met als, Gliwice (eng. L. Kubica)
with the Jeol Superprobe 753 ap pa ra tus us ing the WDS
method. The later anal y ses were car ried on at the De part -
ment of Ore and Evaporite De pos its, AGH-UST in Kraków
with the ARL SEMQ probe and at the In sti tute of Earth Sci -
ences, Jagiellonian Uni ver sity, also with the ARL SEMQ
in stru ment (EDS method). De spite two dif fer ent an a lyt i cal
de vices, all anal y ses were car ried out un der the iden ti cal an -
a lyt i cal pa ram e ters: ac cel er a tion volt age 20 kV, cur rent 20
mA and sam ple cur rent 10 nA. The fol low ing an a lyt i cal
lines and stan dards were used: S Ka, Fe Ka (FeS2), Ag La
(100%), Au La (100%), Hg La (HgS), Pd La (100%), Bi
Ma (100%), Se La (100%), Cu Ka (100%), Pt La (100%),
As Ka.

The EDS anal y ses were car ried on at the Lab o ra tory of
Scan ning Mi cros copy for Bi o log i cal and Geo log i cal Sci -
ences, Fac ulty of Bi ol ogy and Earth Sci ences at the Jagie-
llonian Uni ver sity with the HITACHI S-4700 sup plied with
the FESEM and EDS de vices. The EDS method was ap plied 
for ob tain ing the BSE im ages, el e ment map ping and quan ti -
ta tive anal y ses.

METH ODS OF GEO CHEM I CAL ANAL Y SES

All geo chem i cal anal y ses were per formed at the De -
part ment of En vi ron men tal Anal y ses, Car tog ra phy and Eco -
nomic Ge ol ogy, Fac ulty of Ge ol ogy, Geo phys ics and En vi -
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ron mental Pro tec tion at the AGH-Uni ver sity of Sci ence and 
Tech nol ogy in Kraków.

The Rock-Eval py rol y sis was de vel oped by the French 
Pe tro leum In sti tute (Espitalié et al., 1977; 1985). Re sults of
the Rock-Eval anal y sis en able to de ter mine the quan tity and 
ten ta tively ge netic type and ma tu rity of or ganic mat ter dis -
persed in the an a lyzed sam ples (e.g., Espitalié et al., 1985;
Pe ters, 1986). In Po land this method has been ap plied for
over 20 years in pe tro leum geo chem is try (see e.g., Kotarba
& Szafran, 1985; Wilczek & Merta, 1992).

The sul phate and the py ritic sul phur con tents were
de ter mined ac cord ing to the Pol ish Stan dards PN-77/G-
04514.09 and PN-77/G-04514.11, re spec tively.

In or der to de ter mine the con tents of bi tu mens and el e -
men tal sul phur, first the bi tu mens were ex tracted from rock
sam ples (20 to 300 g each) in the Soxh let ap pa ra tus with the 
azeotropic 93:7 v/v mix ture of di chloro methane (DCM) and 
meth a nol (MeOH). The en coun tered na tive sul phur crys tals
were re moved and de ter mined quan ti ta tively by add ing me -
tal lic cop per to the bi tu mens so lu tion.

The sep a ra tion of bi tu men frac tions was car ried out
in two stages. First, asphaltenes were re moved by pre cip i ta -
tion in n-heksane. The re sult ing maltenes were dis solved in
a few ml of n-hex ane and sup plied to chro mato graphic col -
umn filled with sil ica gel and alu mi num ox ide (1:2 v/v).
After elu tion of sat u rated hy dro car bons with n-heksane the
ar o matic hy dro car bons frac tion was eluated with ben zene.
The re main ing res ins were eluated with the 1:1 v/v ben zene- 
meth a nol mix ture. Frac tion com po si tion of bi tu mens was
cal cu lated in re la tion to the to tal re ceived mass (in clud ing
asphaltenes).

Dis tri bu tion of n-al kanes and isoprenoids. The sat u -
rated hy dro car bons frac tion was an a lyzed with the Hewlett
Packard 5890 Se ries II gas chromatograph sup plied with the 
flame ion iza tion de tec tor (FID) and cap il lary col umn (25 m
× 0.32 mm in ter nal di am e ter) coated with the HP-1 phase
(Methyl Sil i cone Gum, 0.52 µm film thick ness), and tem -
per a ture-pro grammed from 110 to 310°C.The flow rate of
car rier gas (ni tro gen) was 2.7 ml/min.

The dis tri bu tion of methylphenanthrenes and me-
thyldibenzothiophenes and theirs homo logues were de ter -
mined on the same in stru ment equipped with a 50 m × 0.32
mm cap il lary col umn coated with HP-5 phase, and tem per a -
ture-pro grammed from 80 to 250°C.

Af ter ex trac tion of bi tu mens and re moval of car bon ates
with hy dro chlo ric acid, rock sam ples se lected for sta ble
car bon iso tope anal y sis of kerogen were combusted in an
on-line sys tem. Prep a ra tion of pre vi ously ex tracted bi tu -
mens and their frac tions was per formed by the same pro ce -
dure. Sta ble car bon iso tope anal y ses were per formed us ing
a Finnigan Delta Plus mass spec trom e ter. The sta ble car bon
iso tope data are pre sented in the  d-no ta tion rel a tive to PDB
stan dard, with an an a lyt i cal pre ci sion es ti mated to be
±0.2‰.

In or der to sep a rate the pure kerogen, the res i due left
af ter bi tu mens ex trac tion was treated with the con cen trated
ac ids: HCl (18 wt.%, for 2 hours) and HF (50 wt.% for at
least 16 hours). Un dis solved res i due was sep a rated from the 
so lu tion by centrifugation (1,600 1/min., 10 min.) and de-
cantation. Neoformed flu o ride phases were re moved with

hot con cen trated HCl. Re sulted kerogen con cen trate was
pu ri fied by heavy liq uid sep a ra tion (aque ous ZnBr2 so lu -
tion, den sity 2.1 g/ml) and re peat-ex tracted with the above
men tioned DCM-MeOH mix ture. Be fore el e men tal anal y sis 
sam ples were ho mog e nized and an a lyzed for mois ture and
ash ac cord ing to Pol ish Stan dards PN-80/G-04511 and PN-
80/G-04512, re spec tively. The amount of py rite con tam i -
nat ing kerogen con cen trate was de ter mined as to tal iron
with the Philips PU 1100X spectrophotometer us ing the
stan dard AAS pro ce dure pro vided by the pro ducer. Sam ples 
were combusted at 815°C and ash was dis solved in an a lyt i -
cally pure HCl. Mea sure ments were car ried on the ob tained
Fe ion so lu tions di luted in mea sur ing flasks.

The (C, H, N, S) el e men tal anal y sis was car ried on
with the Carlo Erba EA 1108 an a lyzer. Com bus tion prod -
ucts were sep a rated chromatographically and mea sured
with the TDC de tec tor. The re sults were pro cesses with the
EA GER 200 soft ware. Ox y gen con tent was cal cu lated to
100% con sid er ing the mois ture and min eral mat ter con tents. 
The or ganic sul phur con tents in kerogen were de ter mined
with the for mula:

S = STOT – Spy rite

where: STOT – to tal sul phur de ter mined with el e men tal
analyser (wt.%), Spy rite – con tent of py ritic sul phur (wt.%),
Spy rite = 64.12×FeTOT/55.85, FeTOT – to tal iron in kerogen
sam ple (wt.%).

STA TIS TI CAL AND GEOSTATISTICAL
METH ODS

Due to spe cific char ac ter of geostatistical anal y sis, de -
tails of ap plied meth ods were de scribed in chap ter “Dis tri -
bu tion...”. For the ini tial de scrip tion of the vari abil ity of de -
posit pa ram e ters the clas sic sta tis ti cal method was ap plied,
i.e., prep a ra tion of his to grams char ac ter iz ing the proba bil is -
tic vari abil ity struc ture of pa ram e ters and cal cu la tion of
principal vari abil ity mea sures: arith me tic mean and ex treme 
val ues, vari ance, vari abil ity co ef fi cients (as mea sures of di-
spersion) and assymmetry co ef fi cient (as a mea sure of dis-
tribution skew ness). Ad di tion ally, the per cent age of sam -
ples in par tic u lar sam pling sites which met the eco nomic
cri te rion (Au con tent > 0.5 ppm) was cal cu lated.

Meth ods of map prep a ra tion

In or der to draw the con tour maps of pa ram e ters, the
Surfer 8.0 (Golden Soft ware) pro gram was ap plied. Val ues
of pa ram e ters cal cu lated in a dense grid (25 × 25 m) were
smoothed with the 5 × 5 ma trix in which the cen tral value
ob tained the weight 2. Such data pro cess ing en abled the
elim i na tion of a sub stan tial part of lo cal vari abil ity from the
con tour pat tern.

Val ues of spe cific pa ram e ters in nodes of the square
grid were cal cu lated with the point kriging method us ing the 
stan dard ized variograms whereas the em pir i cal variograms
were ob tained from the anal y sis of the whole sam ple pop u -
la tion.

The ex per i men tal data pro cess ing re vealed that the best
fit ting of em pir i cal variograms was ob tained by the com bi -
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na tion of spher i cal or lin ear (range be low 500 m) mod els
with the ran dom model. Anal y sis of Pt+Pd con tents dis -
closed the pres ence of the ”Hole ef fect”, i.e. at the range
over 500 m the em pir i cal variograms be came reg u lar si nu -
soids of a pe riod about 1,500 m.

Fi nal map and cross-sec tion pro cess ing was car ried on
with the Microstation J soft ware. Cross-sec tions were not
lo cal ized in the maps due to con fi den tial char ac ter of data.

Meth ods of chem i cal anal y ses

Ba sic chem i cal anal y ses for Au, Pt and Pd were car ried
out by the ACTLABS (Can ada) with the ICP-MS method.
In or der to elim i nate the nug get ef fect, 30-gram por tions
were pre pared from each sam ple. An a lyt i cal pre ci sion was 2 
ppb for Au, 5 ppb for Pt and 4 ppb for Pd. Bulk anal y ses for
48 el e ments were car ried on by the ACTLABS, as well,
with the XRF method for main el e ments and ICP-MS one
for trace el e ments. From each sam ple 11-gram por tions
were pre pared. An a lyt i cal pre ci sion was 0.01% for 10 main
el e ments and 0.1 to 10 ppm for the re main ing 38 trace el e -
ments.

Anal y ses of se lected met als: PGE, As, Hg, Bi, Re, Sb,
Se, Mo and Te in spe cial sam ples were car ried on with the
ICP-MS method (the Perkin Elmer ELAN 6100 ap pa ra tus)
at the De part ment of Hydrogeology and En gi neer ing Geo-

logy, Fac ulty of Ge ol ogy, Geo phys ics and En vi ron mental
Pro tec tion, AGH-Uni ver sity of Sci ence and Tech nol ogy in
Kraków. From each sam ple 1-gram por tions were pre pared
for anal y sis. An a lyt i cal pre ci sion var ied from 0.1 to 1.0 ppb, 
ex cept for Te.

GEO CHEM IS TRY OF Au AND PGE
Jadwiga Pieczonka

IN TRO DUC TION

Con cen tra tions of Au and PGE in the Earth crust usu -
ally do not ex ceed 5 ppb (Crocket, 1993), but for chem i cal
and fine-clastic sed i ments sim i lar to those en coun tered in
the Fore-Sudetic Monocline much lower val ues were
quoted (about 1 ppb, Tab. 1). Ta ble 2 shows Au con tents in
var i ous vol ca nic and ig ne ous com plexes, which are gen er -
ally less than 2 ppb. Higher val ues (up to 22.5 ppb) were re -
ported only from rhyolites and ig nim brites from the Okho-
tsk re gion (Rus sia), but in most cases con tents be low 5 ppb
were quoted. Au con tents in sam ples from Lower Perm ian
ig ne ous and vol ca nic rocks in the Fore-Sudetic Monocline
are much higher than pre sented in Ta bles 1 and 2. For ex -
plo ra tion pur poses such con tents are re garded as anom a lous 
and are pos i tive di rec to ries for fur ther works.
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Ta ble 1

Av er age Au con tent in some se lected sed i men tary rocks [ppb]

Rock type/localization
Au

(Min-max)
References

Claystones, sandstones: Tuva,
Taymyr, Yenisey, Russia

2.7(0.5-7.0)
Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,
114-124

Conglomerates, sandstones and
claystones: Undino-Dainski Basin,
Eastern Transbaikalia, Russia

8.75(0.5-19)
Polikarpochkin V.V., Korotajeva I.Ya., 1976: Distribution of gold in the sedimentary rocks of
the Udino-Dainsk basin (eastern Transbajkalia). Geochem. Int. 13/2, 57-62

Mudstones and  greywackes: Bohe-
mian Massif, Czechoslovakia (R.C.)

4.6(1-19)
Moravek P., Pouba Z., 1984: Gold mineralization and granitoides in the Bohemia Massif,
Czechoslovakia. In: Gold'82, Forster ed. Balkema, 713-729

Tuffogenic mudstones (Archean):
Superior, Canada

1.1(0.1-8.8)
Kwong Y.T.J., Crocket J.H., 1978: Background and anomalous gold in rock of an Archean
greenstone assemblage, Kakagi Lake area, northwestern Ontario. Econ. Geol. 73, 50-63

Claystones:Kuznetsk, Sayan, Tuva,
Taymyr, Yenisey, Russia

2.2(0.1-8.3)
Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,
114-124

Claystones and limestones: Sayan,
Tuva, Taymyr, Yenisey, Russia

6.7(0.1-29)
Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,
114-124

Barren schists: Witwatersrand
Basin, South Africa

4.1(0.3-23)
Kwong Y.T.J., Crocket J.H., 1978: Background and anomalous gold in rock of an Archean
greenstone assemblage, Kakagi Lake area, northwestern Ontario. Econ. Geol. 73, 50-63

Shales (Paleocene): Gubbio, Italy 1.85(0.4-5.8)
Crocket J.H., 1993: Distribution of gold in the Earth's crust. In: Gold metallogeny and
exploration Forster R.P. ed., Chapman & Hall., 1-36

Limestones, dolostones, marl slates:
Kuznetsk, Altay, Sayan, Tuva,
Russia

2.5(0.2-5.5)
Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,
114-124

Pelagic limestones
(Turonian-Paleocene): Gubbio, Italy

1.1(0.3-4.6)
Crocket J.H., 1993: Distribution of gold in the Earth's crust. In: Gold metallogeny and
exploration Forster R.P. ed., Chapman & Hall., 1-36

Limestones (Upper Jurassic):
Central Asia, Russia

0.71(0.6-1.0)
Popov V.S., 1975: Geochemistry of gold in the Upper Jurassic evaporite formation on the
southern part of Soviet Central Asia. Dokl. Acad. Sci. USSR, Earth Sci. Section 224, 204-207

Evaporites, (Jurassic): Central Asia,
Russia

1.4(0.4-7.0)
Popov V.S., 1975: Geochemistry of gold in the Upper Jurassic evaporite formation on the
southern part of Soviet Central Asia. Dokl. Acad. Sci. USSR, Earth Sci. Section 224, 204-207



Av er age con tents of most the PGE in the Earth crust are 
lower than those of Au and usu ally do not ex ceed 1 ppb for
par tic u lar el e ment and 10 ppb for to tal PGE (Tab. 3, Pasava
et al., 2003). How ever, in the rocks of ex plo ra tion po ten tial
for PGE their com bined con tents are usu ally 10 times higher 
(Tab. 3). In the high est-grade known Ni-Cu de posit –
Norilsk-Talnakh (Rus sia) – PGE con tents in sul phide ores
are over 100 ppm (Distler et al., 1993). Av er age PGE con -
tents in the lay ered mafic in tru sions are from sev eral to a
dozen of ppm (Zientek, 1993, vide Barrie, 1995) (Tab. 3)
but high est amounts were ob served in mac ro scop i cally vis i -
ble, dis sem i nated sulphides. Most of the PGE-en riched sul -
phide as so ci a tions hosted in pegmatoidal pyroxenite from
the Bushveld Com plex (South Af rica) and in chro mite de -
posit of the Sopchezeero LMI (Kola Pen in sula, Rus sia) are
of hy dro ther mal or i gin. How ever, some LMIs – e.g. the Du -
luth and the Muskox in tru sions – do not host eco nomic-
grade de pos its de spite the com mon pres ence of dis sem i -
nated Ni-Cu sulphides (Barns & Fran cis, 1995).

An un typ i cal, Au-Pt-Pd de posit is the Serra Pelada
(North ern Brasil, Cabral et al., 2002). Av er age con tent of
com bined pre cious met als in this lo cal ity is high (about 20
ppm) whereas Cu con tent is be low 0.1% (Tab. 3). Max i -
mum Au con cen tra tions in the “bo nan zas” were up to
13.5%. Ore is hosted in brecciated, haematitized and si lici -
fied, car bon ate metamudstones con tain ing 10% of amor -
phous car bon. Its or i gin is re lated to the low-tem per a ture
hy dro ther mal pro cesses (Cabral et al., 2002).

GOLD AND PGE IN LOWER PERM IAN ROCKS
OF THE FORE-SUDETIC MONOCLINE

Ta ble 4 pres ents gold con tents in Lower Perm ian rocks
from the Fore-Sudetic Monocline. All an a lyzed core frag -
ments re veal in creased amounts of Au whereas PGE con -
tents are be low de tec tion limit (5 ppb). The ex cep tion is Ir,
which was de tected in three sam ples, al though in amounts
be low 1 ppb (Tab. 4).

All an a lyzed Lower Perm ian rocks orig i nat ing from
var i ous parts of the Fore-Sudetic Monocline re veal dis tinct
traces of hy dro ther mal pro cesses – hematitization of Fe-sil i -
cates, zeolitization and carbonatization. It is sup ported by
the re sults of petrographic stud ies, e.g. Siemaszko (1978),
Ryka (1978) and Speczik (1979, 1985). In one of drill cores
abun dant sul phide min er al iza tion was found, which also
proves the pres ence of hy dro ther mal ac tiv ity. Typ i cal are
high con tents of Au, par tic u larly in the rocks from the Fore-
Sudetic Monocline and from the North-Sudetic Trough
(Tab. 4). The low est Au con tents were found in volcanics
from the Wolsztyn High (Tab. 4).

The ear lier mono graphs (Speczik, 1979, 1985) clearly
dem on strated the pres ence of hy dro ther mal pro cesses in the
base ment of the Fore-Sudetic Monocline. In Car bon if er ous
rocks hy dro ther mal min er al iza tion in cludes: he ma tite, py -
rite, cobaltite, safflorite, pyrrhotite, ar seno py rite, chalco-
cite, sphalerite, chal co py rite, cubanite, bornite, marcasite,
native Bi, en ar gite, ga lena, tetrahedrite and hypergenic as -
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Ta ble 2

Av er age Au con tent in some se lected volcanogenic rocks [ppb]

Rock type/localization
Au

(Min-max)
References

Rhyolite, dacite (Cainozoic):
Kuril-Kamchatka Province, Russia

1.79
Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629

Andesite (Cainozoic):
Kuril-Kamchatka Province, Russia

1.88
Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629

Basalt (Cainozoic):
Kuril-Kamchatka Province, Russia

1.73
Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629

Rhyolite + ash cover (Cretaceous):
Okhotsk-Chukotka complex, Russia

1.23
Mints, M.V., 1975: Gold in igneous rocks of  southwester part of Ulinsk superposed downwrap
(Okhotsk -  Chukotka volcanic belt). Int. Geol. Rev. 17/5, 604 

Granite (Cretaceous): Okhotsk-
Chukotka complex, Russia

0.98
Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629

Andesite, basalt (Cretaceous):
Okhotsk-Chukotka complex, Russia

1.98
Mints, M.V., 1975: Gold in igneous rocks of  southwester part of Uliñsk superposed downwrap
(Okhotsk -  Chukotka volcanic belt). Int. Geol. Rev. 17/5, 604

Rhyolite (Cretaceous):
Okhotsk-Chukotka complex, Russia

1.47
Mints, M.V., 1975: Gold in igneous rocks of  southwester part of Uliñsk superposed downwrap
(Okhotsk -  Chukotka volcanic belt). Int. Geol. Rev. 17/5, 604

Basalt, andesite (Cretaceous-
Paleocene): Okhotsk, Russia

3.2
Yudin S.S., Yudina V.N., Shilin N.L., 1972: Gold concentration in volcanic series in the central
part of the Okhotsk volcanic belt. Dokl. Acad. Sci. USSR, Earth Science Sec. 207, 39-441

Rhyolite, ignimbrite (Cretaceous-
Paleocene): Okhotsk, Russia

9.6
(1.5-22.5)

Yudin S.S., Yudina V.N., Shilin N.L.,1972: Gold concentration in volcanic series in the central
part of the Okhotsk volcanic belt. Dokl. Acad. Sci. USSR, Earth Science Sec. 207, 39-441

Basalt, andesite (Miocene, Pleisto-
cene): Cascade Mountains, USA

5.6
(0.1-19)

Gottfried D., Greenland L.P., 1972: Distribution of gold in igneous rock US. Geol. Surv. Prof.
Pap. 727, 42 pp

Basalts and bimodal igneous rocks:
Western USA

1.8
(0.2-6.1)

Gottfried D., Greenland L.P., 1972: Distribution of gold in igneous rock US. Geol. Surv. Prof.
Pap. 727, 42 pp



sem blage: mal a chite, az ur ite, covel lite, chalcocite and teno-
rite (Speczik, 1979). More over, sili ci fi ca tion, chloritization, 
carbonatization, kaolinization and pyritization of these
rocks were no ticed (Speczik, 1979). Hy dro ther mal min er als 
formed in a wide range tem per a tures, from high to low
(Speczik, 1979). Re sults of stud ies car ried out in the
1980-ties sug gested that the Variscan orogenic ep och
played cru cial role in the metallogenesis of the Fore-Sudetic 
Monocline base ment (Speczik, 1985). The min eral as sem -
blages newly de scribed from the cop per de posit al low the
au thors to re vise this con cept. Chem i cal anal y ses of volca-
nics from the base ment of the Fore-Sudetic Monocline point 

out to their sec ond ary, pulsatory sat u ra tion with al ka lies,
which re sulted in sec ond ary de ple tion in Fe (Siemaszko,
1978). Hy dro ther mal ac tiv ity in the base ment rocks pre -
sum ably af fected the sed i men tary cover com posed of
clastics and chem i cal sed i ments. How ever, it is dif fi cult to
rec og nize the chro nol ogy of the events. The cru cial fea ture
is the ver ti cal per me abil ity, which was re spon si ble for fluid
trans fer from deep base ment. Ad di tional, new data on the
struc ture of con sol i dated base ment of the Fore-Sudetic
Monocline pro vided by geo phys i cal stud ies point to the
pres ence of deep frac ture and ba sic intrusives in this area
(Koblañski, 1996).
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Ta ble 3

Con cen tra tions of Au and PGM in some se lected ig ne ous rocks and se lected de pos its [ppb]

Rock type/localization Au
Cu

[ppm]
Os Ir Ru Rh Pt Pd Remarks/references

Tuffs, Bohemian Massif 42.9     162 0.36 1.92 0.26 9.81 20.52
average content
Pasava et al., 2003

Basalt, Namibia 4.6 179 2.29 9.5 - 80 23
average content
Borg et al., 1987

Felsite rocks, Namibia 7.4 40 3.61 10 - 57 116
average content
Borg et al., 1987

Peridotite, Stare Ransko,
Czech Republic

24.1 874 3.14 2.8 4.6 57.2 75.6
subeconomic Ni-Cu
Pasava et al., 2003

Troctolite, Stare Ransko,
Czech Republic

5.3 99 0.16 0.5 0.1 2.3 1.6
barren
Pasava et al., 2003

Anorthosite, Impla, South 
Africa

4.0 2 4 7.7 47 24.0 157 28
BB-A barren, Bushveld
Maier, Barnes 2003

Pyroxenite, Impla, South
Africa

1.1 22 3 4.3 22 16.0 93 39
BB-B barren, Bushveld
Maier, Barnes, 2003

Basalt, Karoo, South
Africa

101 0.04 0.3 5 7
Caroo Formation
Maier et al., 2002

Massive sulphides,
Ndzongiseni, South
Africa

1062.6 Ni- 71.0 6.60 <17 28.7 17390 21169
Caroo Formation
Maier et al. 2002

Hartley Pt mine,
Zimbabwe

1100 613 46 160 240 359 6540 2350
Geat Dyke, PGE-3 zone,
Oberthür et al., 2003

Hartley Pt mine,
Zimbabwe

260 544 36 120 170 270 2780 3390
Great Dyke, PGE-2 zone,
Oberthür et al., 2003

Pyroxenite, Rustenburg,
South Africa

1476 2479 825 1774 10151 3538 43003 13353
RPM, Bushveld
Maier, Barnes, 2003

Stillwater Complex,
Montana, USA

178 372 384 128852-4600 217665-8000 Talkington, Lipin, 1986

Fedorov Pansky, Kola
Peninsula, Russia

130-140
0.16-0.22

%
- - - 130-140 560-550 2650-2420

PGE ore (lenses A-B)
Schissel et al., 2002

Sulphide ores, Sudbury,
Canada

78-862
1.97-5.73

%
3-40 0.11-144 2-225 0.16-287 413-4719 701-5213 Eckstrand, 1995

Sulphide ores, Norilsk,
Russia

240-5500 5.5-21 % 40-120 10-160 90-290 20-1240 980-24200 3340-101800 Distler et al., (1993)

Sulphide ores, Kambalda, 
Australia

339 0.22 % 110 60 220 50 326 425
Australian Ni (2.96%)
Hudson, 1986

Serra Pelada, Brasil 15200 8-560 5-1100 1890 4090 Cabral et al., 2002

Earth crust 0.002 25 0.00005 0.00002 0.0001 0.00006 0.0015 0.0005
Reference level
http://www.earthref.org



GEO CHEM IS TRY OF PRE CIOUS MET ALS
IN BLACK SHALES

Con tents of pre cious met als in black shales are usu ally
higher than in other rocks. For Au val ues from 4 to 180 ppb, 
for Pt – 25–410 and for Pd – 0–240 ppb were quoted (Tab.
5). Con tents of the re main ing PGE typ i cally do not ex ceed a 
few ppb (Tab. 5). High est con tents of both Au and PGE
were no ticed in black shales ac com pa ny ing the mas sive sul -
phide de pos its. Hence, it can be as sumed that pre cious met -
als are pres ent in the dis per sion au re oles of these de pos its.
Among all stud ied black shales (Tab. 5 and 6) the most in -
ter est ing ap pear the Cam brian black shales from South ern

China where eco nomic-grade ac cu mu la tions were found of
Ni (2.6–3.6%) and Mo (3.9–5.7%) (Mao et al., 2002). Some 
met als: Mo, Ni, Se, Re, Os, As, Hg and Sb are en riched over 
1,000 time above the ref er ence value (Tab. 7) (Mao et al.,
2002) whereas Ag, Au, Pt and Pd oc cur in amounts 100
times higher that the ref er ence value. Con tents of or ganic
car bon and va na dium are sim i lar to those known from the
Kupferschiefer of the Fore-Sudetic Monocline.

Con sid er ing black shales of var i ous ages (Tab. 5), con -
tents of Au and PGE in the Zechstein Kupferschiefer from
the Fore-Sudetic Monocline are sim i lar to other world oc -
cur rences (Tab. 6). Mean Au con tent is 5.78 ppb for n = 77.
Vari abil ity co ef fi cient and stan dard de vi a tion point out to
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Ta ble 4

Con cen tra tion of Au, PGE  and Re in se lected volcanogenic rocks from drill cores, Lower Perm ian, Fore-Sudetic
Monocline [ppb]

Sample,
borehole

Au Os Ir Ru Rh Pt Pd Re Type of rock Geological unit

Drogomin 1 13 n.a. n.a. n.a. n.a. -5 -4 n.a. rhyolite Wolsztyn High

Miêdzyrzecz 2 23 n.a. n.a. n.a. n.a. -5 -4 n.a. rhyolite Wolsztyn High

Zb¹szynek IG3 27 n.a. n.a. n.a. n.a. -5 -4 n.a. rhyolite Wolsztyn High

Czeklin 1 17 n.a. n.a. n.a. n.a. -5 -4 n.a. andesite Fore-Sudetic Monocline

Niwiska 1 96 -2 0.4 -5 -0.2 -5 -2 -5 andesite Fore-Sudetic Monocline

Jagodzin 1 130 -2 0.2 -5 -0.2 -5 -2 -5 andesite North-Sudetic Trough

Chrz¹stowo 1 6.1 -2 0.2 -5 -0.2 -5 -2 -5 melaphyre Wolsztyn High

n.a. – not an a lyzed

Ta ble 5

Con cen tra tions of pre cious met als in black shale for ma tions

Hosting formation
Au

[ppm]
Pt

[ppm]
Pd

[ppm]
Other elements Age References

Selwyn Basin,Yukon,
Canada

0.086 0.410 0.214 Ni, Zn, Mo, As Devonian
Hulbert et al., 1992,
SHMS-type deposit

Oklahoma shale, USA 0.019 0.15 Mo Devonian-Mississippian
Coveney, Nansheng,
1991

Chattanooga Shale,
Indiana, USA

0.004 0.063 0.16 V Devonian-Mississippian
Coveney, Nansheng,
1991

Bohemian Massif,
Czech Republic

0.062,
max.-0.133

0.015,
max.-0.025
Ru-0.006

0.067
max.-0.102
Rh-0.0017

Cu, Ni, V, As, Zn Proterozoic Pasava et al., 1990

Timsk, Kursk, Russia 0.106
0.260

Os=3.5
0.020 Zn, Cu, piryt Proterozoic

Chernyshov,
Korobkina, 1995

Puolanka, Finland
0.035,

max.- 0.170
Pyrite, Corg-7%

Proterozoic
2.0-2.1 Ga

Loukola-Ruskeeniemi, 
1991, black shales

Black shale, Jormula,
Finland

0.016,
max.-0.180

Max.-0.069 Pyrite Corg-7%
Proterozoic

1.96 Ga

Loukola-Ruskeeniemi, 
1991, ophiolitic
complex

Black shale,
Talvivaara, Finland

0.015 0.027, Ir-0.042 0.073 Ni, Cu, Zn
Proterozoic

1.96-1.97 Ga
Loukola-Ruskeeniemi, 
Heino, 1996 

Kalahari Copperbelt,
Namibia

0.007-0.046
0.034-0.12

Ir-
0.00015-0.00103

0.0-0.008 Cu=2.5-3,3%, Ni Middle Proterozoic
Borg et al., 1987
black shales



mod er ate vari abil ity of Au con tents in the Kupferschiefer. It 
must be em pha sized that in the whole pop u la tion of anal y -
ses only 5 sam ples showed val ues over 10 ppb (Tab. 6),
hence, the true con tent of Au is about 3 ppb. It means that
Au con tents in the Kupferschiefer from the Fore-Sudetic
Monocline are only 1.5 times higher that the ref er ence level
whereas the black, metal-bear ing shales from China re veal
over 100-times en rich ment (see Tab. 7). The higher val ues
of Au (Tab. 6) can be con nected with the high con tents of
Ag, as re vealed by Salamon (1979). Con tents of Pt and Pd
are low, and usu ally fall be low the de tec tion limit in the
pop u la tion of sam ples an a lyzed for ex plo ra tion pro ject.
Con cen tra tions of these met als are pre sented in chap ter
“Geochem is try of host rocks...”. For com par i son, Ag con -
tents in black shales from China ex ceed 10,000 times the
ref er ence level (Tab. 7) (mean con tent Ag = 50 ppm) and
those in the Kupferschiefer from the Fore-Sudetic Mono-
cline are 672,000 times higher than the ref er ence level
(max i mum Ag con tent 3,360 ppm, Salamon, 1979). It must
be em pha sized that con tents of V, Ni, Co and or ganic car -
bon in these for ma tions are sim i lar and con cen tra tions of U
is 10 times higher in Chi nese black shales than in the
Kupferschiefer from the Fore-Sudetic Monocline (see
Piestrzyñski, 1990; Mao et al., 2002). Si mul ta neously, the
Chi nese black shales con tain only 0.06–0.26% Cu. Ob vi -
ously, dif fer ences in metal con cen tra tions in the black
shales host ing the eco nomic-grade ac cu mu la tions are sig -
nif i cant. It may re sult from var i ous sources of met als pre -
cip i tated with the same pro cess. Sul phur in black-shale-type 
de pos its from South ern China shows highly di ver si fied  34S, 
from +22 to –22‰. Ac cord ing to Mao et al., (2002), such
val ues in di cate biogenic or i gin of sul phur. Since Col lier
(1985) has dem on strated that Mo con cen tra tions in sea wa -
ter are higher than the re main ing met als, the pres ence of this 
el e ment in bot tom sed i ments is re garded as di ag nos tic for
re duc ing en vi ron ment in the bot tom layer of sea wa ter
(Jacobs et al., 1987).

CON TENTS OF Au AND PGE IN
UN CON VEN TIONAL DE POS ITS

Sev eral ge netic types of Au de pos its and over 2,000 de -
pos its them selves are known world wide. How ever, there
are only a few PGE de pos its (in the LMI- Lay ered Mafic In -
tru sions). In the fol low ing pa per the au thors fo cused at ten -
tion ex clu sively on un con ven tional ac cu mu la tions of pre -
cious met als. Un doubt edly, one of such de pos its is lo cated
in the Fore-Sudetic Monocline (Piestrzyñski et al., 2002),
the oth ers are por phyry Cu-Au de pos its with PGE (Pie-
strzyñski et. al., 1991) and Pt-Pd-Au ac cu mu la tions in un -
con formity-type ura nium de pos its (Tab. 7). The lat ter host
not only the eco nomic-grade U con cen tra tions but also in -
creased con tents of Ni, Mo, Pb, Zn, As, Cu and V. An in ter -
est ing group in cludes de pos its from the Ten nant Creek area
in Aus tra lia (Skirrow & Walshe, 2002) where 600 oc cur -
rences of he ma tite bod ies were found from which about
25% con tains also Au, Cu or Bi (Skirrow & Walshe, 2002).
The high est-grade body – “Eldo rado” – is low in sulphides
but hosts he ma tite and high amounts of Se, Au and Bi along
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Ta ble 6

Con cen tra tions of pre cious met als in the black va ri ety of
the Kupferschiefer 

(Au = mean con tent) (af ter AGH Re port, 1996)

Sample
Au

[ppb]
(min.-max.)

Pt
[ppb]

Pd
[ppb]

Ag
[ppm]

n

LW-1 2.0 £5 £4 45 1

LW-2 4.0 5 6.0 82 1

LW-3 6.1(3-15) £5 £4 82-452 3

LW-4 2.4 (2-4) £5 £4 15-2180 4

LW-5 2.7 (2-3) £5 £4 158-825 2

LW-6 3.3 (2-9) £5 £4 83-350 4

LG-1 5.9 (2-9) £5 £3 402-451 5

LG-2 2.4 (2-3) £5 £3 232-687 3

LG-3 2.0 (2-2) £5 £3 33-939 4

LZ-4 6.0 (5-7) £5 £4 42-237 2

LZ-5 £2 £5 £4 370 1

LZ-8 15 (5-20) £5 £4 1530-1730 2

LZ-9 13.0 £5 £4 1970 1

RG-1 13.0 £5 £3 193 1

RG-2 8.0 £5 £3 263 1

RG-3 7.0 £5 £3 160 1

RG-4 5.0 £5 £3 160 1

RG-5 3.0 £5 £3 1040 1

RG-6 4.0 £5 £3 708 1

RG-7 5.7 (5-6) £5 £3 221-261 3

RG-8 7.0 £5 £3 144-319 3

RG-9 11.0 £5 £3 555 1

RG-10 8.0 £5 £3 1100 1

RN-1 6.8 (4-8) £5 £3 263-702 3

RN-2 5.4 (4-6) £5 £3 26-274 2

RN-3 12.9 (4-26) £5 £3 580-735 3

RN-4 4.7 (3-6) £5 £3 580-735 3

RZ-1 3.4 (2-5) £5 £3 126-150 3

RZ-2 2.0 £5 £3 39 1

RZ-3 4.0 (3-5) £5 £3 87-89 2

RZ-4 6.3 (6-8) £5 £3 127-225 3

RZ-5 4.0 £5 £3 373 1

RZ-6 6.0 £5 £3 485 1

RZ-7 6.0 (6-6) £5 £3 96-170 2

RZ-8 3.6 (2-6) £5 £3 16-50 3

RZ-9 4.6 (4-5) £5 £3 41-602 3

x 5.78 £5 £3

s 3.43

S2 11.75

V 59.31 %

V – vari abil ity co ef fi cient; x - an av er age; s – stan dard de vi a tion; S2 – vari -
ance



with the lower con tents of Cu and Pb. Au ac cu mu la tions are 
re lated to the lat est de for ma tion stage (Skirrow & Walshe,
2002).

GEO LOG I CAL SET TING
Jadwiga Pieczonka

LI THOL OGY, STRA TIG RA PHY
AND TEC TON ICS

Li thol ogy, stra tig ra phy

Geo log i cal set ting of the Pol ish cop per de pos its in
which Au de posit is hosted (Fig. 2) has been de scribed in a
great num ber of pa pers. The de posit is part of the Fore-
Sudetic Monocline. The Monocline in cludes three rock

com plexes. The first is the base ment, which com prises Pro -
tero zoic crys tal line rocks and Car bon if er ous sed i ments. It is 
over lain by monoclinally dip ping Perm ian and Tri as sic se-
dimentary rocks. In the south east ern part of the Monocline
(Opole re gion) Up per Cre ta ceous sed i ments were dis cor -
dantly de pos ited onto Tri as sic and Perm ian strata or onto
the older rocks of the Fore-Sudetic Block. The Perm ian–
Triassic com plex is un con form ably cov ered by youn ger
Paleogene–Neo gene and Qua ter nary sed i ments (Konstanty- 
nowicz, 1971; K³apciñski et al., 1984; K³apciñski & Peryt,
1996).

Crys tal line base ment
This unit in cludes schists, greywackes, hornfelses, gra-

nodiorites and gneiss es (K³apciñski et al., 1975; Toma-
szewski, 1978; Koblañski, 1996).
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Ta ble 7

Con cen tra tions of pre cious met als in un con ven tional de pos its [ppm]

Deposit/
localization

Au
[ppm]

Pt
[ppm]

Pd
[ppm]

Accompanying
elements

Type of
deposit

Age Remarks/ references

Coronation Hill, N.
Territory, Australia

4.85 0.19 0.65 U UN Proterozoic Carville et al., 1990

Jabiluka 2, N.
Territory, Australia

up to 500 0.1-1.0 U UN Proterozoic Carville et al., 1990

Eldorado, Tennant
Creek, Australia

20 - - Se, Bi, Cu REDOX Proterozoic Skirrow, Walshe, 2002

Nick, Canada 0.086
0.149-0.618,

Ir-0.003
0.091-0.319

Os-0.015
Ni, Pb, Zn, As,

Mo
SHMS Devonian

black shale
Hulbert et al., 1992 

Sukhoi Log, Lena,
Russia

2.45-31.97 1.45-5.0 1.6 Cu pyrite SH ? 
Proterozoic-

Cambrian
metasediments, Pt-mine- 
rals  Wild et al., 2003

Zunyi Guizhou,
China

0.7
0.3

Ir-0.03 
0.4 Mo, V, Ni, U BS Cambrian

black shale Coveney,
Nansheng, 1991

Sulphide layer,
Southern China

0.334 0.295
0.300

Os-0.034
Ru-0.023
Rh-0.025

BS Cambrian
Ni-2.6%, Mo-3.9% Mao
et al., 2002

Hunan, China 2.49 0.3 0.33 Mo, Ni, V SH Cambrian black shale Fan, 1983

Udokan, Siberia,
Russia

0.016-3.7 0.03-2.1 0.015-3.25
Cu, Ag, V, Mo,

Ni, Zn
SHMS Proterozoic

black shale Makariev et
al., 1999

Monterrosas, Peru
6.0

Ag= 20
? ? Cu-1.0-1.2% IOCG

Jurassic-
Cretaceous

Sillito, 2003

Punta del Cobre,
Chile

0.2-0.6
Ag=2-8

? ? Cu=1.5% IOCG
Jurassic-

Cretaceous
Sillito, 2003

Lupin, Canada 10.75 As, pyrite BIF, Archean
Algoma type, Kerswill,
1995

Homstake, USA 8-9 As, pyrite BIF Proterozoic
Algoma type, Kerswill,
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Perm ian
This unit com prises Rotliegend and Zechstein strata.

De po si tion of Rotliegend sed i ments is re lated to the fi nal
stage of the Variscan orog eny. Its stra tig ra phy and sed i men -
ta tion were de scribed by K³apciñski (1971), Pokorski
(1978, 1981) and Pokorski and Ryka (1978). Two mem bers
were dis tin guished: lower – Autunian and up per – Saxo-
nian. The Autunian com prises con glom er ates, brown ish-red 
sand stones and shales, quartzitic con glom er ates and vol-
canics (Ryka, 1981), the lat ter rep re sented by rhyolites and
rhyolitic tuffs and brec cias (Juroszek et al., 1981; K³ap-
ciñski et al., 1988). The Saxonian is a suc ces sion of brown -
ish-red sand stones with shales in ter ca la tions only lo cally
un der lain by con glom er ates. Higher in the se quence, grey
and white greywacke sand stones ap pear (K³apciñski, 1971;
Pokorski, 1978, 1981).

In the Polkowice de posit the av er age thick ness of red
sand stones is 296.2 m, and that of white sand stones is 6.89
m (af ter ar chi val data, Geo log i cal Dept. of the Polkowice-
Sieroszowice Mine).

Tran si tion from the Rotliegend to the Weissliegend is
usu ally grad ual (Oberc & Tomaszewski, 1963; Jerzykie-
wicz et al., 1976; Nemec & Porêbski, 1977). The age of a
part of the Weissliegend is con tro ver sial (Krasoñ & Gro-
dzicki, 1964; Wy¿ykowski, 1964, 1971; Rydzewski, 1969;
Podemski, 1973; Jerzykiewicz et al., 1976).

De scrip tion of the Zechstein was ex cerpted from K³ap-
ciñski (1964, 1971). For prac ti cal pur poses, the Kupfer-
schiefer is widely ac cepted as the low est unit of the Zech-
stein suc ces sion (and, si mul ta neously, of the PZ1 cyclo-
them). How ever, be neath the Kupferschiefer the car bon ate
ho ri zon, up to 30 cm thick, is lo cally de vel oped. This is the
Basal Lime stone or its lo cal equiv a lent – the Bound ary Do -

lo mite (Krasoñ, 1964). Thick ness of the Kupferschiefer var -
ies usu ally from 30 to 60 cm (Salski, 1968; Konstantyno-
wicz, 1971). The Kupferschiefer is over lain by the Zech-
stein Lime stone (Tomaszewski, 1978), which shows dis -
tinct cyclicity in some lo cal i ties (Peryt, 1984). Higher in the
se quence, the Lower Anhydrite ap pears (K³apciñski, 1966;
K³apciñski & Peryt, 1996) fol lowed by the Old est Ha lite
and/or the Up per Anhydrite strata. Sig nif i cant thick ness of
anhydrite is cor re lated with low thick ness of the Old est Ha -
lite and vice versa (K³apciñski, 1966; K³apciñski & Peryt,
1996).

In the Polkowice area, the Zechstein old est mem ber is
the Bound ary Do lo mite of av er age thick ness about 0.03 m.
The Kupferschiefer, of av er age thick ness 0.31 cm, forms
con tin u ous layer in the east ern and north ern parts of the
mine. Thick ness of over ly ing car bon ates and of the Lower
Anhydrite is 50.73 m each. The Old est Ha lite mem ber oc -
curs only in the Sieroszowice area (af ter ar chi val data, Geo -
log i cal Dept. of the Polkowice-Sieroszowice Mine and To-
maszewski, 1962b). The PZ2 cyclothem be gins with the
Main Do lo mite mem ber fol lowed by the Basal Anhydrite
and the Older Ha lite grad ing up the se quence into the po tas -
sium salts (K³apciñski, 1967, 1991; K³apciñski & Peryt,
1996). In the south ern part of the Monocline the Older Ha -
lite is fol lowed by an hyd rites (K³apciñski, 1991).

In the Polkowice area the Main Do lo mite is 6.4 m thick, 
whereas the anhydrite se ries thick ness reaches up to 16.8 m
(af ter ar chi val data, Geo log i cal Dept. of the Polkowice-Sie-
roszowice Mine).

De vel op ment of the PZ3 cyclothem var ies in var i ous
parts of the Monocline. In the south ern part the suc ces sion
in cludes the Platy Do lo mite which con tains up to 40% of
anhydrite. The basal part of this mem ber in cludes clayey
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Fig. 2. Lithostratigraphic col umn through cop per de posit (mod i fied af ter Oszczepalski, 1999), gold de posit af ter Piestrzyñski et al.
(2002)



car bon ates (Peryt, 1988). In the north ern part of the Mono-
cline the equiv a lent of the Platy Do lo mite is the shale ho ri -
zon with do lo mite layer over lain by the Main Anhydrite
(K³apciñski, 1967, 1986) and the Youn ger Ha lite. In the vi -
cin ity of Nowa Sól in ter ca la tions of po tas sium salts ap pear
(K³apciñski & Peryt, 1996).

Av er age thick nesses of the Platy Do lo mite and the
Main Anhydrite are 4.3 and 19.7 m, re spec tively (af ter ar -
chi val data, Geo log i cal Dept. of the Polkowice-Sieroszo-
wice Mine).

The PZ4 cyclothem be gins with brown ish-red clayey
shales with gyp sum and anhydrite in ter ca la tions and lenses,
fol lowed by the Peg ma tite Anhydrite. In the north ern part of 
the Monocline anhydrite mem ber is over lain by the Youn -
gest Ha lite cov ered by brown ish-red shales (K³apciñski,
1991; K³apciñski & Peryt, 1996).

In the Polkowice area thick ness of the Peg ma tite Anhy-
drite is 0.5 m and that of over ly ing clayey shales is 17.8 m
(af ter ar chi val data, Geo log i cal Dept. of the Polkowice-Sie-
roszowice Mine).

The Zechstein stra tig ra phy in the south ern part of the
Fore-Sudetic Monocline brings sev eral prob lems as in this
area the cyclothems are re duced or ab sent (Fig. 2), (Toma-
szewski, 1978; Wag ner et al., 1978). Fur ther to the north,
all four cyclothems ap pear (Peryt, 1977). Zechstein stra tig -
ra phy of the Sieroszowice-Lubin area was de scribed by To-
maszewski (1966, 1978, 1981), K³apciñski (1967), K³ap-
ciñski et al. (1984) and Tomaszewski and Kienig (1972).

Tri as sic
Se quence of this unit in cludes the Bunter Sand stone,

the Muschelkalk and the Keuper stages (Tomaszewski,
1962a; Deczkowski, 1977; K³apciñski et al., 1984). The
Lower Bunter com prises mainly arcosic sand stones, rarely
quartz sand stones with in ter ca la tions of shales, gyp sum and
sandy lime stones (K³apciñski, 1958). The Mid dle Bunter
shows sim i lar li thol ogy (K³apciñski et al., 1984; K³apciñski
& Peryt, 1996) whereas the Roethian is de vel oped only in
the north east ern part of the Monocline. Its lower ho ri zon in -
cludes dolomites with an hyd rites, marls and lime stone in ter -
ca la tions whereas the up per ho ri zon em braces marls inter-
bed ded with lime stones and gyp sum (K³apciñski & Peryt,
1996).

In the Polkowice area the Tri as sic suc ces sion is re duced 
to the Lower Bunter of thick ness 82.2 m (af ter ar chi val data, 
Geo log i cal Dept. of the Polkowice-Sieroszowice Mine).

The Muschelkalk oc curs in the vast ar eas of the Fore-
Sudetic Monocline. The low est part of the suc ces sion in -
cludes platy lime stones interbedded with marls, the mid dle
part con sists of dolomites with marls, an hyd rites and gyp -
sum interbeds and the up per part com prises platy lime stones 
and sandy dolomites (K³apciñski et al., 1984; K³apciñski &
Peryt, 1996).

The Lower Keuper strata in clude clays interbedded
with sand stones and dolomites and in ter ca lated with clayey
shales and gyp sum. These are over lain by clayey shales
with anhydrite, gyp sum, arcosic sand stones and mudstones
of the Up per Keuper. The Roethian strata are clayey shales
interbedded with mudstones, sand stones and dolomites
(K³apciñski et al., 1984; K³apciñski & Peryt, 1996).

Cre ta ceous
The Cre ta ceous sed i ments were found in the Opole

Trough, in the east ern part of the Fore-Sudetic Monocline.
These are mainly sand stones, con glom er ates and marls un -
con form ably cov er ing the older strata (K³apciñski & Peryt,
1996).

Paleogene
The Paleogene se quence com prises var i ous sands (cal -

car e ous, quartz-glauconitic, quartz and micaceous) over lain 
by a lig nite seam (Dyjor, 1978; K³apciñski et al., 1984;
K³apciñski & Peryt, 1996).

In the Polkowice area the strati graphic gap in cludes
sediments from the Lower Bunter to the Eocene. Thick ness
of Oligocene strata (clays, muds, sands and con glom er ates)
is sig nif i cant (48.4 m) (af ter ar chi val data, Geo log i cal Dept.
of the Polkowice-Sieroszowice Mine).

Neo gene
The Neo gene suc ces sion com prises quartz con glom er -

ates, sands, clays and lig nite seams (K³apciñski et al., 1984;
K³apciñski & Peryt, 1996) of thick ness ex ceed ing 300 m
(af ter ar chi val data, Geo log i cal Dept. of the Polkowice-Sie-
roszowice Mine).

Qua ter nary
The Qua ter nary de pos its re veal high lithological vari -

abil ity. The sed i ments are sands and quartz grav els con tain -
ing gran ite and lydite peb bles. These are over lain by clays,
muds, sands, grav els and clays, and rare peats (K³apciñski et 
al., 1984; K³apciñski & Peryt, 1996).

In the Polkowice area, av er age thick ness of Qua ter nary
strata (muds, sands, sandy clays) is 37.2 m (af ter ar chi val
data, Geo log i cal Dept. of the Polkowice-Sieroszowice
Mine).

Tec ton ics

The most in ten sive tec tonic move ments in the Fore-
Sudetic Monocline took place dur ing the Laramide orog -
eny, at the Cre ta ceous/Paleogene break. Struc tural his tory
of this area in cludes sev eral phases. The old est, NW–SE-
trending fault sys tem with ac com pa ny ing fis sures and frac -
tures orig i nated from the Old Cim mer ian phase, i.e. at the
Keuper/Rhaetian bound ary. Fur ther fault ing took place in
the Young Cim mer ian phase (Late Ju ras sic). At the end of
the Late Cre ta ceous the ex ist ing struc tures were re ar ranged
and new, mostly con tin u ous de for ma tions de vel oped
(Salski, 1975a, b, 1977, 1996).

The Fore-Sudetic Monocline is bor dered from the
south west by the Fore-Sudetic Block along the Mid dle Odra 
River Fault, which is, in fact, a fault sys tem of lower or der
in com par i son to the Main Sudetic Thrust and to the Silesia- 
Lubusz Deep Frac ture (Oberc, 1967, 1995). In the Fore-
Sudetic Monocline the strata dip gen er ally to the north east
at low an gle (2–5°, Preidl, 1967), al though higher dip
angles (up to 25°) were lo cally no ticed (B³aszczyk, 1981).

The cop per de posit is lo cated in the mar ginal, south -
west ern part of the Monocline, close to the bound ary with
the Fore-Sudetic Block (Wy¿ykowski, 1961; Salski, 1996).
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Three fault sets were iden ti fied: NW–SE; W–E and N–S
(Tomaszewski, 1963; Preidl, 1967; Soko³owski, 1967) with 
dom i nat ing, NW–SE set of roughly par al lel faults spaced
from 0.5 to 2 km.

Apart from dip-slip faults, also the strike-slip dis lo ca -
tions were ob served. The most com mon is the NE–SW set.
The lat eral dis place ments of sin gle faults do not ex ceed 1 m, 
how ever, the cu mu la tive dis place ments in larger ar eas may
reach even tens of me ters (Salski, 1977, 1996).

Due to di ver si fied li thol ogy of the ore de posit the rocks
re veal in ten sive frac tur ing. At the Polkowice Mine three
frac ture sys tems were iden ti fied with the dom i nat ing
NNW–SSE-trending one (Salski, 1975a, 1975b.).

The pres ence of large-scale, flat, brachyanticlinal and
brachysynclinal struc tures of gen eral NW–SE trend is re -
lated to the el e va tions of the Zechstein base ment.

OX I DIZED ZONES

De tailed stud ies on the oc cur rence of pre cious met als in 
the cop per de posit were car ried out in the Lubin-Sieroszo-
wice area in the years 1995–1997 and man aged by Pro fes -
sor Adam Piestrzyñski. The re sults al lowed the au thors to
de velop the con cept that the in creased con tents of pre cious
met als are re lated to the ox i dized zones. Con se quently, the
Polkowice-Sieroszowice area was se lected as a po ten tial
site of eco nomic-grade ac cu mu la tions of pre cious met als
and the fol low ing re search pro jects was fo cused on these
zones. The ox i dized zones, par tic u larly their or i gin and in -
flu ence on the gen e sis of the whole de posit were al ways a
mat ter of high est in ter est. Se lected ge netic con cepts are pre -
sented be low.

Def i ni tion of the “Rote Fäule”

The “Rote Fäule” fa cies was de fined for the first time
by Gillitzer (1936) as an ox i dized fa cies of the Kupferschie- 
fer. Ac cord ing to this au thor, this is a synsedimentary fa cies
de pos ited in a shal low ba sin. Rich ter (1941), Kautzch
(1942) and Jung (1960) pre sented sim i lar opin ions. Jung
and Knitzschke (1976) pro posed the slopes of paleohighs as 
de po si tion sites of the “Rote Fäule”. Among Pol ish au thors
the syngenetic or i gin of the “Rote Fäule” was ad vo cated by
Konstantynowicz (1965) and Krasoñ and Grodzicki (1965).

Oszczepalski (1980, 1989, 1999) and Oszczepalski and
Rydzewski (1983) as sumed more com plex, syngenetic-
early diagenetic for ma tion model of this fa cies. Ac cord ing
to their idea, hematitization is pre sum ably a sec ond ary fea -
ture ex cept for these red rocks, which or i gin is re lated to the
el e va tions of the Rotliegend base ment.

As early as in 1930-ties the epigenetic the ory of the
Kupferschiefer ox i da tion has emerged thanks to, among
oth ers, Schneiderhöhn (1926) and Fulda (1928), and was
later con tin ued by Jowett (1986) and more re cently by:
Kucha and Pawlikowski (1986) and Piestrzyñski et al.
(2002).

The re cent pa pers sug gested the ex is tence of more than
one “Rote Fäule” fa cies and re lated the eco nomic-grade
min er ali sa tion to only a few types of these rocks. More over, 
strong links be tween base ment struc ture, min er ali sa tion and 

“Rote Fäule” fa cies were un der lined (Rentzsch, 1991, 1995; 
Kucha, 1995; Piestrzyñski, 1995). Ac cord ing to Piestrzyñ-
ski (1995), the “Rote Fäule” de fined as synsedimentary ox i -
dized fa cies did not af fect at all the min er al iz ing pro cesses.
On the con trary, there is an im por tant re la tion ship be tween
the min er al iz ing pro cesses and the ox i diz ing con di tions pre -
vail ing be neath the ore zone, in both the Weissliegend and
the Rotliegend sand stones. The Rotliegend molasse might
have been the source of met als, which were mo bi lized dur -
ing the diagenesis and/or as a re sult of dy namic stress
caused by halokinetic move ments (Kucha & Pawlikowski,
1986).

Ac cord ing to Kucha (1995), the old est red spots (i.e.,
the “Rote Fäule”) were formed dur ing synsedimenary or
early diagenetic events and did not re veal any links to sul -
phide min er ali sa tion. On the con trary, the youn ger, epige-
netic red spots are closely con nected with cop per sulphides.
Sim i larly to Piestrzyñski (1995), Kucha (1995) also sug -
gested the pres ence of the “Rote Fäule” fa cies be neath the
cop per de posit. The ex is tence of two types of red spots:
older (“Rote Fäule”) orig i nat ing from synsedimentary or
early diagenetic pro cesses and youn ger, epigenetic, re lated
to the en rich ment in pre cious met als was re cently con firmed 
by Pieczonka (1998, 2000), Pieczonka and Piestrzyñski
(2000), and Piestrzyñski et al. (2002).

The oc cur rence of rocks with red spots
(”ox i dized fa cies”)

The dis tri bu tion of rocks with red spots was de scribed
by Oszczepalski and Rydzewski (1996, 1997) from six ar -
eas of the Fore-Sudetic Monocline. The larg est is the
Gubin-Zielona Góra area, which ex tends west ward and con -
tin u ing up to the Lower Lusatia. To the south this area ap -
proaches the North-Sudetic Trough and its east ern bound -
ary is the Polkowice-Sieroszowice de posit in which the ox i -
dized fa cies in cludes the Weissliegend sand stone, the
Kupferschiefer and the bot tom part of the Zechstein Lime -
stone. Thick ness of the red-spot zone var ies from tens of
me ters (in the south ern part of the ¯ary Pericline) to some
tens (lo cally to sev eral) cen ti me ters at the mar gin of the
zone (Oszczepalski & Rydzewski, 1997). Much smaller ar -
eas were found in the vi cin i ties of Ostrzeszów, Poznañ
(where six zones were dis tin guished) and in the West ern
Pomerania (Kamieñ Pomorski area) where the ox i dized fa -
cies con tin ues west ward, to wards Ger many (Oszczepalski
& Rydzewski, 1996, 1997).

The ar eas of red spots oc cur rence in Lower Zechstein
strata in Po land are in var i ous stages of rec og ni tion. Kon-
stantynowicz (1965) de scribed rocks (mostly marls) with
red spots un der ly ing the cop per de posit in the North-Sude-
tic Trough. Red spots in marls and lime stones oc cur ring at
the bot tom and in the top of the cop per zones were char ac -
ter ized by Skowronek (1968) from the Leszczyniec Trough.

Sev eral au thors, e.g.: Rydzewski (1976, 1978), Micha-
lik (1979), Oszczepalski (1989), Jowett et al. (1991),
Wodzicki and Piestrzyñski (1994) and Kucha (1995) have
al ready dis cussed prob lems of red spots oc cur rence in the
rocks from the Fore-Sudetic Monocline. Here, red spots
were ob served mostly at the bot tom of the cop per zone, in
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red- and brown ish-grey-col ored rocks con tain ing he ma tite
and Fe-hy drox ides. The spots were en coun tered in all lith o -
logic types of rocks. Ac cord ing to Michalik (1979), sand -
stones with red spots oc cur in al most whole area be tween
Lubin and Sieroszowice. The range of clayey and car bon ate
rocks with red spots is much lim ited. These rocks form sev -
eral iso lated “is lands” of di am e ters from sev eral hun dreds
of me ters to 2 ki lo me ters, gen er ally over ly ing the red-spot -
ted sand stones. De tailed dis tri bu tion of red-spot zones in re -
la tion to the cop per de posit in the Polkowice-Sieroszowice
area was de scribed by Piestrzyñski and Pieczonka (1997a,
b), Pieczonka (2000) and Piestrzyñski et al. (2002).

Dis tri bu tion of red-spot zones in study area,
in re la tion to the cop per de posit

Ver ti cal re la tion ships
In or der to de ter mine the mu tual re la tion ships be tween

the red-spot zones and the cop per de posit, sev eral geo log i -
cal cross-sec tions were drawn through var i ous parts of the
Polkowice-Sieroszowice area. Con tents of Cu and Fe3+ to -
gether with mac ro scop i cally vis i ble red spots were taken as
in di ca tors of the bound aries be tween the re duc ing, the tran -
si tional and the ox i dized zones (Pieczonka, 1998, 2000).

One of the cross-sec tions was drawn through the Polko- 
wice Main Field. In all the ver ti cal pro files in cluded into
this cross-sec tion (No. Sz06-1086, Sz06-0714, Sz06-0423
and Sz06-0407) red spots were mac ro scop i cally vis i ble in
the sand stones and the car bon ates. The up per bound ary of
the first ox i dized zone lo cated in the sand stones fol lows the
top sur face of this rock whereas the lower bound ary is un -
known as it was lo cal ized in only a sin gle se quence. The
sec ond ox i dized zone in cludes a frag ment of do lo mite se -
ries. Be tween both ox i dized zones the two tran si tional
zones were found: the first in the Kupferschiefer or in the
Kupferschiefer and in a part of the do lo mite se ries and sec -
ond in the do lo mite se ries it self.

In both the ox i dized and the tran si tional zones only
traces of cop per min er ali sa tion were found, which is com -
pen sated by the pres ence of pre cious met als hosted mostly
in the red sand stone as well as in the Kupferschiefer from
tran si tional zones.

An other cross-sec tion was drawn in the south west ern
part of the Polkowice West Field (pro files No. Pr14-1604,
Pr14-1605, Pr14-1600, Pr14-1606, Pr14-1610, Pr14-1614
and Pr14-1609). Most of these pro files re cord the cop per
de posit which then grades into the tran si tional zone. The
bound ary be tween the de posit and the tran si tional zone is
al most ver ti cal. A frag ment of ox i dized zone was found
only at the bot tom of car bon ate se ries where it ex tends 1.5
m above the Kupferschiefer top sur face. Rocks with typ i cal
red spots form a nar row off shoot, which pen e trates the tran -
si tional zone.

The most com pli cated re la tion ships be tween the zones
are seen in the cross-sec tion drawn through the west ern part
of the Polkowice West Field (pro files No. Pr04-2527, Pr04- 
2528, Pr04-2530, Pr04-2529, Pr04-2532, Pr04-2531). This
cross-sec tion in cludes both the hor i zon tal and the ver ti cal
bound aries be tween zones. The first, ex tended ox i dized

zone is lo cated in the sand stone. The po si tion of the up per
bound ary of the over ly ing tran si tional zone changes from
hor i zon tal, de fined along an ex tended dis tance by the sand -
stone-Kupferschiefer lithological in ter face, to ir reg u lar,
ver ti cal one, sep a rat ing the cop per de posit and the ox i dized
zone. This zone in cludes all types of rocks. The sec ond ox i -
dized zone pen e trates into the car bon ate se ries form the
south east, im me di ately from above the Kupferschiefer.
From the north west it forms a ver ti cal bound ary of the tran -
si tional zone.

The cop per de posit in cludes the Kupferschiefer and the
car bon ates. To wards the ox i dized zone the cop per grade
abruptly de creases and in the ox i dized zone it self it does not 
ex ceed 0.5 wt.% Cu. In both the ox i dized and the tran si -
tional zones high amounts of pre cious met als ap pear. In the
area rep re sented by the cross-sec tion the ox i dized zone is
dom i nated by na tive Au, whereas in the tran si tional zone
electrum pre vails. In the cop per de posit na tive Au is rare
and was en coun tered usu ally at the bound ary with the tran -
si tional zone (Pieczonka, 1998, 2000).

The cross-sec tions dem on strate sig nif i cant vari abil ity
of thick ness and ge om e try of par tic u lar ox i dized zones.
Apart from al ter nat ing zones lo cated be neath the cop per de -
posit, in which thick ness changes are grad ual, there are ar -
eas in which the zones ex tend up ward and form ad di tional,
ir reg u lar, ver ti cal bound aries as well as other ar eas in which 
the ox i dized zone pen e trates the cop per de posit with nar -
row, ir reg u lar off shoots, usu ally above the top sur face of the 
sand stone. Dif fer ences in ge om e try of these zones re sult
from dif fer ent for ma tion con di tions. In the sand stone the
oxidized zone oc cu pies vast area and the pre pared cross-
sec tions did not con tour its bound aries. In the Kupfer-
schiefer and in the car bon ate se ries the ox i dized zones form
less ex tended, ir reg u lar re stricted ar eas (red-shoot). Due to
lim ited ver ti cal range of stud ied se quences, an even tual
pres ence of ox i dized zone above the cop per de posit can
only be hy poth e sized.

Hor i zon tal re la tion ships
The oc cur rence of red-col ored rocks is highly vari able.

Dis tri bu tion of sand stones with red spots was rec og nized
bas ing upon data af ter Nieæ and Piestrzyñski (1996) and that 
of the spot ted Kupferschiefer and car bon ate rocks was con -
cluded from ar chi val ma te ri als pro vided by the Geo log i cal
Dept. of the Polkowice-Sieroszowice Mine (Ar chi val ma te -
ri als, 1998). These ma te ri als in clude re sults of drillings and
ob ser va tions made by min ing ge ol o gists dur ing the de vel -
op ment of the mine.

The sand stones with red spots oc cur in al most whole
area of the de posit. These were ob served in the south ern and 
the west ern parts of the Sieroszowice area, and ex tend as ir -
reg u lar off shoots to its north ern and east ern parts (Fig. 3). In 
the Polkowice mine, sand stones free of red spots form ir reg -
u lar fields in the north ern and north east ern parts, and a sin -
gle, iso lated re stricted red-shoot lo cated closer to the cen ter
of the study area. These sand stones con tinue to wards the
Rudna and the Lubin mines where the spot ted sand stones
form only rare, iso lated ar eas.

In both the Kupferschiefer and the car bon ates red spots
are less com mon. In the Polkowice and Sieroszowice mines
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the spot ted Kupferschiefer and dolomites form highly ir reg -
u lar, iso lated red-shoots of var i ous size. Only for some
red-shoots, the bound aries could be de fined ac cu rately, for
oth ers the bound aries are still only ap prox i mate, be cause
lack of min ing works. In the Sieroszowice area the red-spot -
ted Kupferschiefer and dolomites oc cur mostly in its south -
ern and south west ern parts, over the red-spot ted sand stones. 
In the Polkowice mine, red-shoots of the spot ted Kupfer-
schiefer and dolomites form two, lo cally par al lel, NW–SE-
trending belts. In ter pre ta tion of drill ing data re vealed that
the red-spot ted rocks oc cur also in the south west ern part of
the Polkowice area and ex tend fur ther north ward, to wards
Radwanice and Sieroszowice. Gen er ally, these rocks oc cur
above the red-spot ted sand stones (Pieczonka, 2000).

Con sid er ing the in ad e quate rec og ni tion of the south ern
and south west ern parts of the Polkowice-Sieroszowice de -
posit, the con tour of red-spot ted rocks zone in this part of
the mine still re mains un known.

Sim i lar pat tern – i.e., iso lated red-shoots of red-spot ted

Kupferschiefer and car bon ates over ly ing the wide spread
zones of red-spot ted sand stones – was de scribed by Micha-
lik (1979), bas ing upon data from 130 bore holes.

Both the ir reg u lar shapes and vari able size of red-spot -
ted zones as well as an en rich ment in Cu in the ar eas ad ja -
cent to tran si tional zones, re ported by min ing ge ol o gists,
con firmed the epigenetic or i gin of red spots in re la tion to
the cop per de posit (Pieczonka, 2000; Piestrzyñski et al.,
2002).

Dis tri bu tion of red spots in the rocks from the
Polkowice-Sieroszowice de posit

The stud ies on the oc cur rence of the ”Rote Fäule” fa -
cies in the Fore-Sudetic Monocline were based mostly on
data from drillings. Thanks to sig nif i cant depth of bore -
holes, the dis tri bu tion of red spots in par tic u lar rocks and
their po si tion in re la tion to the cop per de posit were rec og -
nized.
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Fig. 3. Spa tial re la tion ship of ox i dized ar eas and cop per de posit (af ter Pieczonka, 2000). 1 – limit of min ing con ces sion; 2 – limit of the 
cop per de posit; 3 – limit of the cop per de posit based on bore holes; 4 – ar eas with ox i dized Weissliegende sand stone; 5 – range of ox i dized 
ar eas within the Kupferschiefer and do lo mite; 6 – range of com plete ox i dized sec tion in the cop per zone



Fur ther stud ies car ried out af ter the year 1995 (see Pie-
strzyñski & Pieczonka, 1997a, b; Pieczonka, 2000; Pie-
strzyñski et al., 2002) were based upon macro- and mi cro -
scopic anal y ses of spec i mens se lected from chan nel sam -
ples taken in ver ti cal se quences, whose lo cal iza tion fol -
lowed the pro gress ing de vel op ment of the de posit. The
thick ness and the lithologies of sam pled rocks de pended on
lo cal, geo log i cal and min ing con di tions. In the Polkowice-
Sieroszowice mine the cop per de posit is lo cated within the
Kupferschiefer and the hang ing wall car bon ates. Hence, the
mine work ings are driven on the top sur face of the sand -
stone. In the se quences sam pled dur ing the first stage of the
re search pro ject only a sin gle, point sam ple (some times two
point sam ples, taken from 0 to 20 cm in ter val be neath the
top of the sand stone) was col lected from this rock. Re sults
of their ex am i na tions al lowed the au thors to rec og nize the
im por tance of the sand stone and gave rise to an ex pen sive
pro gram of sup ple men tary drillings down to 1.5 m depth
from the top of the sand stone. Un for tu nately, even these
drillings did not pro vide suf fi cient data for cred i ble, qual i ta -
tive and quan ti ta tive eval u a tion of red spots dis tri bu tion in
the sand stone.

Red spots were ob served in the sand stones, in the
Kupferschiefer, and in the dolomites. Car bon ates with red
spots were usu ally en coun tered above the red-col ored sand -
stones. In the Kupferschiefer sep a rat ing these rocks red
spots were of ten mac ro scop i cally in vis i ble. In most sam ples 
col lected from such shale the red in ter nal re flec tions were
ob served un der the ore mi cro scope at crossed nicols. In ten -
sive red col or ation of the Kupferschiefer or the Bound ary
Do lo mite was found only in small ar eas.

The Polkowice East Field
In the Polkowice East Field red spots were found first

of all in the sand stone, in pro files No. Sz07-0012, Sz12-
0238, 95-PW-1 and 95-PW-2 (Pieczonka, 1998) lo cal ized

in the south ern part of the field. Sup ple men tary drillings
down to 1.5 m depth from the top of the sand stone did not
pen e trate the lower bound ary of the red-spots zone. Only in
a sin gle pro file (No. 95-PW-8) red spots were en coun tered
also in the bot tom part of the car bon ates, im me di ately over
the spot ted sand stone (Pieczonka, 1998, 2000). In 1999–
2000 years sev eral new pro files were sam pled dur ing the
de vel op ment of the new parts of cop per de posit: No.
Po23-2384, Po23-2399, Sz02-0438, Sz02-2700, Sz02-3056 
(Fig. 4), Sz03-1026 (Fig. 5), Sz03-2028, Sz03-2059, Sz03-
2079, Sz07-0027 (Fig. 6), Sz07-0054, Sz07-0429, Sz08-
0936, Sz08-0991 and Sz08-1054 (Fig. 7). In sam pled rocks
the red spots were ab sent.

The Polkowice Main Field
In the Polkowice Main Field most of red spots were

found also in the sand stone, even down to 1 m depth from
its top sur face (pro files: Sz06-0407, Sz06-0423, Sz06-0714, 
Sz06-1086, Po16-1925, 95-PG-3, 95-PG-4, 95-PG-5, 95-
PG-7 and 95-PG-9, Pieczonka, 1998, 2000). Deeper sup ple -
men tary wells were not drilled. In some se quences the
whole top part of the sand stone was red-col ored, whereas in
other ones sam ples free of spots were col lected (e.g., pro file 
No. Po16-1925). In the south ern part of the field red spots
ap peared above the top of the sand stone, in the Kupfer-
schiefer (pro files: 95-PG-1, 95-PG-2, Pieczonka, 1998,
2000) and in the car bon ates (pro files No. Sz06-0407, Sz06-
0423, Sz06-1086, Pieczonka, 1998, 2000). In dolomites the
spots were found im me di ately above the Kupferschiefer
(pro file No. Sz 06-0407) and 20–30 cm above its top sur -
face (se quences No. Sz06-0423, Sz06-0714). Only in a sin -
gle, 95-PG-3 pro file red spots were en coun tered in the bot -
tom part of the Kupferschiefer and in the low er most in ter val 
sam ple taken from the do lo mite. In the pro files Po17-2125
and Po17-2289 lo cated close to the bor der with the Polko-
wice East Field red spots were not ob served.
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Fig. 4. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sz02-3056 from Polkowice Mine, East Field.
114 – no of chip sam ple, cc – chalcocite, cv – covel lite



The Polkowice West Field
Red spots from this field re vealed high est den sity and

di ver sity. How ever, it must be em pha sized that in this field
the larg est num ber of ob ser va tions could be made due to in -
ten sive min ing op er a tions.

The sand stone
Apart from pro files: Pr18-0331 and Pr18-0367, in

which red spots were not found, the red-col ored sand stone

was pres ent in all the stud ied se quences, from which more
than one sam ple was taken. How ever, the bound aries of the
red spots zone could not be con toured, de spite large num ber 
of sam ples. The spots oc cur in both the south ern and cen tral
parts of the field, and at the bound ary with the Sieroszowice 
area. In some se quences the full stud ied sand stone thick ness 
con tained red spots (pro files: Sr23-0517, Sr 23-0518, Pr10-
2267 and Pr04-2529, Pieczonka, 1998, 2000) whereas in
oth ers the spots ap peared at depth from 0 to 40 cm from the
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Fig. 5. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sz03-1026 from Polkowice Mine, East Field.
123 – no of chip sam ple, cpy – chal co py rite, py – py rite, gt – goethite

Fig. 6. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sz07-0027 from Polkowice Mine, East Field.
120 – no of chip sam ple, bn – bornite, cc – chalcocite, dg – digenite



top sur face (pro files: Pr04-2531, Pr04-2532, Pr08-0166,
PZ-40 in Fig. 8, PZ-41 and PZ-43 in Fig. 9, Pieczonka,
1998, 2000, and Pr13-7001). Ob vi ously, it does not mean
that the spots do not oc cur at greater depths from sand stone
top sur face. More over, in some se quences, the al ter nat ing
zones of grey and red sand stone were found (pro file PR
18-0262) or red spots ap peared some tens of cen ti me ters
down the top of the sand stone (se quence No. Pr 04-2527).
Ob ser va tions re vealed not only the high vari abil ity of red
spots dis tri bu tion but also their highly ir reg u lar shape and
size (Pieczonka, 1998, 2000).

The spots lo cated in the top part of the sand stone, close
to the bound ary with the Kupferschiefer as well as those lo -
cated down to 20 cm depth from this lithological in ter face
re veal cherry-red col our, usu ally elon gated shape and sta ble 

thick ness over long dis tances. A ran domly se lected sam -
pling site po si tioned in the cen tral part of such a long spot
may sug gest the gen eral, oc cur rence of syngenetic type of
lamina in the sand stone (Fig. 10A) and con sec u tive sam ples 
taken from al ter nat ing, red and grey sand stone zones may
“con firm” this ob ser va tion (pro file PR18-0262). Com -
monly, such a lamina pinches out or branches af ter a long
dis tance (sev eral me ters) from the cen ter. The case il lus -
trated by PR18-0262 pro file may re sult also from roughly
par al lel ar range ment of sev eral large spots or from clus ter -
ing of smaller spots at var i ous depths from the top sur face of 
the sand stone. In suf fi cient rec og ni tion of sand stone in the
study area gives rise to var i ous pos si ble in ter pre ta tions
(Pieczonka, 1998).
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Fig. 7. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sz08-1054 from Polkowice Mine, East Field.
117 – no of chip sam ple, cpy – chal co py rite, cv – covel lite, en – en ar gite, lu – luzonite, mg – mag ne tite, py – pyrite

Fig. 8. Ver ti cal dis tri bu tion of pre cious met als in the pro file PZ-0040 from Polkowice Mine, West Field. 109 – no of chip sam ple, bn –
bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, cg – castaingite, dg – digenite, ga – ga lena, gs – gersdorffite, rm –
rammelsbergite, li – laitakarite, py – py rite, hy – haycockite, E – electrum, hm – he ma tite, Au – na tive gold, Pd? – pal la dium ar sen ides



In more com pact, car bon ate-ce mented sand stone im me -
di ately un der ly ing the Kupferschiefer the other type of spots 
was found – brown ish-red, more reg u lar in shape and
smaller (Fig. 10B).

In sev eral pro files only the top part of the sand stone
(some 10 cm thick) was ob served, im me di ately un der ly ing
the Kupferschiefer. This layer com monly hosted the red
spots (pro files: 95-PZ-1, 95-PZ-2, 95-PZ-3, 95-PZ-15, 95-
PZ-19, Fig. 11), (Pieczonka, 1998, 2000). In many se -
quences the sand stone was not sam pled (pro file Sz/III, Sz/
IV) or the in ter val sam ple taken just be neath the Kupfer-
schiefer rep re sented the white sand stone va ri ety. How ever,
if red-col ored Kupferschiefer or cabonates oc curred in such
se quences, it is very prob a ble that red spots were pres ent
also in the sand stone, but at greater depths.

The Kupferschiefer
The red-spot ted or brown ish-red Kupferschiefer va ri et -

ies en coun tered in the Polkowice West Field usu ally oc cupy 
low er most po si tion in the full thick ness of this mem ber. i.e., 
im me di ately above the top sur face of the cherry-red sand -
stone (Fig. 10C, D). Such shale forms ei ther a ho mog e nous
layer over lain suc ces sively by brown ish-grey and dark-grey 
va ri et ies (pro files: 95-PZ-1, 95-PZ-2, 95-PZ-13, 95-PZ-17,

95-PZ-18, Fig. 12, up to No. 95-PZ-25, Pieczonka, 1998,
2000) or in ter ca la tions of brown ish-red and brown ish-grey
shale over lain by dark-grey va ri ety (pro files: 95-PZ-27 to
95-PZ-38, Pieczonka, 1998). There fore, in the Kupferschie- 
fer layer some tens of cen ti me ters thick one can ob serve
tran si tion from ox i dized zone (red and brown ish-red shale)
to tran si tional zone (brown ish-grey shale), to re duc ing zone
(dark-grey shale with Cu min er ali sa tion). Dis tri bu tion of
pro files re vealed that the red-col ored va ri ety of the Kupfer-
schiefer oc curs mostly in the cen tral and south ern parts of
the West field.

The car bon ate rocks
In the cabonate rocks the red spots are rare and were ob -

served in se quences lo cal ized along the south west ern
bound ary of the Polkowice West Field (pro files: PZ-43,
Pr04-2531, Pr04-2532, Sr23-0517, Pieczonka, 1998, No.
Pr13-7001, Fig. 13, No. Sz/III, Fig. 14 and No. Sz/IV, Fig.
15). In this part of the min ing field car bon ates are sep a rated
from the sand stone by the Kupferschiefer layer only a dozen 
of cen ti me ters thick. More over, in some sites the shale does
not con tain mac ro scop i cally vis i ble red spots. Low thick -
ness of the Kupferschiefer was prob a bly re spon si ble for the
ex pan sion of ox i dized zone into the car bon ate se ries. Thick -
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Fig. 9. Ver ti cal dis tri bu tion of pre cious met als in the pro file PZ-0043 from Polkowice Mine, West Field. 109 – no of chip sam ple, bn –
bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, dg – digenite, rm – rammelsbergite, py – py rite, Au – na tive gold, hm – he ma -
tite



ness of red-spot ted dolomites far ex ceeds 2 m and red spots
were en coun tered in all col lected in ter val sam ples ex cept
for se quences No. Pr04-2531 and Sz/IV where the red spots
dis ap peared about 1 m above the top sur face of the Kupfer-
schiefer.

Size, shape and color of red spots are highly vari able. A 
com mon va ri ety in cludes spots ar ranged con cor dantly with
dolomites bed ding. These are large, ir reg u lar spots or clus -

ters of closely packed, smaller, cherry-red spots ar ranged in
streaks (Fig. 10E). Such streaks can be formed also by
smaller, more reg u lar, brown ish-red spots (Fig. 10F). In ten -
sity of color in spe cific lay ers is highly vari able.

Apart from the ar eas where the main di rec tion of spots
ar range ment is clear over long dis tances, there are sites
where spots of var i ous size are ran domly scat tered within
the do lo mite. How ever, even the large, elon gated spots tend
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Fig. 10. Macrophotographs show ing po si tion of red patches in ver ti cal sec tions of Zechstein strata, Polkowice Mine. A – red patches in
the up per most part of Weissliegende sand stone, pro file PZ-G-31; B – red patches and spots ran dom dis trib uted in the up per most part of
Weissliegende sand stone, pro file PZ-G-31; C – red patches at the con tact of Weissliegende sand stone and Kupferschiefer, pro file
PZ-G-31; D – red patches and spots at the con tact of Weissliegende sand stone and Kupferschiefer, pro file PZ-G-31; E – sec ond ary ox i -
dized sec tion of the low er most part of PZ1 lime stone, pro file PZ-G-31; F – sec ond ary ma roon patches show ing pri mary lam i na tion of the
low er most part of PZ1 lime stone, pro file PZ-G-31



to po si tion their lon ger axes parallelly to the bed ding planes. 
Red-col ored are also diagenetic sulphates en coun tered in
nest-like struc tures (Pieczonka, 1998, 2000).

The Sieroszowice area
Be fore the year 2000, the oc cur rence of red spots in the

Sieroszowice area was known only from a few pro files lo -
cal ized in the south east ern part of the mine (e.g., No.
95-S-7, Sr09-0520 and Sr09-0727, Pieczonka, 2000). The
spots were rare and oc curred at depths in ter vals 0–10 cm,
20–40 cm and 60–80 cm be neath the top of the sand stone.
In the fol low ing years sam pling was made in pro files lo cal -
ized in var i ous parts of the mine: north west ern (No. Ra14-
0274 and Ra14-0505), cen tral (No. Ra19-0011), south west -
ern (No. Sr18-61”s”, Sr18-1628 and Sr18-7002, Fig. 16),
south ern (No. Sr19-0802, Sr19-1186, Sr19-2428, Fig. 17,
No. N/III, Fig. 18, No. N/IV, Fig. 19 and No. N/V, Fig. 20)
and south east ern (No. Sr20-0822). In the pro files No. Sr18-
1628, N/III, N/IV and N/V, large num ber of red spots was
ob served in all sam ples col lected from the sand stone (even
down to 1.5 m depth, as in No. N/III). More over, spots were 

ob served also in the dolomites, in No. N/III pro file (even in
the high est in ter val sam ple taken 2.3 m above the top of the
clayey do lo mite) and in No. Sr18-7002 pro file. In the re -
main ing pro files red spots were not en coun tered. How ever,
it must be no ticed that the Sieroszowice area is poorly rec -
og nized in com par i son with other mines, and ob ser va tions
could be car ried out over a small area.

Sum mary
The spots were ob served over long dis tances at the

sand stone/Kupferschiefer bound ary and within the sand -
stone, at depths about 20 cm be neath the top sur face as well
as in the bot tom part of the car bon ate se ries. Some times,
these are clus ters of spots lo cally fol low ing the bed ding
planes of the sand stone or dolomites, or the lam i na tion of
the Kupferschiefer. The spots may pinch our or branch in
var i ous di rec tions. Usu ally, the spots re veal cherry-red
color. Such ar range ment of spots was a re sult of ac tiv ity of
ox i diz ing so lu tions flow ing in a partly un con sol i dated sed i -
ment, along the di rec tions of most fa vor able phys i cal prop -
er ties. Lo cal changes of these prop er ties, if ham pered the
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Fig. 11. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file PZ-0019 from Polkowice Mine, West Field.
107 – no of chip sam ple, bn – bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, sf – sphalerite, cl - calusthalite, py – py rite, th –
thucholite, E – electrum, Au – na tive gold, Pd – pal la dium ar sen ides

Fig. 12. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file PZ-0018 from Polkowice Mine, West Field.
107 – no of chip sam ple, bn – bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, ga – ga lena, cl – calusthalite, dg – digenite, py –
py rite, E – electrum, Ag – na tive sil ver



so lu tion trans fer, caused the mi gra tion of flu ids in var i ous
di rec tions and the for ma tion of var i ously shaped spots. At
sites where so lu tion trans fer was highly obstacled by
changes in po ros ity and per me abil ity of rocks, small, iso -
lated spots were formed. The bar ri ers for free, ver ti cal mi -

gra tion of so lu tions were, among oth ers, the top most,
20-cm-thick, com pact, car bon ate-ce mented sand stone layer
as well as the bot tom sur face of the Kupferschiefer and the
higher por tions of the do lo mite se ries. The sin gle, brick-red
spots seen in the top most sand stone layer are anal o gous to

172  J. PIECZONKA ET AL.

Fig. 13. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Pr13-7001 from Polkowice Mine, West Field.
109 – no of chip sam ple, cpy – chal co py rite, cc – chalcocite, ga – ga lena, hm – he ma tite, py – py rite

Fig. 14. Ver ti cal dis tri bu tion of pre cious met als in the pro file Sz/III from Polkowice Mine, West Field. 109 – no of chip sam ple, bn –
bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, tn – ten nan tite, hm – he ma tite, ga – ga lena, py – py rite, Au – na tive gold



those ob served in the car bon ates to gether with the cherry-
red spots. Their dif fer ent shape, dis tri bu tion in the rocks and 
color in di cate that these spots were formed un der con di tions 
dif fer ent from those of spots de scribed above.

Bas ing upon mac ro scopic ob ser va tions, two types of
red spots can be dis tin guished, formed dur ing two dif fer ent
ox i da tion stages (Pieczonka, 1998, 2000; Piestrzyñski et al., 
2002).

Struc tures and types of red spots

The sand stone
Spots en coun tered in the sand stone show highly vari -

able size and shapes, and dif fer ent shades of red color.
Dom i nant are brown ish-red, oc ca sion ally cherry-red spots.
De spite their size, all these spots re veal highly ir reg u lar
shapes with nu mer ous off shoots pen e trat ing the host rock in 
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Fig. 15. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sz–IV from Polkowice Mine, West Field. 107 – 
no of chip sam ple, bn – bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, tn – ten nan tite, dg – digenite, ga – ga lena, rm –
rammelsbergite, py – py rite, hm – he ma tite

Fig. 16. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sr18-7002 from Polkowice Mine, West Field.
113 – no of chip sam ple, bn – bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, tn – ten nan tite, sf – sphalerite, ga – ga lena, dg –
digenite, rm – rammelsbergite, py – py rite, mk – marcasite, E – electrum, Au – na tive gold, Ta – tetraauricupride, hm – he ma tite



var i ous di rec tions. In these spots and in sur round ing, un af -
fected white sand stone, abun dant sul phide ac cu mu la tions
were no ticed (Fig. 21A, B, C, D). Changes in color of larger 
spots can be caused by var i ous in ten sity of ox i diz ing so lu -
tions ac tion or vari able Fe con tents in rocks pen e trated by
these so lu tions. Lo cally, over short dis tances, the red-col -
ored, top most zone of the sand stone re sem bles a layer. In a
sin gle pro file the red sand stones were ap par ently lam i nated
(laminae re sulted from changes in sand stone color caused
by hor i zon tal so lu tion trans fer) and hosted dis tinct, dark-red 
(oc ca sion ally cherry-red) spots (Fig. 21E). These laminae
dis ap peared about 0.5 m be neath the top sur face of the sand -
stone.

The sec ond type in cludes spots of more reg u lar shapes,
sev eral cen ti me ters in di am e ter, show ing brown ish-red,
some times brick-red color and com mon dark rims (Fig.
21F, 22A, B). The rims com posed of abun dant he ma tite are
dis tinct bar ri ers be tween the spots and the en clos ing sand -
stone. How ever, un der the ore mi cro scope, at crossed ni-
cols, the rims bound aries are not so sharp. Within the spots
he ma tite ac com pa nies the coarse-crys tal line car bon ate ce -
ment, lo cally en tirely re plac ing car bon ate min er als. It also
fills the cracks in var i ous de tri tal grains up to com plete re -
place ment of the clastics. He ma tite ac cu mu la tions oc cur
also out side the spots, within the car bon ate ce ment of sur -
round ing white sand stone (Pieczonka, 1998). Within the
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Fig. 17. Ver ti cal dis tri bu tion and cor re la tion of cop per and pre cious met als in the pro file Sr19-2428 from Polkowice Mine, West Field.
110 – no of chip sam ple, bn – bornite, cpy – chal co py rite, cc – chalcocite, cv – covel lite, dg – digenite

Fig. 18. Ver ti cal dis tri bu tion of pre cious met als in the pro file N/III from Polkowice Mine, West Field. 108 – no of chip sam ple, cpy –
chal co py rite, gt – goethite, dg – digenite, rm – rammelsbergite, py – py rite, mk – marcasite, Au – na tive gold, hm – he ma tite



spots chal co py rite and py rite were ob served as ag gre gates
in sand stone ce ment and in cracks cut ting the de tri tal grains. 
Out side the red spots sulphides are rare.

The two types of spots are sec ond ary and were formed
shortly af ter de po si tion of the sand stone (Pieczonka, 1998,

2000). For the first type of spots it is doc u mented by their ir -
reg u lar shapes, ar range ment in re la tion to sand stone bed -
ding and the pres ence of sulphides. In many ear lier pa pers
(Piestrzyñski, 1995; Kucha, 1995) the lack of re la tion ships
be tween the sul phide min er ali sa tion and the syngenetic sed -
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Fig. 19. Ver ti cal dis tri bu tion of pre cious met als in the pro file N/IV from Polkowice Mine, West Field. 108 – no of chip sam ple, bn –
bornite, cpy – chal co py rite, gt – goethite, cc – chalcocite, cv – covel lite, dg – digenite, ga – ga lena, sf – sphalerite, py – py rite, mk –
marcasite, Au – na tive gold, E – electrum, Ag – na tive sil ver, st – stromeyerite, hm – he ma tite

Fig. 20. Ver ti cal dis tri bu tion of pre cious met als in the pro file N/V from Polkowice Mine, West Field. 105 – no of chip sam ple, bn –
bornite, cpy – chal co py rite, gt – goethite, cv – covel lite, py – py rite, mk – marcasite, Au – na tive gold



i ments was ad vo cated. The epigenetic or i gin of the sec ond
spot type is con firmed by the pres ence of sulphides and rel -
ics of white sand stones within the spots, and by the ex is -
tence of coarse-crys tal line car bon ate ce ment unreplaced by
he ma tite, well vis i ble un der the mi cro scope. He ma tite ac -
com pa nies car bon ates in sand stone ce ment and forms rims
around the clastic grains, which are not closely packed.
Hence, it has ap peared in the rock af ter de po si tion of the
sand stone (Pieczonka, 1998). A similar con cept was pre -
sented ear lier by Michalik (1979).

The Bound ary Do lo mite
The red-col ored Bound ary Do lo mite was found only in

the Polkowice West Field (pro file PZ-G-31/2). It was de -
scribed sev eral times by Piestrzyñski and Pieczonka (1997a, 
b), Pieczonka (1998, 2000) and Piestrzyñski et al. (2002).
Spots vis i ble at the sur face of spec i mens show a va ri ety of
shapes and shades of red color. Do lo mite it self is light- to
dark-grey. Dis tri bu tion and shapes of red spots sug gest their 
epigenetic char ac ter (Fig. 22C, D, E, F). The pres ence of
two types of spots can be as sumed, formed dur ing the two
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Fig. 21. Macrophotographs show ing dif fer ent shape of red patches in the Weissliegende sand stone, Polkowice Mine. A – red patches in
the up per most part of Weissliegende sand stone, solid red line is a shear plane, pro file SW-G-=53; B – lens of sulphides (black) within the
red patches and spots ran dom dis trib uted in the up per most part of Weissliegende sand stone, pro file SW-G-53; C – ir reg u lar red patches
and nests of sulphides at the con tact of Weissliegende sand stone and Kupferschiefer, pro file SW-G-53; D – sec ond ary ox i dized sec tion of
the up per most part of Weissligende sand stone and ran dom dis trib uted sul phide nests (dark blue), pro file SW-G-53; E – red bed re lated
ma roon patches in Weissliegende sand stone, pro file Pr13-7001/108; F – ma roon patches reg u lar in shape in Weissliegende sand stone,
pro file N/III/4



stages of ox i da tion. The first type in cludes spots of clearly
lighter color and dif fused bound aries. The sec ond type com -
prises spots in ten sively col ored, from brick-red to red with
brown ish shade. Mi cro scopic ob ser va tions re vealed that
some spots evolve from a nar row chim ney lo cated be neath
the bot tom sur face of the Bound ary Do lo mite (Fig. 22C).
Up the se quence the spots be come wider and branch into
bush-like struc tures. It can be as sumed that these spots were 
sourced from be neath the Bound ary Do lo mite. The over ly -

ing Kupferschiefer pro vided a dis tinct bar rier for so lu tions
cir cu lat ing within the Bound ary Do lo mite and, thus, forced
the dis tri bu tion of re sult ing red spots along the Do lo -
mite/Kupferschiefer in ter face (Fig. 22C, D). In many sites
spots of in ten sive red color cut the bright-red ones.

Re sults of mi cro scopic stud ies sup ported the con clu -
sions ob tained from mac ro scopic ob ser va tions. Un der the
re flected light a va ri ety of struc tures and tex tures of Bound -
ary Do lo mite was rec og nized. Most part of rock is a mi cro-

 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 177

Fig. 22. Macrophotographs show ing dif fer ent shape and re la tion ship of red patches in the sec ond ary ox i dized Permian strata, Polkowice 
Mine. A – reg u lar red and ma roon spots in the up per most part of Weissliegende sand stone, pro file N/III/6; B – ran dom dis trib uted red and
ma roon spots in Weissliegende sand stone, pro file Sr18-1628; C – struc tur ally con trolled red spots in the bound ary do lo mite, pro file
PZ-G-31; D – two stages of ox i da tion: the older stage is char ac ter ized by red color, the youn gest is struc tur ally con trol and is rep re sented
by dark red (ma roon), pro file PZ-G-31; E – two stages of de vel op ment of sec ond ary ox i da tion sys tems in the bound ary do lo mite, pro file
Sr18-7002; F – peneconcordant red patches in the bound ary do lo mite, pro file Sr18-7002



spar of bright-red or dark-grey col ors at crossed nicols. The
dark-grey microspar hosts sin gle spots of red in ter nal re flec -
tions. Apart from pure microspar, the zones of microspar
were ob served full of nests and veinlets of sparite. Un der
the crossed nicols this zone was in ten sively red. Col ors ob -
served un der the mi cro scope and those seen mac ro scop i -
cally in spec i mens are iden ti cal. The bright-red spots
formed pre sum ably dur ing the first ox i da tion stage of the
Bound ary Do lo mite. At this stage most part of the rock re -
mained un af fected, prob a bly due to phys i cal prop er ties, e.g. 
per me abil ity or po ros ity, which were among the fac tors de -
ci sive for the trans fer of ox i diz ing so lu tions and, con se -
quently, for the shapes of the spots. In the sec ond ox i da tion
stage in ten sively red spots were pro duced. Such in ten sive
color may be an ef fect of ei ther re peated ox i da tion of the
same zones or the in va sion of so lu tions show ing much
stronger ox i da tion po ten tial. In these spots nests of unco-
lored car bon ate sparite can be ob served at crossed nicols
(Pieczonka, 1998, 2000).

In all the zones the Bound ary Do lo mite hosts sulphides. 
The high est-grade, sec ond ary min er ali sa tion is re lated to
veinlets and nests of car bon ate sparite cut ting these zones.

The Kupferschiefer
Mor phol ogy and color of red spots en coun tered in the

Kupferschiefer also sug gest their two-stage for ma tion (Pie-
strzyñski & Pieczonka, 1997a, b; Pieczonka, 1998, 2000).
The red Kupferschiefer was found in pro files from the Pol-
kowice West Field. Red-col ored is mostly the dolomitic va -
ri ety, rarely the clayey one.

Stud ies of small spec i mens may some times sug gest the
pres ence of red laminae, as de scribed by Michalik (1979),
(Fig. 23A, B). How ever, more de tailed ob ser va tions re -
vealed that, when ob served over lon ger dis tances, such
”laminae” pinch out into lenses or branch out into two or
more streaks point ing in var i ous di rec tions and en closed in
un changed, grey Kupferschiefer. Bound aries of the streaks
are ir reg u lar and dis cor dant in re la tion to the Kupferschiefer 
lam i na tion. Nu mer ous spots show var i ous morphologies of
lower and up per bound aries. The lower bound ary is roughly 
con cor dant with the shale lam i na tion whereas the up per
bound ary is ir reg u lar and re peat edly cuts dis cor dantly the
shale lam i na tion (Fig. 23C). Lo cally, rel ics of grey,
spot-free Kupferschiefer can be ob served be tween the red
spot and the over ly ing, dark-grey shale (Fig. 23C). Prob a -
bly, the ox i diz ing so lu tions mi grat ing along the lam i na tion
in ter faces of the Kupferschiefer left un af fected the zones
which phys i cal prop er ties ham pered the so lu tion trans fer.

Var i ous shades of red color are vis i ble not only in ad ja -
cent spots but also within a sin gle spot (Fig. 23C). Col ors of
neigh bor ing spots may change from light, red dish-grey to
brown ish-red. Changes in shade within the in di vid ual spot
are usu ally less pro nounced and can be caused by lo cal vari -
a tions of chem i cal com po si tion of the rock, e.g. changes in
the ini tial Fe con tents. The pres ence of ad ja cent spots of dif -
fer ent col ors and vari able shapes to gether with the pres ence
of sulphides al low the au thors to con clude that these spots
are epigenetic and were pre sum ably pro duced from two so -
lu tions of dif fer ent prop er ties (Piestrzyñski & Pieczonka,
1997a, b; Pieczonka, 1998, 2000).

In both the grey and dark-grey Kupferschiefer va ri et ies
ac com pa ny ing the red shales and in the grey Kupferschiefer 
from se quences with red spots in the sand stones and car bon -
ates, red in ter nal re flexes are vis i ble un der the mi cro scope – 
an ef fect of dis persed he ma tite.

The do lo mite
Spots en coun tered in the do lo mite can be in ten sively

red, some times with a brick-red (Fig. 23D) and cherry-red
(Fig. 23E, F) shades. Lo cally, both types of spots oc cur to -
gether or over lap each other. Cherry-red spots re veal di ver -
si fied shapes and size, and rarely oc cur in di vid u ally. Clus -
ters of larger spots com monly form streaks par al lel to the
bed ding planes (Fig. 10E).

In ten sively red spots are of ten more reg u lar and are ran -
domly dis trib uted in re la tion to the bed ding, some times
form ing larger clus ters. Some spots show darker rims which 
pro vide dis tinct bound aries be tween the spot and the en clos -
ing, grey do lo mite. In ten sity of red color in var i ous parts of
a spot de pends on the con tent of he ma tite, which con cen -
trates par tic u larly at the mar gins, form ing mac ro scop i cally
vis i ble rims (Pieczonka, 1998).

In many se quences the do lo mite hosts ir reg u lar, cherry- 
red spots of com mon dif fused bound aries, which are ac -
com pa nied by a net work of fine, mul ti di rec tional, cherry-
red veinlets. These are over lapped by red and brown ish-red
spots, and red veinlets. More in tense red color ap pears also
in the vi cin ity of nests filled with coarse-crys tal line car bon -
ates, which prob a bly con tain an ker ite. In all the sam ples
col lected from the spot ted dolomites traces of sulphides
were found.

The color, shape and dis tri bu tion of red spots in dolo-
mites con firm ge netic con cept re sult ing from the anal y sis of 
the re main ing types of spot ted rocks. The spots are epige-
netic and were formed in more than one stage of ox i da tion
(Piestrzyñski & Pieczonka, 1997a, b; Pieczonka, 1998,
2000).

Sum mary
Anal y sis of shapes, col ors and dis tri bu tion of red spots

in var i ous rocks was based upon macro- and mi cro scopic
ob ser va tions. In the sand stone, in the Kupferschiefer and in
the dolomites spots of sim i lar struc tures were iden ti fied.
These are: (i) spots re sem bling laminae, which cover vast
ar eas, (ii) spots of vari able size, very ir reg u lar in shape and
show ing dif fused bound aries and (iii) spots of more reg u lar, 
el lip ti cal or lensoidal shapes, 1–2 cm in di am e ter. First two
types usu ally show cherry-red shade whereas the lat ter type
in cludes dark-red, some times brick-red spots. As sum ing
that the red “laminae” are only frag ments of larger, ir reg u lar 
spots, the first two types can be united into one class. Fi -
nally, two types of spots were pro posed, bas ing upon their
struc ture and color (Pieczonka, 1998, 2000).

Skowronek (1968), Michalik (1979) and Kucha (1995)
dis tin guished many more types of spots. The first two au -
thors based their clas si fi ca tion mostly on color and shape of
spots, the lat ter – upon mi cro scopic ob ser va tions.

The re sults of stud ies sum ma rized in the fol low ing pa -
per do not al low to dis tin guish more than two types of red
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spots. De tailed stud ies sup port the field ob ser va tions, from
which the pres ence of two types of spots is ev i dent, formed
dur ing two ox i da tion stages.

As sum ing that in the un de vel oped parts of the sand -
stone the red spots may oc cur, which were formed dur ing
synsedimenatry pro cesses (marked “I”), the spots de scribed
in this pa per and clas si fied as epigenetic were marked “II”.
Two types of these spots were dis tin guished, formed prob a -
bly in two stages:

II a – cherry-red spots of ir reg u lar shapes, vari able size
and com monly dif fused bound aries,

II b – red or brick-red spots, more reg u lar, sev eral cm
across, of sharp bound aries.

Anal y sis of red spots dis tri bu tion in the host rocks re -
vealed their clus ter ing in the vi cin ity of var i ous frac tures
and cracks or, at least, the dis tinct in crease in num ber of
spots at such sites. This fea ture is ev i dent in the sand stones,
but is rather rare in the car bon ates (Fig. 23D). More over,
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Fig. 23. Macrophotographs show ing dif fer ent shape and re la tion ship of red patches in the sec ond ary ox i dized Permian strata, Polkowice 
Mine. A – reg u lar con tact of ma roon shale with gray shale, pro file PZ-G-31; B – reg u lar ma roon patches within the dark gray shale, pro file 
PZ-22; C – ir reg u lar, sec ond ary ma roon patches in Kupferschiefer, pro file PZ-41, D – ma roon patches in do lo mite (PZ1), pro file
Sr18-7002/108; E – ran dom dis trib uted ma roon spots in do lo mite (PZ1), pro file PZ-G-2; F – big ma roon spot on the edge of diagenetic
gyp sum nest, pro file PZ-G-31



red spots ex pand ing along the shear sur faces were ob served
(Fig. 21A).

Re la tion ships be tween the min er ali sa tion
and the pres ence of red spots

Mi cro scopic ob ser va tions of sec tions cut from sam ples
with red spots and sam ples taken from the vi cin ity of ox i -
dized zones re vealed that Cu sulphides gen er ally oc cur in
trace amounts. Larger ac cu mu la tions of sulphides and their
inter growths ap pear rather in grey and brown ish-grey rocks
from these zones. Un der the re flected light and at crossed
nicols nu mer ous, red in ter nal reflexions can be ob served,
caused by the pres ence of Fe ox ides (Fig. 24), first of all he -
ma tite.

Apart from ore min er als typ i cal of the Polkowice-Sie-
roszowice de posit, ag gre gates and sin gle crys tals of na tive
Au and electrum were ob served in rocks with red spots. Mi -
cro scopic stud ies un der the re flected light at crossed nicols
re vealed that na tive phases of pre cious met als ap pear in in -
ten sively red-col ored rocks (Fig. 24B, D). Most com monly
na tive Au and electrum were no ticed in the red sand stone, in 
the Bound ary Do lo mite and in the Kupferschiefer. In the
spot ted car bon ates these phases (es pe cially na tive Au) are
rare.

GEO CHEM IS TRY OF HOST-ROCKS
FROM THE SEC OND ARY OX I DIZED

ZONES
Jadwiga Pieczonka, Adam Piestrzyñski,

Maciej Kotarba & Dariusz Wiêc³aw

Geo chem i cal stud ies were based upon the re sults of
chem i cal anal y ses of 36 sam ples col lected from the sec ond -
ary ox i dized zone of Cu de posit in the Polkowice-Sieroszo-
wice area. For com par a tive pur poses the an a lyzed set in -
cluded also 3 sam ples of typ i cal Kupferschiefer (No. RG-1
and RG-2 from the Rudna Mine and No. L-PS/89 from the
Lubin Mine). Ad di tion ally, were an a lyzed also 2 sam ples of 
the Bound ary Do lo mite from the Polkowice West Field, 5
sam ples from the sand stones, 14 sam ples from the grey
Kupferschiefer va ri ety col lected in the tran si tional zone and 
12 sam ples of the red Kupferchiefer. All these sam ples (to -
tally 33) rep re sent the Au-bear ing zone.

GEO CHEM IS TRY OF THE SAND STONES

Chem i cal com po si tion of the sand stones to gether with
ba sic sta tis ti cal pa ram e ters was listed in Ta ble 8. An a lyzed
sam ples were col lected from the top of the sand stone, but
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Fig. 24. Mi cro pho to graphs in re flected light and crossed polars show ing po si tion of pre cious met als min eral as sem blage from
Polkowice Mine, West Field. A – struc tur ally con trolled ox i da tion of chal co py rite (black), red is goethite, sam ple PZ-J-18; B – nest of
chalcocite (black) and electrum in ox i dized (red) bound ary do lo mite, sam ple PZ-G-31; C – nest of sec ond ary sulphides in ox i dized do lo -
mite, sam ple Sz/III/2; D – inter growth of bornite (black) and electrum (grey) in ox i dized bound ary do lo mite (red), sam ple PZ-G-31/II
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Ta ble 8
Chem i cal com po si tion of sand stone from SOS zone (pulp rock anal y ses)

Unit N/III/5 N/III/6 N/III/6 N/IV/6
SZ12-238/

116
Average s V W M

SiO2    % 74.58 69.31 70.19 64.63 52.56 66.25 8.43 12.73 71.079 69.31

Al2O3   % 2.98 3.30 2.89 4.08 2.80 3.21 0.52 16.25 0.272 2.98

Fe2O3  % 0.38 -0.01 2.97 -0.01 -0.01 0.66 1.30 195.80 1.690 -0.01

FeO     % 0.35 1.08 0.35 0.71 0.44 0.59 0.31 53.43 0.098 0.44

TOC    % 0.00 0.00 0.00 0.05 0.03 0.02 0.02 143.89 0.001 0.00

MnO   % 0.024 0.119 0.023 0.295 0.289 0.15 0.14 90.25 0.018 0.12

MgO   % 0.16 0.19 0.17 0.37 6.50 1.48 2.81 190.03 7.889 0.19

CaO    % 7.30 11.64 7.96 15.22 16.32 11.69 4.10 35.04 16.771 11.64

Na2O  % 0.16 0.15 0.18 0.31 0.03 0.17 0.10 60.03 0.010 0.16

K2O    % 1.12 1.15 1.06 1.63 0.68 1.13 0.34 29.99 0.114 1.12

TiO2   % 0.07 0.07 0.07 0.12 0.11 0.09 0.02 27.64 0.001 0.07

P2O5   % 0.09 0.04 0.05 0.07 0.06 0.06 0.02 31.02 0.000 0.06

S       % 3.74 3.47 4.05 0.36 0.07 2.34 1.95 83.47 3.809 3.47

Au    ppb 7240.0 2270.0 1970.0 872.0 2900.0 3050.4 2454.4 80.46 6024270 2270

As    ppm 3.00 -2.00 6.00 6.00 10.00 4.60 4.45 96.73 19.80 6.00

Br    ppm 3.00 2.00 3.00 8.00 1.00 3.40 2.70 79.47 7.30 3.00

Co   ppm 1.00 1.00 1.00 2.00 4.00 1.40 1.82 129.76 3.30 1.00

Cr    ppm 11.00 13.00 21.00 27.00 21.00 18.60 6.54 35.17 42.80 21.00

Cs    ppm 3.1 3.0 4.1 4.7 2.1 3.40 1.01 29.85 1.03 3.10

Hf    ppm 1.60 1.30 2.00 1.90 2.20 1.80 0.35 19.64 0.13 1.90

Ir    ppm -5.0 -5.0 -5.0 -5.0 -5.0

Mo  ppm -5.00 -5.00 9.00 12.00 -5.00 1.20 8.56 712.9 73.20 -5.00

Rb  ppm 40.00 42.00 47.00 55.00 21.00 41.00 12.59 30.71 158.5 42.00

Sb   ppm 0.20 0.20 0.40 0.60 0.20 0.32 0.18 55.9 0.03 0.20

Sc  ppm 1.30 2.50 1.70 4.60 2.70 2.56 1.28 49.84 1.63 2.50

Se   ppm -3.00 4.00 -3.00 -3.00 -3.00 -1

Ta  ppm -1 -1 -1 -1 -1

Th  ppm 1.5 1.5 1.4 2.2 1.9 1.70 0.34 19.9 0.12 1.50

U   ppm 2.4 -0.5 5.4 15.4 6.5 5.84 6.00 102.7 36.01 5.40

La ppm 6.90 9.30 7.30 14.30 10.60 9.68 2.99 30.87 8.93 9.30

Ce ppm 14.00 22.00 15.00 37.00 24.00 22.40 9.24 41.23 85.30 22.00

Nd ppm 7.00 19.00 8.00 40.00 17.00 18.20 13.29 73.04 176.70 17.00

Sm ppm 1.70 6.00 2.40 12.80 5.00 5.58 4.41 79.04 19.45 5.00

Eu ppm 0.40 1.60 0.60 3.40 1.50 1.50 1.19 79.16 1.41 1.50

Tb ppm -0.5 0.6 -0.5 1.1 0.7 0.28 0.74 262.93 0.54 0.60

Yb ppm 0.50 1.20 0.60 3.00 1.50 1.36 1.01 74.01 1.01 1.20

Lu ppm 0.09 0.20 0.10 0.50 0.23 0.21 0.15 67.93 0.02 0.20

Ba ppm 367.00 432.00 825.00 325.00 372.00 464.20 205.27 44.22 42134.70 372.00

Sr ppm 417.00 409.00 757.00 88.00 85.00 351.20 279.50 79.58 78120.20 409.00

Y ppm 8.00 18.00 8.00 42.00 20.00 19.20 13.90 72.39 193.20 18.00

Zr ppm 39.00 48.00 54.00 78.00 71.00 58.00 16.17 27.88 261.50 54.00

Ag ppm 1.20 -0.30 -0.30 6.20 0.80 1.53 2.72 176.99 7.38 0.83

Cd ppm -0.3 -0.3 1.2 0.8 0.8 0.43 0.69 159.65 0.47 0.75

Cu ppm 324 53 77 1747 66 453.43 731.78 161.39 535503.20 77.31

Ni ppm 1 6 -1 12 6 4.97 4.98 100.23 24.77 6.49

Pb ppm 67 30 22 26 -3 28.37 24.97 88.03 623.50 25.97

Zn ppm 46 12 19 59 22 31.60 19.80 62.73 392.00 21.93

Bi ppm -2 -2 3 -2 -2 -2.00

s – stan dard de vi a tion, V– co ef fi cient of vari abil ity [%], W – variance, M – me dian, SOS – sec ond ary ox i dized system



only the last two sam ples from this list show typ i cal com po -
si tion: high and di ver si fied CaO con tent (up to 16.32 wt.%)
and high con tent of MgO (in one sam ple, 6.50 wt.%). In the
re main ing sam ples MgO con tents are lower that those from
the typ i cal sand stone and cor re spond rather to val ues
known from the un changed Rotliegend sand stones (Mayer
& Piestrzyñski, 1982).

The an a lyzed sand stones are char ac ter ized by low or -
ganic car bon (TOC) and high Au con tents (the lat ter up to
7.24 ppm, Tab. 8). Only two sam ples de rived from the top
layer of the sand stone con tain traces of or ganic car bon.
Typ i cal Cu-bear ing sand stone con tains 0.40 wt.% TOC in
av er age whereas the bar ren sand stone shows only 0.08
wt.% TOC (for n = 80 and 16, re spec tively) (Mayer & Pie-
strzyñski, 1982). On the con trary, in sam ples from the top -
most sand stone layer much higher val ues of the TOC were
de tected (up to even sev eral wt.%). High con tents of Au
and, si mul ta neously, low con tents of Ag in di cate high pu -
rity of gold, typ i cal of the zone of sec ond ary ox i da tion
(Piestrzyñski et al., 2002).

Three an a lyzed sam ples con tain sig nif i cant amounts of
to tal sul phur (Sc), which is pre sum ably the sul phate sul -
phur, as sulphides were not ob served. Con tents of FeO are
sim i lar to those of the Cu-bear ing sand stones whereas
Fe2O3 ones are lower than those an a lyzed in the typ i cal red
sand stone (ex cept for a sin gle sam ple) (Piestrzyñski et al.,
2002). Con tents of trace el e ments: Cu, Ni, Co, Mo, Sb, As,
U, Th, Pb and Zn are low and com pa ra ble with those typ i cal 
of the bar ren sand stones (Tab. 8) (Mayer & Piestrzyñski,
1982) whereas Ba and Sr con tents are high (av er age val ues:
464 and 351 ppm, re spec tively) (Tab. 8). Such con tents are
much higher than those ob served in both the grey and the
red Kupferschiefer va ri et ies (see Tab. 9, 10). Among the
REE only La and Ce oc cur in higher amounts.

GEO CHEM IS TRY OF THE GREY AND THE
TYP I CAL KUPFERSCHIEFER VA RI ET IES

Chem i cal com po si tion of the Kupferschiefer sam ples is
shown in Ta ble 9. Av er age val ues of main com po nents –
SiO2 and Al2O3 are higher than those for the typ i cal
Kupferschiefer (36.04 and 12.34 wt.%, re spec tively).

Av er age con tents of Fe2O3 and FeO are 0.74 and 1.30
wt.%, re spec tively (Tab. 9). FeO val ues in the stud ied sam -
ples are more than two times higher than those for typ i cal
Kupferschiefer, for which av er age FeO con tent is 0.55 wt.% 
whereas Fe2O3 val ues are some what lower than av er age for
the black Kupferschiefer va ri ety from the Rudna Mine (0.98 
wt.% for dla n = 82) (Mayer & Piestrzyñski, 1982). Vari -
abil ity co ef fi cients for these val ues are also high (Tab. 9)
and re flect the true vari abil ity (see Fig. 25).

Con tents of two com po nents: MgO and CaO, which
rep re sent the carbonatization de gree of the rocks are di ver -
si fied. Sam ples from the tran si tional ox i da tion zone re veal
CaO val ues about 2 wt.% higher and MgO val ues about 0.7
wt.% lower than av er age (see Tab. 9 and Tab. 6 in Mayer &
Piestrzyñski, 1982).

The TOC con tent is low (4.33 wt.%) even if typ i cal, or -
ganic-car bon-rich Kupferschiefer sam ples were in cluded.

For com par i son, the av er age TOC con tent in the Kupfer-
schiefer from the Rudna Mine is 7.32 wt.% (Mayer &
Piestrzyñski, 1982). In the cu mu la tive di a gram (Fig. 26) the
TOC val ues for the black Kupferschiefer va ri ety clearly
shift from those rep re sent ing the sam ples from sec ond ary
ox i da tion zone.

Av er age Cu con tent in the grey Kupferschiefer va ri ety
is 2.36 wt.% (Tab. 9) but this value is af fected by three sam -
ples orig i nat ing from the Cu de posit where metal con tents
ex ceed 10 wt.%. If peak sam ples are ex cluded, av er age Cu
con tent in the grey Kupferschiefer is 0.72 wt.%, which cor -
re sponds to val ues en coun tered in the Kupferschiefer from
the tran si tional zone (Piestrzyñski et al., 2002).

Au con tents in an a lyzed sam ples are lower than those
found in typ i cal grey Kupferschiefer de scribed by Pie-
strzyñski et al. (2002). It can be ex plained by the ob vi ous
in flu ence of three neg a tive sam ples with Au con tents be low
the de tec tion limit (Tab. 9). If these re sults are elim i nated
the av er age Au con tent is 2.43 ppm, i.e. it is about 1,000
times higher than those found in the typ i cal Kupferschiefer
(see chap ter “Geo chem is try of Au and PGE”) (Fig. 27). On
the con trary, Ag con tent in the grey Kupferschiefer is only 4 
times lower than that of typ i cal Kupferschiefer, which
clearly in di cates geo chem i cal frac tion ation of these met als
in the cop per zone and in the sec ond ary ox i da tion zone (Fig. 
28).

Con tents of U and Th (Tab. 9) cor re spond to those cited 
by Piestrzyñski (1990), ex cept for a sin gle sam ple which
rises the av er age value by 10 times as U con tent in it is
1,630 ppm (Tab. 9). This sam ple shows also high Se value
(1,660 ppm, Tab. 9). Co ex is tence of these two el e ments in
hy dro ther mal de pos its is a nor mal fea ture.

Av er age Ba and Sr con tents are 227 and 139 ppm, re -
spec tively, be ing dis tinctly lower than those quoted from
the red sand stones (Tab. 8) and some what lower than found
in the red Kupferschiefer va ri ety (Tab. 10).

The REE con tents ex ceed 2–4 times those in the sand -
stone. This dif fer ence re sults from both the depositional en -
vi ron ment and qual i ta tive com po si tion of main min er als.
Av er age La and Ce con tents (34.55 and 44.82 ppm, re spec -
tively) (Tab. 9) are higher than those pre sented by Janczy-
szyn et al. (1986).

Con tents of main met als is shown in Figs 29–31.

GEO CHEM IS TRY OF THE RED
KUPFERSCHIEFER VA RI ETY

Chem i cal com po si tion of the red Kupferschiefer shown 
in Tab. 10 dem on strates dif fer ences in con tents of both the
main com po nents and the trace el e ments in com par i son with 
the grey Kupferschiefer (see Tab. 9 and 10). The red Kup-
ferscheifer shows lower con tents of SiO2, Al2O3, TOC, Cu,
Ag and S, as well as ap par ently higher con tents of Au (see
Fig. 27), MgO, CaO and Fe2O3 (Fig. 25).

Vari abil ity of main com po nents re sults from dif fer -
ences in min er al og i cal com po si tion. The red Kupferschiefer 
va ri ety is dis tinctly lower in car bon ates and re sem bles
rather a marl. Av er age Fe2O3 con tent is about 5 times
higher than that in the grey Kupferschiefer (Fig. 25).
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The av er age TOC con tent in the red Kupferschiefer is
about 10 times lower than that in the black Kupferschiefer
(Mayer & Piestrzyñski, 1982) and about 5 times lower than
that in the grey Kupferschiefer (see Tabs. 9 and 10). Such
dif fer ences are an ef fect of sec ond ary ox i da tion of the or -
ganic mat ter. In the cen tral parts of ox i dized zones, which
rep re sent ex treme con di tions, the TOC con tents drop down
to even be low 0.01 wt.% (Piestrzyñski et al. 2002). It is con -
firmed by neg a tive TOC/Au cor re la tion ob served in all
sam ple pop u la tions (Tab. 12). The ox i da tion of or ganic
mat ter is de scribed in de tails in the fol low ing chap ter as, in
au thor’s opin ion, this is the key to the un der stand ing of pro -
cesses op er at ing in the ox i dized zones.

Av er age Cu con tent is 1,070 ppm at vari abil ity co ef fi -
cient 81% (Tab. 10). The grey Kupferschiefer con tains 3
times higher con tents of Cu and its vari abil ity co ef fi cient is
2 times higher, which points out to quan ti ta tive changes
dur ing the leach ing of cop per when sec ond ary ox i da tion of
de posit pro ceeded (Pieczonka 1998; Piestrzyñski et. al.,
2002). Thus, low Cu and TOC val ues can be in dic a tive for
ox i diz ing en vi ron ment and, con se quently, can be good ex -
plo ra tion guides to zones en riched in pre cious met als.

Av er age Au con tent in the red Kupferschiefer (15.419
ppm, Tab. 10) is much higher than that for the grey Kupfer-
schiefer (Tab. 9). Com par i son of metal con tents in sam ples
from the ox i dized zones re veal high vari abil ity of Au val ues 
in the red Kupferschiefer (e.g., sam ples No P-Z-J6 and
G-125 d; Tab. 11), which may change from a few ppm to
over 100 ppm (Piestrzyñski et al., 2002). Sam ple No. G-125 
d (G-125 ex plor atory well, No. G-12 min ing sec tor, the
Polkowice West Field) was col lected in the bar ren (Cu-free) 

zone. Neg a tive Cu-Au cor re la tion sup ports the hy poth e sis
on the in tro duc tion of gold into the red Kupferschiefer dur -
ing the leach ing of cop per (Piestrzyñski & Pieczonka,
1998).

Av er age U and Th con tents in the red Kupferschiefer
re main at the same level as are the av er age val ues for the
whole de posit (see Piestrzyñski, 1990). There fore, it is con -
cluded that ura nium and its ra di a tion do not in flu ence the
en rich ment in pre cious met als. Catalytical role of U was de -
scribed in many pa pers (e.g., Kucha & Przyby³owicz,
1999). In au thors opin ion, U may play only a mar ginal role
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Ta ble 11

Con tents of main trace el e ments in se lected sam ples from the zone of sec ond ary ox i da tion [in ppm]
(sam ples No. PZ/G-31-1 to -3 af ter Piestrzyñski et al., 2002)

N-III/6
red sandstone

P-Z-J6
red Kupferschiefer

G-125,d
red Kupferschiefer

Pz/G-31/1
red sandstone

Pz/G-31/2
red Kupferschiefer

Pz/G-31/3
grey Kupferschiefer

Au 16.305 50.786 2.342 14.30 0.043 1.470

Ag 1.545 31.013 3.9807 n.a. n.a. n.a.

Cu 11.843 59.528 31.1434 76.000 2,264 573

V 22.569 133.313 1,347.990 48.000 435 1,461

As 18.536 29.035 43.4759 n.a. n.a. n.a.

Se 25.573 10.095 4.7612 £3.0 5.000 42.000

Te 0.0 0.039 0.0 n.a. n.a. n.a.

Pt 0.163 0.208 0.5307 £0.227 0.609 0.750

Pd 1.613 1.145 1.795 0.400 0.389 0.250

Ru 0.163 0.072 0.0343 £0.050 £0.005 0.011

Rh 0.049 0.016 0.0179 0.0037 0.0006 £0.001

Os 0.214 0.104 0.0686 £0.020 £0.002 £0.002

Ir 0.0326 0.0094 0.0093 £0.001 0.0009 0.002

Re 0.0 0.0228 0.1483 n.a. n.a. n.a.

Pb 9.9546 9.5744 17.0937 n.a. n.a. n.a.

Bi 0.2574 0.7076 1.1708 n.a. n.a. n.a.

n.a. – not an a lyzed

Ta ble 12

Lin ear cor re la tion co ef fi cients of Au with se lected
com pounds and el e ments

Full population
n = 36

Red Kupferschiefer
n = 14

Grey and black
Kupferschiefer

n = 17

Au Au Au

Cu -0.1528

Ag -0.1292 0.1367 -0.2553

FeO 0.05809 -0.0010 0.0035

Fe2O3 0.24805 0.00716 0.00523

TOC -0.1991 -0.1380 -0.1369

As -0.1391

Th -0.0321

U 0.02073 -0.3522 0.53585



in Au ac cu mu la tion in the tran si tional zone and at the con -
tact with the Cu de posit (from the side of Cu orebody). The
im por tant U-Au cor re la tion was found in only a few sam -
ples from the grey Kupferschiefer va ri ety (Tab. 12). In the
ox i dized zone U forms the ura nyl ion, which is ex tremely
mo bile com pound.

Av er age Ba and Sr con tents in the red Kupferschiefer
va ri ety are com pa ra ble with those from the grey one. It is
sug gested that both el e ments, which are pre sum ably con -
cen trated in two min er als: bar ite and strontianite (as dem on -

strated by the EDS anal y ses) ei ther do not par tic i pated in
hy dro ther mal pro cesses or have crys tal lized as early phases.

The stud ied red Kupferschiefer sam ples con tain in -
creased amounts of La and Ce in com par i son to the grey
Kupferschiefer (Tab. 10). The pres ence of REE can be at -
trib uted to diagenetic phos phates.

Av er age con tents of Pt and Pd in the eco nomic-grade
Au-bear ing zone (cut-off grade 0.5 ppm, Piestrzyñski et. al., 
2002) are 0.132 and 0.056 ppm, re spec tively. How ever, in a
few sam ples Pt val ues up to 6 ppm were no ticed. Con tents
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Fig. 25. Com par i son of Fe2O3 and FeO con tents in some in ves ti gated sam ples

Fig. 26. To tal or ganic mat ter con tent in the in ves ti gated sam ples



of all PGE and Au were re ferred to con cen tra tions of other
el e ments (see Tab. 11). The ob tained val ues dif fer sig nif i -
cantly from those quoted for the so called “pre cious-met -
als-rich Kupferschiefer” (see Kucha, 1982a, b). The stud ied
sam ples orig i nate ex clu sively from the zone of sec ond ary
ox i da tion of the de posit. It is ev i dent that con cen tra tions of
pre cious met als are re lated to the top part of the sand stone
and to the red Kupferschiefer (see also chap ter “Dis tri bu -
tion...”). The Pd min er als (mostly ar sen ides) were iden ti fied 
and de scribed in de tails by Kucha (1982a, b) and in chap ter
“Min er al ogy and geo chem is try...” of this pa per. These dis -
sem i nated min er als are pre sum ably re spon si ble for Pd con -
cen tra tion. On the con trary, Pt form mostly sub sti tu tions in
other min er als whereas its own phases are rare (see chap ter
“Min er al ogy and geo chem is try...”). How ever, Pt con tents
are higher than Pd ones, which may sug gest that the main Pt
car ri ers have not been iden ti fied, as yet (e.g. hy drox ides,
Oberthür et al., 2003).

GEO CHEM I CAL CHAR AC TER IZA TION
OF OR GANIC MAT TER

FROM THE KUPFERSCHIEFER

Or ganic geo chem i cal stud ies were car ried out on 45
sam ples (Tab. 13) in or der to de ter mine con tent, ge netic
type and ma tu rity of dis persed or ganic mat ter as well as to
iden tify sec ond ary pro cesses op er at ing in sam pled ho ri zons
(ox i da tion, wa ter wash ing, biodegradation, etc.). Re sults of
wide-range ap plied anal y ses are pre sented in Ta bles 13 to

18. The val ues of geo chem i cal in di ces from rou tine
Rock-Eval py rol y sis vary as fol lows (Tab. 13): to tal or ganic 
car bon (TOC) from 0.00 to 12.7 wt.%, S2/S3 ra tio from 0.1
to 103, pro duc tion in dex (PI) from 0.05 to 0.67, hy dro gen
in dex (HI) from 4 to 408 mg HC/g TOC, ox y gen in dex (OI)
from 4 to 462 mg CO2/g TOC, Tmax tem per a ture from 434
to 488°C. These val ues show to a large vari abil ity of dis -
persed or ganic mat ter prop er ties in the in ves ti gated strata.
Sam ples were clas si fied to the three ox i da tion zones based
on cri te ria pro posed by Wiêc³aw et al. (2007): re duced (7

 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 185

Fig. 27. Gold con tent in the in ves ti gated sam ples

Ta ble 14

Con tent of in or ganic sul phur forms

Sample
code

Lithology Zone
Sulphur content (wt. %)

elemental sulphate pyritic

95/PG-1/
4

black shale R 0.0 0.1 0.5

PZ-Isz/3
drawer-type
shale (black)

T 0.0 0.04 traces

RG-2 pitch T 0.0 0.5 0.7

JB-3 ³ cz red shale O 0.0 traces 0.06

JB-3 ³  sz grey shale O 0.0 0.07 traces

PZ-Isz/
1 AP5

drawer-type
shale (red)

O 0.0 0.07 0.06



sam ples), tran si tional (12 sam ples) and ox i dized (26 sam -
ples) (Tab. 13).

The stud ied Kupferschiefer strata re veal vari able con -
tents of the TOC – from ho ri zons lean in or ganic car bon to
those con tain ing up to 12.7 wt.% (sam ple No. RG-2, Tab.

13, Figs 32 and 33). Gen er ally, the low val ues pre vail (be -
low 1 wt.%). The low TOC val ues are char ac ter is tic of sec -
ond ary ox i dized cop per-bear ing rocks and red-col ored
strata in dic a tive of the ox i diz ing en vi ron ment (Wiêc³aw et
al., 2007; Piestrzyñski et al., 2002). Free hy dro car bons
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Fig. 28. His to grams show ing dis tri bu tion of Au (A) and Ag (B)
in black shales and red shales and red bound ary dolomites, re spec -
tively

Fig. 29. His to grams show ing dis tri bu tion of Cu (A) and Mo (B)
in black shales and red shales and red bound ary dolomites, re spec -
tively



pres ent in the rock are syngenetic with the kerogen, al -
though sam ples W/IV/6 and DgI-R con tain some of epige-
netic hy dro car bons (Fig. 32) which is con firmed by a high
value of pro duc tion in dex (Fig. 33A). Cor re la tion of the hy -
dro gen in dex HI ver sus the TOC con tent (Fig. 34A) in di -

cates that the high est HI val ues (over 200 mg HC/g TOC)
cor re spond to the high est TOC val ues (sam ples Nos. DgI-R, 
L-PS/89, 95/PG-1/4, RG-1 and 95/PW-1/2), whereas the
low est HI val ues are con nected with the sam ples poor in or -
ganic car bon. The sam ples cited above (DgI-R, L-PS/89,
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Fig. 30. His to grams show ing dis tri bu tion of Co (A) and Ni (B)
in black shales and red shales and red bound ary dolomites, re spec -
tively

Fig. 31. His to grams show ing dis tri bu tion of Zn (A) and Pb (B)
in black shales and red shales and red bound ary dolomites, re spec -
tively
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Fig. 32. Iden ti fi ca tion of epigenetic hy dro car bons in terms of S1
and to tal or ganic car bon. Po si tion of the ge netic bound ary af ter
Smyth (1994)

Fig. 33.  A – hy dro gen in dex; B – ox y gen in dex vs. to tal or ganic
car bon

Fig. 34. Ter nary di a gram of bi tu men com po si tion of Kupfer-
schiefer shales

Fig. 35. Source pos si bil ity of Kupferschiefer shales in terms of
hy dro car bons and TOC con tent ac cord ing to the cat e go ries af ter
Hunt (1979) and Leenheer (1984)

Fig. 36. Kerogen type in terms of re sid ual hy dro car bon po ten tial 
(S2) and to tal or ganic car bon ac cord ing to the cat e go ries of Lang -
ford and Blanc-Valleron (1990)
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Ta ble 15

Dis tri bu tion of n-al kanes and isoprenoids

Sample code 95/PG-1/4
PR14/7001/

107
PZ-17/2s PZ-I sz/3 RG-2 JB-2 JB-3 £ cz JB-3 £ sz PZ-101 PZ-17/2c

PZ-I sz/
1 AP5

Zone R T T T T O O O O O O

n-C13 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

n-C14 2.55 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00

n-C15 8.18 0.06 0.09 0.11 2.10 0.03 0.04 0.77 0.21 0.05 0.02

n-C16 10.53 1.12 0.11 0.09 7.04 0.16 0.05 3.95 3.80 0.09 0.84

n-C17 11.39 6.08 2.53 0.29 10.77 1.03 0.09 6.40 10.59 2.44 5.23

n-C18 9.33 14.58 16.28 2.59 10.94 3.35 1.04 8.87 14.76 15.48 8.84

n-C19 7.32 9.70 13.11 6.46 9.73 6.97 3.75 8.77 10.55 13.20 8.29

n-C20 5.13 10.04 8.91 9.44 6.85 7.98 8.56 6.67 5.42 6.95 6.93

n-C21 3.68 7.28 7.31 12.07 5.25 9.46 11.73 5.45 2.89 5.64 6.73

n-C22 3.17 5.30 5.08 11.05 4.53 8.27 8.76 5.07 3.32 4.42 5.42

n-C23 2.64 4.61 4.11 9.44 3.62 6.75 7.59 5.43 4.71 4.11 4.55

n-C24 2.21 3.82 3.63 7.14 2.67 5.60 6.86 4.90 3.16 4.25 3.74

n-C25 1.80 3.30 3.28 4.69 2.20 6.27 6.04 4.36 4.06 4.25 3.32

n-C26 1.67 3.93 4.53 6.14 2.14 6.70 6.54 4.11 3.02 5.20 3.49

n-C27 1.61 3.19 5.13 8.03 1.66 6.71 9.83 2.39 1.93 6.09 4.34

n-C28 1.37 3.67 2.43 3.97 1.26 4.83 5.21 2.78 2.52 3.68 3.36

n-C29 1.01 4.62 5.13 7.92 0.97 6.06 8.09 2.03 2.41 5.02 4.69

n-C30 0.95 2.21 1.70 1.89 0.75 4.94 3.18 4.32 1.35 2.19 3.61

n-C31 1.22 4.38 3.73 5.55 1.62 6.71 7.06 5.58 3.78 3.06 5.17

n-C32 1.36 0.67 1.45 1.44 0.47 2.19 2.10 5.02 1.83 1.00 2.84

n-C33 0.38 1.01 0.00 0.00 0.39 3.43 3.09 1.20 0.86 1.38 3.58

n-C34 0.61 0.00 0.00 0.00 0.26 0.00 0.00 1.58 0.00 0.00 3.53

n-C35 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00 0.00 1.37

n-C36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.85

n-C37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.52

i-C15 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

i-C16 2.42 0.00 0.00 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00

i-C18

(Norpristane)
4.96 0.00 0.00 0.00 5.77 0.00 0.00 1.62 2.17 0.00 0.52

i-C19 (Pristane) 8.48 2.64 1.97 0.16 11.56 0.42 0.04 3.48 5.95 2.15 2.25

i-C20 (Phytane) 5.54 7.78 9.49 1.50 6.73 2.14 0.37 5.30 10.72 9.35 3.97

Ratios  

CPI(Total) 1.02 0.87 0.97 1.22 1.02 1.11 1.26 0.94 1.01 0.97 1.05

CPI(17-23) 1.02 0.75 0.78 1.01 0.99 1.04 1.05 0.98 0.90 0.82 0.94

CPI(25-31) 1.04 1.19 1.59 1.75 1.10 1.17 1.64 0.84 1.20 1.33 1.27

i-C19/i-C20 1.53 0.34 0.21 0.11 1.72 0.20 0.11 0.66 0.55 0.23 0.57

i-C19/n-C17 0.74 0.43 0.78 0.56 1.07 0.41 0.42 0.54 0.56 0.88 0.43

i-C20/n-C18 0.59 0.53 0.58 0.58 0.62 0.64 0.36 0.60 0.73 0.60 0.45

R – re duced; T – tran si tional; O – ox i dized;
CPI(To tal) = [(n-C17+n-C19+...+n-C27+n-C29)+(n-C19+n-C21+...+n-C29+n-C31)]/2*(n-C18+n-C20+...+n-C28+n-C30);
CPI(17-23) = [(n-C17+n-C19+n-C21)+(n-C19+n-C21+n-C23)]/2*(n-C18+n-C20+n-C22);
CPI(25-31) = (n-C25+n-C27+n-C29)+(n-C27+n-C29+n-C31)/2*(n-C26+n-C28+n-C30)



95/PG-1/4, RG-1 and 95/PW-1/2) rep re sent the re duced
zone and should be re garded as ref er ence sam ples for iden -
ti fi ca tion of the ge netic type of dis persed or ganic mat ter of
Kupferschiefer strata in the study area, as this or ganic mat -
ter re mained there un af fected by any sec ond ary pro cesses.
Low val ues of in di ces ob tained for ma jor ity of an a lyzed
sam ples re sult from ox i da tion pro cesses or from high ma tu -
rity of the or ganic mat ter. It is sup ported by Fig. 34B, where 
the high est val ues of ox y gen in dex OI (re flect ing the ox i -
dized or ganic mat ter) cor re spond to sam ples with the low est 
TOC con tents. Of par tic u lar im por tance is sam ple No.
RG-2, in which very high TOC co in cides with the low HI
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Ta ble 16

El e men tal com po si tion of kerogen

Sample code Zone
S Total
(wt. %)

Fe Total
(wt. %)

Elemental composition (wt. %, daf) Atomic ratios

C H O N S H/C O/C N/C S/C

PZ-Isz/3 T 3.3 0.5 77.7 3.4 8.1 7.3 3.5 0.53 0.08 0.080 0.017

RG-2 T 5.4 0.1 79.6 5.4 7.7 1.4 5.9 0.82 0.07 0.015 0.028

PZ-Isz/1 AP5 O 6.6 2.1 77.4 3.2 11.7 3.1 4.7 0.50 0.11 0.034 0.023

daf - dry ash-free ba sis, T - tran si tional, O - ox i dized

Ta ble 17

Ma tu rity of bi tu mens cal cu lated from dis tri bu tion of methylphenantrenes

Sample code Lithology Zone
 P 3-MP 2-MP 9-MP 1-MP MPI 1 MPR Rcal.(MPI)

(sum = 100%) (%)

95/PG-1/4 black shale R 33.8 11.1 16.0 23.2 15.9 0.6 1.0 0.7

PR14/7001/107 dark brown shale T 56.5 20.0 12.5 6.0 5.0 0.7 2.5 0.8

PZ-17/2s
dolomitic shale

(grey)
T 31.4 10.0 21.4 21.2 16.0 0.7 1.3 0.8

PZ-Isz/3
drawer-type shale

(black)
T 41.9 13.8 23.4 11.0 9.9 0.9 2.4 0.9

RG-2 pitch shale T 53.8 7.1 12.6 15.5 10.9 0.4 1.2 0.6

JB-2 grey shale O 39.0 31.5 14.6 9.2 5.6 1.3 2.6 1.1

JB-3 £ cz red shale O 61.0 12.9 13.1 7.3 5.8 0.5 2.3 0.7

JB-3 £ sz grey shale O 69.0 11.4 10.3 4.9 4.3 0.4 2.4 0.6

PZ-101 red pitch shale O 62.9 7.3 13.0 9.6 7.1 0.4 1.8 0.6

PZ-17/2c
dolomitic shale

(red)
O 28.8 12.1 21.3 21.3 16.5 0.8 1.3 0.8

PZ-Isz/1 AP5
drawer-type shale

(red)
O 74.0 5.4 8.7 6.8 5.2 0.2 1.7 0.5

P – phenantrene; 3-MP – 3-methylphenantrene; 2-MP – 2-methylphenantrene; 9-MP – 9-methylphenantrene; 1-MP – 1-methylphenantrene;  MPI 1 (Metyl-
phenantrene In dex 1) = 1.5(2-MP+3-MP)/(P+1-MP+9-MP); MPR (Metylphenantrene Ra tio) = 2-MP/1-MP; Rcal.(MPI) = 0.60MPI 1 + 0.37 for
MPR<2.65; Rcal.(MPI) = -0.59*MPI 1 + 2.59 for MPR>2.65 (Radke 1988); R – re duced; T – tran si tional; O – ox i dized

Fig. 37. Hy dro gen in dex vs. ox y gen in dex. Mat u ra tion paths for
kerogens af ter Espitalié et al. (1985)



value (HI = 166 mg HC/g TOC, Tab. 13, Fig. 34A). The low 
HI value is likely caused by par tial ox i da tion of or ganic
mat ter, as con firmed by high con tent of ox ide com pounds
re flected in the high OI value (Fig. 34B) and high con tent of 
sul phate sul phur (Tab. 14). The high est ox i da tion de gree of
or ganic mat ter (OI over 200 mg CO2/g TOC) was found in
sam ples Nos. PZ-22/1, PZ-18/2c, N/IV/6, PZ-24/1,
PZ-18/2s and DgII-R (Fig. 34B). More over, apart from the
de crease of the TOC con tent, the ox i da tion pro cess causes
an in crease of TE/TOC val ues (Tab. 13, Fig. 33B). The ex -
tracted bi tu mens show the dom i nance of res ins and
asphaltenes (Tab. 13, Fig. 35).

The Kupferschiefer strata from the re duced zone con -
tain type II kerogen (ma rine, oil-prone), as re vealed by the
Rock-Eval data (Tab. 13, Figs 36–38), dis tri bu tion of n- al -
kanes and isoprenoids (Tab. 15, Fig. 39) and sta ble car bon
iso tope com po si tion of bi tu mens, their frac tions and kero-
gen (Tab. 13, Figs 40–42). These re sults cor re spond with
the pub lished data (e.g., Speczik & Püttmann, 1987; Ros-
pondek et al., 1993, Saw³owicz et al., 2000; Nowak et al.,
2001; Kotarba et al., 2006; Wiêc³aw et al., 2007). De ter mi -
na tion of the ge netic type of or ganic mat ter from el e men tal
com po si tion (Tab. 16, Figs 43, 44) may lead to er ro ne ous
con clu sions due to the ox i da tion pro cesses af fect ing the or -
ganic mat ter in the stud ied sam ples. Kerogen in all an a lyzed 
sam ples pre sum ably orig i nated from trans for ma tion of the
same type of ma rine kerogen, as in di cated by nar row range
of its iso to pic com po si tion (Figs 40, 41). Sig nif i cant dif fer -
ences in iso to pic com po si tion of sat u rated hy dro car bons
(Fig. 41) re sult from sec ond ary pro cesses (e.g., ox i da tion,
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Ta ble 18

Ma tu rity of bi tu mens cal cu lated from dis tri bu tion of methyldibenzotiophenes

Sample code Lithology Zone
DBT 4-MDBT 2+3-MDBT 1-MDBT

MDR
Rcal.(DBT)

(%)
Tmax(DBT)

(°C)(sum = 100 %)

95/PG-1/4 black shale R 47.9 30.7 9.9 11.5 2.7 0.7 437

PR14/7001/107
dark brown

shale
T 69.5 17.7 4.4 8.4 2.1 0.7 434

PZ-17/2s
dolomitic

shale (grey)
T 28.0 31.9 23.4 16.7 1.9 0.6 433

PZ-Isz/3
drawer-type
shale (black)

T 36.3 24.6 19.3 19.8 1.2 0.6 429

RG-2 pitch shale T 75.6 11.5 4.8 8.0 1.4 0.6 430

JB-2 grey shale O 47.1 28.8 13.6 10.6 2.7 0.7 437

JB-3 £ cz red shale O 65.5 15.9 5.1 13.5 1.2 0.6 429

JB-3 £ sz grey shale O 88.6 6.1 1.8 3.4 1.8 0.6 432

PZ-101 red pitch shale O 42.8 30.0 12.2 15.0 2.0 0.7 433

PZ-17/2c
dolomitic
shale (red)

O 33.8 26.4 18.9 20.8 1.3 0.6 429

PZ-Isz/1 AP5
drawer-type
shale (red)

O 86.7 7.1 3.7 2.5 2.8 0.7 437

DBT – dibenzotiophene; 4-MDBT – 4-methyldibenzotiophene; 1-MDBT – 1-methyldibenzotiphene; 2+3-MDBT – 2-methyldibenzotiophene + 3-methyl-
dibenzotiophene; MDR=4-MDBT/1-MDBT;  Rcal.(DBT) = 0.51 + 0.073*MDR (Radke 1988); Tmax(DBT) = 423+5.1*MDR (Radke 1988); R – re duced; T –
tran si tional; O – ox i dized

Fig. 38. Hy dro gen in dex vs. Tmax tem per a ture for Kupferschie-
fer shales. Mat u ra tion paths for kerogens af ter Espitalie et al.
(1985)
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Fig. 39. Dis tri bu tion of n-al kanes and isoprenoids in bi tu men from Kupferschiefer
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Fig. 39. continued



wa ter wash ing). This phe nom e non was ear lier noted by
Kotarba et al. (2006).

The ma tu rity of or ganic mat ter dis persed in the stud ied
rocks de ter mined by the Rock-Eval py rol y sis (Tab. 13), the
dis tri bu tion of methylphenanthrenes (Tab. 17) and methyl-
dibenzothiophenes (Tab. 18) is highly vari able. The re sults
of kerogen el e men tal anal y sis (Tab. 16, Fig. 43) can not be
trusted due to rea sons men tioned above. Most of the stud ied 
sam ples re veal or ganic mat ter ma tu rity at the ini tial phase of 
the low-tem per a ture thermogenic pro cess (“oil-win dow”),
cor re spond ing to the vitrinite reflectance level of Rr =
0.6–0.8% (Tabs 13, 17, 18, Fig. 38). The in creased ma tu rity

(1.1–1.2% in vitrinite reflectance scale) was ob served in
sam ples Nos. PZ-Isz/2(a), Sz12-238/115 and 95/S-8/2 (Tab. 
13, Fig. 38). The high est ma tu rity (Tmax = 488°C; cor re -
spond ing to Rr over 1.5%) was ob served in the sam ple No.
SR-23-518/115 (Tab. 13, Fig. 38). A very low Tmax value
(360°C) for the sam ple No. DgI-R sug gests a very low ma -
tu rity (Rr about 0.4%). It can be also ex plained by a higher
con tent of epigenetic hy dro car bons com po nent (Fig. 32).

Sum mary
The study re sults clearly dem on strate the vari able con -

tents of most an a lyzed el e ments, par tic u larly pre cious met -
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Fig. 39. continued
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Fig. 40. Ge netic characterization of bi tu mens from Kupfer-
schiefer shales in terms of pristane/n-C17 and phytane/n-C18 ac -
cord ing to the cat e go ries of Obermajer et al. (1999)

Fig. 41. Sta ble car bon iso tope com po si tion of bi tu mens, their in di vid ual frac tions and kerogen from Kupferschiefer shales

Fig. 42. Cor re la tion of sta ble car bon iso tope com po si tion in: A – 
sat u rated hy dro car bons; B –ar o matic hy dro car bons; C – res ins; D
– asphaltenes; E – kerogen, with hy dro gen in dex for Kupfer-
schiefer shales



als (Fig. 28) and main met als (Figs 29, 30, 31). Con tents of
all these el e ments re veal ran dom dis tri bu tions. Metal con -
cen tra tions vary from 1,000 times for Au through 5 times
for Ag (Fig. 28), 5–50 times for Cu (Fig. 29), 10–15 times
for Mo (Fig. 29), 5–45 times for Co (Fig. 30) to 1–2 times
for Zn and 6–40 times for Pb. The low est dif fer ences were
found for Ni (1–3 times, Fig. 30). These fig ures point out to
the pres ence of sec ond ary, hy dro ther mal pro cesses leach ing 
the met als from the sys tem.

The re sults of or ganic geo chem i cal stud ies re vealed
that the or ganic mat ter – one of the ma jor com po nents of the 
Kupferschiefer – was ox i dized in zones where hot brines
mi grated from sand stone com plex. It is doc u mented by vari -
able or ganic car bon con tent from 0 to 12.7 wt.%, quan tity of 
or ganic ox y gen com pounds (OI vary from 4 to 462 mg
CO2/g TOC) and ma tu rity which sug gests lo cal over heat ing 
of the sys tem (up to 1.5% in vitrinite reflectance scale).
Vari able iso to pic com po si tion of sat u rated hy dro car bons,
may sug gest leach ing of or ganic mat ter com po nents by wa -
ter. All these ar gu ments ad vo cate the con tri bu tion of ac tive
hy dro ther mal pro cesses caus ing ox i da tion and si mul ta neous 
wa ter wash ing of hy dro car bons.

MIN ER AL OGY AND GEO CHEM IS TRY
OF ORE MIN ER ALS FROM SEC OND ARY

OX I DIZED ZONES
Jadwiga Pieczonka & Adam Piestrzyñski

MIN ER AL OG I CAL STUD IES

In pre vi ous years over 140 ore min er als have been de -
scribed from the Cu de pos its in the Fore-Sudetic Mono-
cline. The ear li est iden ti fied min er als were those form ing
the bulk of min er al iza tion: chalcocite, digenite, bornite,
chalcopyrite, covel lite and ac com pa ny ing py rite, marcasite,
sphalerite, ga lena, tenorite, cu prite, na tive Ag and na tive

Cu. Ad di tion ally, a large group of trace-el e ment min er als of 
Ag, Au, Pt, Pd, Ni, Re, Co, Mo, Zn, Pb, Se, Sb, Bi and V
was de scribed, from which only a few met als are re cov ered
(Ag, Au, Pt, Pd, Ni, Re). De tailed list of min er als en coun -
tered in the de posit to gether with the names of au thors who
made the first dis cov er ies can be found in Piestrzyñski
(1996a).

Dis tri bu tion of ore min er als in the de posit is di ver si fied. 
Cu sulphides are hosted in three rocks, form ing three lith o -
logic types of ore: sand stone, shale (Kupferschiefer) and
car bon ates. In par tic u lar parts of the de posit met als con cen -
tra tions in spe cific rocks are vari able. In the Lubin area, the
ore zone in cludes the sand stones, the Kupferschiefer and
the car bon ates. In the Rudna area, cop per de posit is hosted
mostly in the sand stone and the Kupferschiefer whereas in
the Polkowice-Sieroszowice area ore-bear ing are the Kup-
ferschiefer and the car bon ates.

Min er al og i cal stud ies on the se lected parts of the Pol-
kowice-Sieroszowice area, which are re ported on in this
chap ter, could have com menced not ear lier than in 1990-ties 
when the com pany has started the de vel op ment of this part
of cop per de posit (Re port AGH 1996, 1997; Piestrzyñski et
al., 1996a; Piestrzyñski & Pieczonka, 1997a, b).

At the first stage of the re search pro ject, the sam pling
sites for min er al og i cal and geo chem i cal stud ies were lo -
cated in all the op er at ing min ing sec tors. The re sults of ini -
tial ex am i na tions led to the sec ond stage of the pro ject when 
sam pling grid was densified chiefly in the Polkowice West
Field, which ap peared to be the most per spec tive for the oc -
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Fig. 43. Ge netic characterization of bi tu mens in terms of d13C
(ar o matic hy dro car bons) and d13C (sat u rated hy dro car bons) from
Kupferschiefer shales ac cord ing to the cat e go ries of Sofer (1984)

Fig. 44. Ge netic char ac ter is tics of or ganic mat ter of Kupfer-
schiefer shales. Mat u ra tion paths for kerogens af ter Hunt (1996)



cur rence of pre cious met als. More over, sam ples were col -
lected also from poorly rec og nized zones in the Polkowice
East Field and in the Sieroszowice Field.

Gen eral char ac ter iza tion of ore min er al iza tion

Min er al og i cal stud ies were car ried on 202 sam ples de -
rived from 35 se quences. Mi cro scopic ob ser va tions un der
the re flected light en abled the au thors to iden tify ore min er -
als and their struc tures. Re sults of ob ser va tions were plot ted 
sep a rately for each se quence. This led to the dis tin guish ing
of sev eral types of ore min er al iza tion, rep re sent ing var i ous
dis tri bu tions of ore min er als:

Type 1 – cop per min er al iza tion is hosted in the Kupfer-
schiefer and in the car bon ates or only in the Kupferschiefer,
whereas the top part of the sand stone con tains only traces of 
ore min er als. This type was found in the se quences No.
Sz02-3056 (Fig. 4), Sz07-0027 (Fig. 6), Sz07-0054, Sz08-
0991 (Polkowice East Field), Po17-2125, Po17-2289 (Pol-
kowice Main Field), Pr18-0331 (Polkowice West Field),
Sr19-2428 (Fig. 17), Sr19-0802, Ra14-0505 and Ra19-
0011 (Sieroszowice Field). In some se quences, mostly col -
lected from the south ern part of the Sieroszowice Field, na -
tive Au was en coun tered in the top most part of the sand -
stone with red spots (se quences No. N/III, Fig. 18, N/IV,
Fig. 19, N/V, Fig. 20, Sr20-0822, Ra14-0274). In No.
Sz08-0936 se quences (Polkowice East Field) na tive gold
was found in the Kupferschiefer.

Type 2 – cop per min er al iza tion oc curs in the Kupfer-
schiefer and in the car bon ates, but the lower bound ary of
ore zone is lo cated in the up per part of the Kupferschiefer
layer or at the bot tom of the car bon ates, whereas the lower
part of the Kupferschiefer hosts pre cious met als as so ci a tion. 
Such dis tri bu tion was found in se quences No. Sz02-2700
(Polkowice East Field) and Pr18-0367 (Polkowice West
Field).

Type 3 – cop per min er al iza tion is hosted only in the
car bon ates whereas the Kupferschiefer is bar ren (se quence
No. Sr18-0061”s” from the Sieroszowice Field).

Type 4 – cop per min er al iza tion is lo cated in the sand -
stone, in the Bound ary Do lo mite and, oc ca sion ally, in the
Kupferschiefer, as found in the se quences No. Po23-2399
and Po23-2384 (Polkowice East Field).

Type 5 – cop per min er al iza tion in cludes the sand stone
(down to 1.5 m depth from the top) and the car bon ates
whereas the Kupferschiefer is ab sent. This was ob served in
the se quences No. Sz03-2028 and Sz03-2051 (Polkowice
East Field).

Type 6 – low-grade cop per min er ali sa tion. Red spots
ap pear in each se quence, in one or more sam ples. Na tive Au 
and electrum are pres ent in the top part of the sand stone, in
the Kupferschiefer and in the car bon ates, as il lus trated in
the se quences No. Sr18-7002 (Fig. 16) (Sieroszowice Field) 
and Sz/III (Fig. 14) (Polkowice West Field).

Char ac ter iza tion of ore min er al iza tion
in the ox i dized zones

The ox i dized zones re veal low con cen tra tions of sim ple 
cop per sulphides with the dom i nat ing chal co py rite ac com -

pa nied by bornite, py rite, covel lite, ga lena, clausthalite,
chalcocite, digenite, spioncopite, geerite, na tive Au, elec-
trum, tetraauricupride, naumannite, na tive Pb, Pd-ar sen ides
and min er als of mixed com po si tion: Au-Ag-Pb-Bi-Se-Te,
Au-Ag-Pb-Te, Bi-Cu, Bi-Pd and Pd-As-O. Most of these
min er als was indentified un der the ore mi cro scope whereas
nat u ral al loys were dis closed with the EDS (see next chap -
ter). Most im por tant are nat u ral al loys of pre cious met als,
Pd-ar sen ides and ox i dized phases (mostly Pd ones) which
strongly in flu ence the ef fec tive ness of froth flo ta tion. Dis -
tri bu tion of ore min er als is highly di ver si fied. High-pu rity
na tive gold of in ten sive yel low col our oc cu pies the cen tral
part of the ox i dized zone whereas electrum dom i nates in the 
tran si tional and peripherial zones.

Na tive gold in the sand stone
In the study area, the sand stone is rarely suf fi ciently ex -

posed to en sure de tailed rec og ni tion of its char ac ter and
forms of red spots. In many cases the red spots co alesce in
its top most layer, some times form ing vein-like struc tures or
the whole thick ness of the sand stone is red-col oured. Such
rocks host the larg est ac cu mu la tions of na tive Au.

Na tive Au is lo cated mostly in the car bon ate ce ment of
the sand stone. In No. N/III/6 se quence it is even marcosco-
pically vis i ble (Fig. 45). The com mon struc tures are in di -
vid ual ag gre gates of var i ous size and shape (Figs 46–48) or
inter growths with electrum, sulphides (mostly chal co py rite) 
and Pd-ar sen ides (Fig. 49A, B) some times ac com pa nied by
Bi min er als (Fig. 49C, D, E). In nu mer ous in di vid ual na tive
Au ag gre gates fine in clu sions of Pd-ar sen ides and nauma-
nnite were found (Fig. 50). More com pli cated intergrowts
were ob served of na tive Au and electrum with Cu sulphides
(mostly chal co py rite, bornite and covel lite), naumannite
and Pd-ar sen ides (Fig. 51). In the in ten sively red-col oured
rocks na tive Au is ac com pa nied by haematite (Figs 52,
53A). At crossed nicols its red in ter nal re flec tions are seen
(Fig. 53A). If intergrown with Cu sulphides, na tive Au
shows bright-yel low col our and usu ally lower con tent of Au 
whereas in di vid ual grains or inter growths with haematite
are in ten sively yel low and show higher pu rity. The oc cur -
rence of na tive gold was de scribed in sev eral pa pers (see
e.g., Piestrzyñski et al. (1996a, 2002), Piestrzyñski and Pie-
czonka (1997a, b), Pieczonka (1998, 2000), Piestrzyñski
and Wodzicki (2000).

Na tive gold in the Bound ary Do lo mite
In the ar eas of the Polkowice West and Main Fields the

Bound ary Do lo mite oc curs only lo cally but it is more com -
mon in the Polkowice East Field. Three lithological va ri et -
ies of this rock are known. The Bound ary Do lo mite en coun -
tered in the Polkowice West Field is red-col oured (Pie-
czonka, 1998). Sam ples col lected for this pro ject did not
con tain na tive Au whereas electrum was found in only a sin -
gle sam ple (No. Pr18-0367 from the Polkowice West Field).

Stud ies com pleted up to date (Re port AGH 1996, 1997; 
Piestrzyñski & Pieczonka, 1997b; Pieczonka, 1998, 2000)
re vealed that na tive Au and electrum oc cur in most ex am -
ined sec tions from the Bound ary Do lo mite. Both min er als
form dis sem i nated struc tures in the whole rock, in epige-
netic sparite veinlets cut ting the do lo mite, at do lo mite/

 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 197



198  J. PIECZONKA ET AL.

Fig. 45. Video pic ture of na tive gold from the sec ond ary ox i -
dized Weissliegende sand stone, Polkowice Mine, West Field

Fig. 46. Gold ag gre gates in sand stone ma trix, re flected light,
Polkowice Mine. A – nest type struc ture, sam ple N/III/5; B –
veinlets type of struc ture, sam ple N/III/5

Fig. 47.  A–B. Gold ag gre gates in sand stone ma trix, nest type of
struc ture, re flected light, sam ple N/III/5, Polkowice Mine

Fig. 48. Gold ag gre gates in sand stone ma trix, re flected light,
Polkowice Mine. A – nest type struc ture, in ter nal re flec tion in the
sand stone ma trix show much big ger size of the gold nug get, sam -
ple N/III/5; B – nest type of struc ture, sam ple N/III/5
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Fig. 49. Gold ag gre gates and their inter growths in sand stone ma trix, re flected light, Polkowice Mine. A – inter growth of electrum
(white-yel low) with Pd-ar sen ides (pale grey) and chal co py rite (yel low), sam ple N/IV/6; B – inter growth of electrum (white-yel low) with
Pd-ar sen ides (pale grey), chal co py rite (yel low) and sphalerite (dark grey), sam ple N/IV/6; C – inter growth of electrum (white-yel low), Bi
and Pd min er als (grey), sam ple N/IV/5; D – inter growth of electrum with Pd-ar sen ides and Bi-al loys (pale grey), sam ple N/IV/6; E – inter -
growth of electrum (white) and Pd-ar sen ides (pale grey), sam ple N/IV/5
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Fig. 50. Gold ag gre gates and their inter growths with other ore
min er als in sand stone ma trix, re flected light, Polkowice Mine. A – 
in clu sions of naumannite (pale grey) and Pd-ar sen ides (dark
brown) in gold grain (yel low), sam ple N/III/5; B – small in clu -
sions of selenides and Pd-ar sen ides in high pu rity of gold grain
(yel low), sam ple N/III/5

Fig. 51. Inter growth of electrum (white) with naumannite (pale
grey), bornite (dark or ange) and covel lite (blue) in sand stone ma -
trix. Re flected light, sam ple N/IV/6, Polkowice Mine

Fig. 52. A–B. Inter growths of gold (yel low) with he ma tite
(grey) in sand stone ma trix, re flected light, sam ple N/III/6,
Polkowice Mine

Fig. 53. A – po si tion of gold ag gre gate (green) and he ma tite
show ing ma roon tint of in ter nal re flec tion in sand stone ma trix, re -
flected light, XN, sam ple N/III/6, Polkowice mine; B – reach con -
cen tra tion of na tive gold (pale yel low) and inter growth of Pd-arse- 
nides and Cu-sulphides in low er most part of Kupferschiefer, re -
flected light, sam ple PG-1/3, Polkowice Mine



Kupferschiefer bound ary and in the un der ly ing shale. Na -
tive Au forms inter growths with and in clu sions in Cu
sulphides (mostly chalcocite, bornite and digenite) as well
as in di vid ual grains in the vi cin ity of Cu sulphides. Dis sem -
i nated na tive Au grains were no ticed in car bon ate nests and
veinlets of usu ally less in ten sive red col our than the Bound -
ary Do lo mite it self. The size of na tive Au crys tals var ies
from 0.1 to 0.3 mm but some grains are mac ro scop i cally
vis i ble (Re port AGH 1996, 1997; Piestrzyñski et al., 1996a, 
2002; Pieczonka, 1998, 2000).

Na tive gold in the Kupferschiefer
Na tive Au ac cu mu lates in both the red and grey Kupfer- 

schiefer va ri et ies ob served in the south ern part of the Polko- 
wice Mine and in the Radwanice area. Usu ally, the grey
Kupferschiefer is Cu-bar ren.

Mi cro scopic ob ser va tions un der crossed nicols re -
vealed the pres ence of red in ter nal re flec tions and var i ous
shades of red col our in the rocks. Red col our re sults from
the oc cur rence of fine he ma tite dis sem i nated in rock ma trix
and from coarse-crys tal line he ma tite intergrown with na tive 
Au, bornite and chal co py rite (Piestrzyñski & Pieczonka,
1997a, b; Pieczonka, 1998, 2000; Piestrzyñski et al., 2002).

Both the na tive Au and electrum were found in all va ri -
et ies of the Kupferschiefer. In the pitchy va ri ety elon gated
inter growths of na tive Au with chalcocite and Pd-ar sen ides
were found, ar ranged parallelly to lam i na tion (Figs 53B,
54A). In the clayey va ri ety na tive Au was en coun tered in
only a few spec i mens, as fine in clu sions in chal co py rite ac -
com pa nied by clausthalite (Fig. 54B). Nu mer ous na tive Au
grains were ob served at the bound ary be tween clayey and
dolomitic Kupferschiefer va ri et ies where it forms in di vid -
ual grains as well as inter growths with chal co py rite (Fig.
55A, B) and digenite (Fig. 55C, D, E). In some crys tals in -
clu sions of Pd-ar sen ides were no ticed. In the dolomitic
Kupferschiefer va ri ety struc tures of na tive Au are more di -
ver si fied. It forms: (i) very fine, in di vid ual crys tals dis sem i -
nated in the host-rock; (ii) larger, also dis sem i nated crys tals
(Figs 55F, 56A, B, C) or clus ters of sev eral smaller, densly
packed in di vid u als (Figs 55F, 56A, B, C) or larger crys tals
(Fig. 56D); (iii) nu mer ous, closely packed crys tals form ing
“veinlets” (Fig. 56E and F), spo rad i cally intergrown with
Pd-ar sen ides; (iv) veinlets 57A, B). Com mon are inter -
growths of na tive Au with: (i) Pd-ar sen ides (Fig. 57C, D,
E); (ii) chalcocite and digenite (Figs 57F, 58A); (iii)
chalcocite and covel lite (Fig. 58B, C, E); (iv) chalcocite,
covel lite, bornite and haematite (Fig. 58 D); (v) chal co py -
rite (Fig. 58F).

Na tive Au in the car bon ates
Na tive Au oc curs in car bon ates which host red spots

and in which Cu min er al iza tion is un eco nomic. Un der the
mi cro scope sam ples from such rocks re vealed the pres ence
of chalcocite, half-bornite, covel lite, ten nan tite, gersdor-
ffite, rammelsbergite, clausthalite and he ma tite (Re port
AGH 1996, 1997; Piestrzyñski et al., 1996a, b, 2002; Pie-
czonka, 1998).

In do lo mite sam ples col lected for the fol low ing pro ject, 
na tive Au was found only in the Streaky Do lo mite with nu -
mer ous red spots. In one of the stud ied se quences inter -

growths of na tive Au with bornite and clausthalite were no -
ticed (Fig. 59A) and in an other one inter growths with dige-
nite, clausthalite and haematite were found (Fig. 59B).

Size dis tri bu tion of na tive gold and electrum crys tals
Dur ing the stud ies run in the years 1995–1998 size dis -

tri bu tion of na tive Au and electrum crys tals was an a lyzed.
Data ob tained in the years 1997–1998 en abled to draw his -
to grams of size dis tri bu tion sep a rately for the sand stone
(Fig. 60A), the Bound ary Do lo mite and the Kupferschiefer
(Fig. 60B) and the car bon ates (Fig. 60C). At that stage of re -
search sam ples were col lected also from the sand stone,
down to 1 m depth from the top sur face. Hence, the his to -
grams rep re sent ing var i ous lith o logic types of rocks could
be com pared. The last his to gram (Fig. 60D) il lus trates the
over all na tive Au and electrum crys tal size dis tri bu tion in
gold-bear ing rocks, de spite their li thol ogy. It was based
upon the grain-size mea sure ments made in the years 1995–
1998 for both the in di vid ual min er als and their inter growths 
with var i ous ac com pa ny ing phases (Pieczonka, 1998).

Anal y sis of his to grams clearly dem on strates that, de -
spite the li thol ogy of the host-rocks, the rel a tive per cent age
of size classes <50 µm ex ceeds 90%. Dom i nat ing are small
crys tals (0–5 µm) for which the rel a tive per cent age is
50.3%, as dem on strated by the cu mu la tive his to gram. Also
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Fig. 54. A – inter growths of na tive gold (pale yel low) with
Pd-ar sen ides (grey) and chalcocite (blue) in low er most part of
Kupferschiefer, re flected light, sam ple PG-1/3, Polkowice Mine;
B – in clu sions of gold (pale yel low) at chal co py rite (yel low) in
pitchy shale, re flected light, sam ple Sz/III/1, Polkowice Mine



per cent ages of the next two classes: 5–10 and 10–15 µm are 
high (20.6 and 11.2%, re spec tively), whereas the per cent -
ages of larger crys tals are ap par ently lower and de crease to
be low 1% for the class 40–45 µm. Large (over 80 µm) na -
tive Au and electrum crys tals are rare.

Per cent age of fine frac tions is very high but the im por -
tance of this ob ser va tion must be an a lyzed with crit i cism.
Al though large crys tals of na tive Au are rare, each crys tal is
a spa tial form and, thus, a sin gle crys tal of size above 50 µm 
may have larger mass than a num ber of small crys tals of size 

0–5 µm. The eco nomic im por tance of par tic u lar crys tal-size 
class of gold min er als will de pend on its suc cess ful ben efi -
ci ation, i.e., on ore pro cess ing tech nol ogy (Pieczonka,
1998).

GEO CHEM IS TRY OF Au IN THE SEC OND ARY
OX I DA TION ZONE

The world lit er a ture pro vides im mense in for ma tion on
Au and PGE min er als. Gold mostly forms na tive phases,
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Fig. 55. Gold ag gre gates and their inter growths in Kupferschiefer, re flected light, Polkowice Mine. A – inter growth of gold and chal co -
py rite in pitchy shale, sam ple PZ-J-5; B – the same pic ture like on phot. A, but show ing struc tural po si tion of gold-chal co py rite ag gre gate
in the re la tion to the bound ary do lo mite; C–E – inter growths of gold and digenite (pale blue), sam ple PZ-J-3; F – dif fer ent tex tures of gold 
grain in the cal car e ous shale, sam ple PZ-J-7



nat u ral al loys with Bi, Cu, Pd and Pb, tellurides, Cu-Au-
thiosulphates (Kucha et al., 1997) and sil i cates (Kucha &
Plimer, 2001). The num ber of Au min er als ap proved by the
In ter na tional Mimeralogical As so ci a tion (IMA) reaches
sev eral tens. The num ber of PGE min er als ap proved by the
IMA ex ceeds 90 (Daltry & Wil son, 1997) but over 500 un -
iden ti fied and un named phases were re ported in the lit er a -
ture, which dem on strates the im por tance of fur ther min er al -
og i cal stud ies. The PGE min er als form two prin ci pal ge -

netic types of de pos its: (i) lay ered mafic in tru sions (LMI)
and (ii) mas sive sulphides hosted in these in tru sions. In last
years the ris ing in ter est has been ob served in stud ies on un -
con ven tional pre cious met als de pos its. The new re search
pro jects brought data on new com pounds, e.g. Pt-Pd-ox -
ides/hy drox ides (Oberthür et al., 2003). The new phases
were found also in the sec ond ary ox i da tion zone of Cu de -
posit in the Fore-Sudetic Monocline. This zone cov ers the
area of about 40 km2 be tween the Polkowice East Field and
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Fig. 56. Gold ag gre gates and their inter growths in cal car e ous va ri ety of Kupferschiefer, re flected light, Polkowice Mine. A – nest type
struc ture of na tive gold, sam ple PZ-J-7; B – nest type struc ture of na tive gold, sam ple PZ-J-6; C – nest type struc ture of na tive gold on the
edge of diagenetic cal cite nest, sam ple PZ-J-7; D – big ag gre gate of na tive gold, sam ple PZ-J-7; E–F – vein type of na tive gold struc ture,
sam ple PZ-J-6



the Sieroszowice Mine. The re sults of 10-years-long stud ies 
re vealed the zonality of met als dis tri bu tion: in the mar ginal
zone electrum dom i nates over high-pu rity na tive Au. Min -
er als from the mar ginal zone were de scribed e.g., by Kucha
(1981) al though his ge netic model did not re late the Au
min er al iza tion to the vast, sec ond ary ox i da tion zones, as de -
scribed in later pub li ca tions (Piestrzyñski et al., 1996a,
2002; Pieczonka, 1998, 2000; Piestrzyñski & Pieczonka,
1998, 2000; Piestrzyñski & Wodzicki, 2000; Pieczonka &
Piestrzyñski, 2000).

Na tive gold and electrum
Both the na tive Au and electrum are rare phases in the

Cu de posit. Be fore the end of the 1990-ties high con cen tra -
tions of pre cious met als were en coun tered only at the Lubin
Mine, in so-called “Kupferschiefer with no ble met als”
(Kucha, 1976a, b, 1982a, b). In 1993, na tive Au and elec-
trum were iden ti fied in sam ples col lected from the Polko-
wice West Field, from zones of subeconomic cop per ore
(Re port AGH 1996, 1997; Piestrzyñski 1996a; Piestrzyñski
et al., 1996a; Piestrzyñski & Pieczonka, 1997a, b).
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Fig. 57. Gold ag gre gates and their inter growths in cal car e ous va ri ety of the Kupferschiefer, re flected light, Polkowice Mine. A–B – vein 
type of na tive gold struc ture, sam ple PZ-J-6; C – nest type struc ture of na tive gold (yel low) form ing inter growth with Pd-ar sen ides (pale
grey), sam ple PZ-J-6; D – inter growth of na tive gold and chal co py rite (yel low), sam ple PZ-J-6; E – nest type struc ture of na tive gold (yel -
low) form ing inter growth with Pd-ar sen ides (pale grey), sam ple PZ-J-6; F – in clu sions of na tive gold (white yel low) in digenite (blue) and 
chalcocite (pale blue), sam ple PZ-31/3



Pre cious met als form sev eral parageneses:
1. clausthalite – na tive Pb – electrum – AuPb2 (Kucha,

1982a, b),
2. Pt-na tive Au – na tive Pd – sobolevskite – na tive Pb

(Kucha, 1981; Kucha & Pocheæ, 1983),
3. na tive Au – he ma tite – bornite – min er als of covel -

lite-chalcocite group (Piestrzyñski, 1996a; Piestrzyñski et
al., 1996a),

4. electrum – tetraauricupride – chalcocite (Piestrzyñski 
& Pieczonka, 1998),

5. electrum – Pd-ar sen ides – tellurides – selenides –
BiPd and CuBi nat u ral al loys – Pd-ox ides.
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Fig. 58. Gold ag gre gates and their inter growths in cal car e ous va ri ety of the Kupferschiefer, re flected light, Polkowice Mine. A – inter -
growths of na tive gold (white-yel low) with chalcocite (pale blue), sam ple PZ-31/3; B – inter growth of na tive gold (white-yel low) with
chalcocite (pale blue) and covel lite (blue), sam ple PZ-31/3; C – nest struc ture and inter growth of na tive gold (white-yel low) with
chalcocite (pale blue), and covel lite (blue), sam ple PZ-34/2; D – inter growths of na tive gold (white-yel low) with chalcocite (pale blue),
covel lite (blue), and he ma tite (grey), sam ple PZ-34/2; E – inter growth of na tive gold (white-yel low) with chalcocite (pale blue) and covel -
lite (blue), sam ple PZ-31/3; F – inter growth of na tive gold (white-yel low) with chal co py rite (pale yel low), sam ple PZ-J-17



The na tive Au and electrum de scribed in this pa per be -
long to parageneses pre sented by Piestrzyñski (1996a) and
Piestrzyñski et al. (1996a), as well as the na tive Au –
electrum – chal co py rite – bornite – Pd-ar sen ides – selenides 
– nat u ral al loys – ox ides paragenesis.

In sam ples col lected from the zones of red spots oc cur -
rence a di ver si fied as sem blage of ore min er als was found.
These zones are out of eco nomic value due to low Cu grade, 
but pre cious met als phases, par tic u larly na tive Au and
electrum, form ac cu mu la tions which may be of in dus trial
in ter est. There fore, the fur ther stud ies (also geo chem i cal)
ones were fo cused on these el e ments.

Anal y ses of na tive Au re vealed di ver si fied chem i cal
com po si tion, which de pends on the po si tion of par tic u lar
sam ple in ver ti cal se quence and in re la tion to red spots. Na -
tive Au from the sec ond ary ox i da tion zones re veals high est
Au con tents whereas in the pe riph er ies of these zones and in 
the ar eas ad ja cent to the cop per de posit electrum pre dom i -
nates. Chem i cal anal y ses al lowed the au thors dis tin guish:

– na tive Au con tain ing over 85 wt.% Au (Tabs 19, 20,
21),

– electrum con tain ing from 50 to 85 wt.% Au (Tabs
21–26),

– tetraauricupride (AuCu) con tain ing from 71 to 76
wt.% Au (Tabs 26, 27).

High-pu rity na tive Au forms inter growths mostly with
chal co py rite, covel lite and he ma tite in the Kupferschiefer
and in the sand stones. Electrum usu ally co ex ists with Pd-ar -
sen ides, selenides, tellurides, chalcocite and digenite, rarely
with tetraauricupride in the Kupferschiefer and in the car -
bon ates.

High-pu rity na tive Au was en coun tered in brown ish-
red Kupferschiefer from the south ern part of the Polkowice
West Field. From 46 microprobe anal y ses 39 re vealed Au
con tents over 90 wt.% (90.22–98.2 wt.%), (Tabs 19, 20). In
the re main ing grains Au con tents var ied from 86.05 to
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Fig. 59.  A – inter growth of na tive gold (pale yel low) with
bornite (or ange-brown) and chal co py rite (grey-yel low) in streaky
do lo mite, re flected light, sam ple Sz/III/2, Polkowice Mine; B –
inter growths of na tive gold (pale yel low) with clausthalite (white), 
digenite (pale blue), covel lite (blue) and he ma tite (grey) in cal cite
nest, streaky do lo mite, re flected light, sam ple Sz/III/2, Polkowice
Mine

Fig. 60. His to grams show ing size of gold and electrum grains. A – in sand stone; B – in the bound ary do lo mite and ma roon shale; C – in
do lo mite; D – in the ore
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Ta ble  19

Microprobe com po si tion of na tive gold and electrum from the Kupferschiefer, min ing sec tion G-31, Polkowice West Field  
(af ter Piestrzyñski & Pieczonka. 1997a) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Au
La

Ag
La

Bi
La

Hg
La

Cu
Ka

Fe
Ka

Pt
La

Pd
La

As
Ka

S
Ka

Total

283A/1
96.72 3.62 0.24 1.28 0.95 0.17 £0.08 0.13 £0.10 £0.10 103.11

0.4910 0.0336 0.0011 0.0064 0.0149 0.0030 0.0012

283A/2
94.52 4.15 £0.08 1.63 0.68 0.12 £0.08 0.14 0.13 £0.10 101.37

0.4799 0.0385 0.0081 0.0107 0.0021 0.0013 0.0017

283A/3
97.84 2.72 £0.08 0.92 0.53 0.06 £0.08 £0.08 0.14 £0.10 102.21

0.4967 0.0252 0.0046 0.0083 0.0011 0.0019

283A/4
98.52 2.12 £0.08 1.09 0.57 £0.05 £0.08 £0.08 0.21 £0.10 102.51

0.5002 0.0197 0.0054 0.0090 0.0028

283A/5
95.79 2.43 0.52 1.28 0.58 £0.05 £0.08 0.15 0.16 £0.10 100.91

0.4863 0.0225 0.0025 0.0064 0.0091 0.0014 0.0021

283A/6
96.95 2.89 0.09 0.96 0.54 £0.05 0.10 0.12 0.11 £0.10 102.76

0.4922 0.0268 0.0004 0.0048 0.0085 0.0005 0.0011 0.0015

283A/7
97.87 2.76 £0.08 1.12 0.66 £0.05 £0.08 £0.08 0.11 £0.10 102.52

0.4969 0.0256 0.0056 0.0104 0.0015

283A/8
95.34 2.86 £0.08 0.84 0.33 £0.05 0.10 £0.08 £0.10 £0.10 99.47

0.4840 0.0265 0.0042 0.0052 0.0005

283A/9
97.71 3.07 £0.08 1.41 0.39 £0.05 £0.08 0.10 0.13 £0.10 102.81

0.4961 0.0285 0.0070 0.0061 0.0009 0.0017

283A/10
93.68 3.19 £0.08 1.02 0.45 £0.05 £0.08 0.21 0.15 £0.10 98.70

0.4756 0.0296 0.0051 0.0071 0.0020 0.0020

283A/11
96.94 3.42 0.49 1.34 0.41 £0.05 £0.08 0.17 0.13 £0.10 102.90

0.4922 0.0317 0.0023 0.0067 0.0065 0.0016 0.0017

283A/12
97.24 3.21 £0.08 1.11 0.32 £0.05 0.19 0.23 0.19 £0.10 102.49

0.4937 0.0298 0.0055 0.0050 0.0010 0.0022 0.0025

283A/13
92.79 5.64 £0.08 1.82 0.39 £0.05 £0.08 £0.08 0.18 £0.10 100.82

0.4711 0.0523 0.0091 0.0061 0.0024

283A/15
96.83 3.52 £0.08 1.01 0.35 £0.05 £0.08 0.10 0.11 £0.10 101.92

0.4916 0.0326 0.0050 0.0055 0.0009 0.0015

283B/1
94.75 4.75 £0.08 1.01 0.08 0.19 £0.08 0.13 0.11 £0.10 101.02

0.4810 0.0440 0.0050 0.0013 0.0034 0.0012 0.0015

283B/2
96.97 2.58 £0.08 1.20 £0.07 0.06 £0.08 £0.08 0.14 £0.10 100.95

0.4923 0.0239 0.0060 0.0011 0.0019

283B/3
96.70 4.10 0.38 0.92 0.15 £0.05 £0.08 £0.08 0.13 £0.10 102.38

0.4909 0.0380 0.0018 0.0046 0.0024 0.0017

283B/4
95.52 4.30 0.12 1.28 0.13 £0.05 £0.08 £0.08 0.13 £0.10 101.48

0.4850 0.0399 0.0006 0.0064 0.0020 0.0017

283B/5
86.05 13.39 £0.08 1.73 £0.07 £0.05 £0.08 £0.08 0.15 £0.10 101.32

0.4369 0.1241 0.0086 0.0020

283B/6
96.30 4.57 £0.08 1.20 £0.07 0.07 £0.08 0.08 0.11 £0.10 102.18

0.4889 0.0424 0.0060 0.0013 0.0008 0.0015

283B/7
78.70 18.61 0.24 1.53 £0.07 £0.05 0.14 £0.08 0.18 £0.10 99.40

0.3996 0.1725 0.0011 0.0076 0.0007 0.0024

283B/8
88.67 9.42 £0.08 1.26 £0.07 0.05 £0.08 £0.08 0.12 £0.10 99.52

0.4502 0.0873 0.0063 0.0009 0.0016

283C/1
91.00 11.01 £0.08 1.57 £0.07 0.06 £0.08 £0.08 0.11 £0.10 103.75

0.4620 0.1021 0.0078 0.0011 0.0015



88.67 wt.%. Only a sin gle grain of electrum was found, of
com po si tion 78.70 wt.% Au and 18.61 wt.% Ag. Even this
grain showed Au con tent close to the up per limit of weight
pro por tions. High-pu rity na tive Au con tains ad mix tures of
Ag (usu ally be low 10 wt.%) as well as Hg (0.71–1.82
wt.%), Cu (0.58–2.9 wt.%), Pd (0.1–0.44 wt.%), Pt (up to
0.23 wt.%) and As (up to 0.24 wt.%) (Pieczonka, 1998).
This va ri ety of na tive Au was iden ti fied also in the red-col -
oured sand stone from the same area. Pre lim i nary re sults of
anal y ses were pub lished by Piestrzyñski et al. (1996a).
These anal y ses doc u ment the pres ence of na tive Au con -
tain ing over 90 wt.% of metal (90.15–94.79 wt.%). Other
an a lyzed crys tals con tained from 81.26 to 88.6 wt.% Au.
Na tive Au from the red-spot ted sand stone con tains from
5.08 to 15.93 wt.% Ag and from 0.21 to 1.08 wt.% Hg.

Anal y ses of na tive Au orig i nat ing from the grey
Kupferschiefer re vealed the pres ence of Au in only its
dolomitic va ri ety. Ac com pa ny ing electrum usu ally con tains 
over 80 wt.% Au (Tab. 21). The pres ence of high-pu rity Au
phases in grey and black Kupferschiefer is a rar ity al though
it should be no ticed that the sand stone at the bot tom and the

do lo mite at the top of this Kupferschiefer were red-col -
oured. Na tive Au has the ad mix tures of: Ag (12.36–15.37
wt.%), Hg (0.80–1.28 wt.%), Cu (0.63–1.16 wt.%) and As
(0.16–0.29 wt.%). Electrum con tains the same ad mix tures
in sim i lar quan ti ties: Hg (0.21–1.07 wt.%), Cu (0.15–1.75
wt.%), As (0.06–0.24 wt.%) and Fe (0.04–0.77 wt.%).

Microprobe anal y ses in di cated the pres ence of two
groups of nat u ral al loys in the clayey and dolomitic va ri et ies 
of the grey Kupferschiefer. In the first group Ag con tents
are low (16–22 wt.%, Tab. 21). Such electrum usu ally
forms paragenesis with na tive Au. The sec ond group in -
cludes al loys con tain ing up to 63 wt.% Ag. These min er als
can be re garded as mem bers of küstelite group (15–50 wt.% 
Au), (Tab. 22–26). High est vari abil ity in electrum com po si -
tion was ob served in the tran si tional zone of ox i dized area
(TZ) which is usu ally lo cated in the grey Kupferschiefer.
Con tents of both Ag and Au cover the full range of val ues
pos si ble in this min eral (Tabs 22, 23). The most com mon
ad mix tures in electrum are: Se (up to 6.09 wt.%), Te (up to
4.57 wt.%) and Hg (up to 4.38 wt.%) (Tabs 22, 23).
Occassionally, Pb, Pt, Pd and Fe were de tected (Tab. 22).
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Ta ble  19  con tin ued

Sample
Au
La

Ag
La

Bi
La

Hg
La

Cu
Ka

Fe
Ka

Pt
La

Pd
La

As
Ka

S
Ka

Total

283C/2 
93.94 6.47 £0.08 0.71 0.08 £0.05 0.09 £0.08 £0.10 0.15 101.44

0.4769 0.0600 0.0035 0.0013 0.0005 0.0047

283C/3
90.22 6.50 £0.08 1.31 £0.07 £0.05 £0.08 £0.08 0.15 £0.10 98.18

0.4580 0.0603 0.0065 0.0020

283C/4
93.60 4.24 £0.08 0.99 0.08 0.08 £0.08 £0.08 0.14 £0.10 99.13

0.4752 0.0393 0.0049 0.0013 0.0014 0.0019

283C/5
87.43 12.35 £0.08 1.37 £0.07  0.08 £0.08 £0.08 £0.10 £0.10 101.23

0.4439 0.1145 0.0068 0.0014

283C/6
93.27 5.89 £0.08 1.43 £0.07 0.08 £0.08 £0.08 £0.10 £0.10 100.67

0.4735 0.0546 0.0071 0.0014

283C/7
86.90 9.74 £0.08 1.58 0.07 0.10 £0.08 £0.08 0.18 0.15 98.72

0.4412 0.0903 0.0079 0.0011 0.0018 0.0024 0.0047

283C/8
95.57 4.84 £0.08 1.49 0.12 0.06 £0.08 0.23 £0.10 £0.10 102.31

0.4852 0.4487 0.0074 0.0019 0.0011 0.0022

283C/9
96.07 3.60 £0.08 1.13 0.75 0.06 0.13 0.18 0.16 £0.10 102.08

0.4877 0.0334 0.0056 0.0118 0.0011 0.0007 0.0017 0.0021

283C/10
97.23 3.75 0.12 1.05 0.29 0.06 £0.08 £0.08 0.21 £0.10 102.71

0.4936 0.0348 0.0006 0.0052 0.0046 0.0011 0.0028

283D/1
92.48 5.79 £0.08 1.39 0.23 0.38 £0.08 0.08 0.13 £0.10 100.48

0.4695 0.0537 0.0069 0.0036 0.0068 0.0008 0.0017

283D/2
96.61 3.12 0.10 1.03 0.25 0.19 £0.08 0.44 0.12 0.11 101.97

0.4905 0.0289 0.0005 0.0051 0.0039 0.0034 0.0041 0.0016 0.0034

283D/3
97.25 2.76 £0.08 1.33 0.11 0.28 £0.08 £0.08 0.10 £0.10 101.83

0.4937 0.0256 0.0066 0.0017 0.0050 0.0013

283D/4
94.43 3.64 £0.08 1.33 0.25 0.57 £0.08 £0.08 0.18 £0.10 100.40

0.4794 0.0337 0.0066 0.0039 0.0102 0.0024

283D/5
92.45 7.84 £0.08 1.37 0.39 0.45 0.19 £0.08 0.13 £0.10 102.82

0.4694 0.0727 0.0068 0.0061 0.0081 0.0010 0.0017



Electrum from the grey, clayey Kupferschiefer sam pled 
at the Polkowice West Field shows sig nif i cant vari abil ity of
Au (49.80–80.14 wt.%) and Ag (19.01–46.57 wt.%) con -
tents. More over, ad mix tures of Hg (1.10–3.69 wt.%), Cu
(0.13–1.03wt.%) and As (0.09–0.23 wt.%) were de tected.
The re sults point out to the pres ence of küstelite, which may 
con tain 40.18–49.48 wt.% Au and 47.97–55.66 wt.% Ag,
and high ad mix tures of Hg (2.53–4.38 wt.%) as well as
traces of Cu and As (Tab. 23). In a sim i lar Kupferschiefer
va ri ety from the Polkowice Main Field electrum of more
sta ble chem i cal com po si tion was found (57.33–68.61 wt.%
Au, 27.49–40.28 wt.% Ag, 1.29–2.31 wt.% Hg and
0.35–0.58 wt.% Cu (Tab. 24).

Both electrum and küstelite were found also in the grey
Kupferschiefer (Tab. 25). Electrum con tains from 50.86 to
71.17 wt.% Au and from 26.39 do 46.73 wt.% Ag as well as
ad mix tures of Hg (1.23–3.60 wt.%), Cu (0.52–1.21 wt.%)
and As (0.06–0.19 wt.%). Au con tents in küstelite vary
from 25.98 to 48.59 wt.% and Ag from 48.19 to 67.51 wt.%
Char ac ter is tic are high ad mix tures of Hg – from 3.91 to 6.34 
wt.%.

In the red-col ored Bound ary Do lo mite from the Polko-
wice West Field (Tab. 26), küstelite is the main Au phase.
Its con tents change from 36.49 to 46.66 wt.% whereas those 
of Ag – from 45.80 to 54.80 wt.%. Most im por tant trace el e -
ments are: Hg (5.34–7.36 wt.%), Cu (0.09–3.96 wt.%) and
As (0.05–0.26 wt.%). Electrum from this Bound ary Do lo -
mite has from 58.49 to 77.66 wt.% Au and from 21.45 to
35.89 wt.% Ag. Con tents of Hg are much lower than in
küstelite: from 1.02 to 2.03 wt.%. Other ad mix tures are Cu

(0.16–2.43 wt.%) and As (0.17–0.24 wt.%) (Pieczonka,
1998).

Three re sults (Tab. 26) in di cate the pres ence of high-
Au/high-Cu va ri ety of electrum of com po si tion: Au (78.44– 
76.52 wt.%), Cu (23.36–21.56 wt.%) with small amounts of 
Ag (0.18–0.21 wt.%), Hg (0.55–0.88 wt.%), As and Bi. Cal -
cu lated chem i cal for mu lae of this min eral are: Au1.0413
Cu1,0000 for mea sure ment point A/10, Au1.0168Cu1,0000 for
mea sure ment point A/11 (Piestrzyñski & Pieczonka, 1998)
and Au1.1734Cu1.0000 for the third point. This phase was
iden ti fied as tetraauricupride. It was de scribed for the first
time from the Fore-Sudetic Monocline de posit by Pie-
strzyñski and Pieczonka (1998). Tetraauricupride forms
inter growths with high-Hg electrum (Tab. 26) and Cu-sul-
phides, Pd-ar sen ides and selenides. The pres ence of tetra-
auricupride in this de posit is very in ter est ing as it has al -
ready been known mostly from ultra mafic in tru sions (Pie-
strzyñski & Pieczonka, 1998).

Chem i cal com po si tion of stud ied tetraauricupride is
close to that de scribed by Tarkian et al. (1992) from the
Skyros Is land: 73.3–75.1 wt.% Au, 23.7–24.2 wt.% Cu and
0.4–1.6 wt.% Fe. The dif fer ence be tween tetraauricupride
from ophiolitic and ultra mafic com plexes, and from re duc -
ing sed i ments (i.e. from the Polkowice de posit) ap pears in
trace el e ments set.

The re sults of microprobe anal y ses sup port the mi cro -
scopic ob ser va tions that Au min er als from the cen tral part
of sec ond ary ox i da tion zone dif fer in parageneses from
those de scribed from the so-called “Kupferschiefer with no -
ble met als” (Kucha, 1975, 1982a, b; Salamon, 1979; Pie-
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Ta ble 20

Microprobe com po si tion of na tive gold and electrum from the Kupferschiefer (clayey va ri ety), min ing sec tion G-31,
Polkowice West Field (af ter Pieczonka 1998), se quence No. PZ-21/1, (up per fig ure – wt.%; lower fig ure – atomic

pro por tions)

Sample
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

286/B1
0.21 0.16 0.77 95.68 1.61 0.10 £0.07 £0.15 0.16 3.28 101.97

0.0028 0.0008 0.0038 0.4858 0.0253 0.0018 0.0015 0.0304

286/B1
0.18 £0.10 1.24 94.44 1.56 0.15 £0.07 £0.15 0.42 359 101.58

0.0024 0.0062 0.4795 0.0245 0.0027 0.0039 0.0333

286/B2
0.10 £0.10 1.78 92.65 1.43 0.13 £0.07 £0.15 0.23 4.74 101.06

0.0013 0.0089 0.4704 0.0225 0.0023 0.0022 0.0439

286/B3
0.11 £0.10 1.27 95.12 1.32 0.16 0.14 £0.15 0.06 3.78 101.96

0.0015 0.0063 0.4829 0.0208 0.0029 0.0007 0.0006 0.0350

286/B4
0.12 £0.10 1.03 95.83 0.54 0.34 £0.07 £0.15 0.08 2.79 101.73

0.0016 0.0051 0.4865 0.0242 0.0061 0.0008 0.0259

286/B5
£0.10 £0.10 0.97 94.43 1.45 0.17 £0.07 £0.15 £0.05 3.36 100.38

0.0048 0.4794 0.0228 0.0030 0.0311

286/A6
0.16 £0.10 1.39 94.34 1.14 0.08 £0.07 £0.15 0.13 3.15 100.39

0.0021 0.0069 0.4790 0.0179 0.0014 0.0012 0.0292

286/A7
0.10 0.15 0.96 94.60 2.69 0.23 0.23 £.15 0.30 3.57 102.83

0.0013 0.0007 0.0048 0.4803 0.0423 0.0041 0.0012 0.0028 0.0331

286/C8
0.24 0.16 1.42 94.06 0.58 0.08 £0.07 £0.15 £0.05 3.37 99.91

0.0032 0.0008 0.0071 0.4775 0.0091 0.0014 0.0312



210  J. PIECZONKA ET AL.

Ta ble 21

Microprobe com po si tion of na tive gold and electrum from the Kupferschiefer (dolomitic va ri ety), min ing sec tion G-31,
Polkowice West Field (after Piestrzyñski & Pieczonka, 1997a), se quence No. PR 18-0188, (up per fig ure – wt.%; lower

fig ure – atomic pro por tions)

Sample
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

I/18
0.19   0.39 0.90 83.58 0.79 £0.03 £0.03 £0.05 £0.05 14.60 100.45

0.0025 0.0019 0.0045 0.4243 0.0124 0.1354

I/18b
0.09   0.20 0.61 82.45 0.41   0.14   0.07 £0.05 £0.05 19.32 103.29

0.0012 0.0010 0.0030 0.4186 0.0065 0.0025 0.0004 0.1791

I/19
0.11 £0.05 0.85 83.28 0.63 £0.03 £0.03 £0.05 £0.05 15.52 100.39

0.0015 0.0042 0.4228 0.0099 0.1439

I/20
0.23   0.32 0.76 80.60 0.25   0.04   0.08 £0.05 £0.05 17.93 100.21

0.0031 0.0015 0.0038 0.4092 0.0039 0.0007 0.0004 0.1662

I/21
0.08 £0.05 0.73 74.76 0.20 £0.03 £0.03 £0.05 £0.05 22.93   98.70

0.0011 0.0036 0.3796 0.0031 0.2126

I/22
0.16 £0.05 1.19 85.04 1.13   0.11 £0.03 £0.05 £0.05 13.84 101.47

0.0021 0.0059 0.4317 0.0178 0.0020 0.1283

I/23
0.22 £0.05 0.56 82.29 1.33   0.27 £0.03 £0.05 £0.05 16.91 101.58

0.0029 0.0028 0.4178 0.0209 0.0048 0.1568

x
0.15   0.13 0.80 81.71 0.68   0.09 17.30

0.0020 0.0006 0.0040 0.4148 0.0107 0.0016 0.1604

III/49
0.19 £0.05 0.50 80.01 1.75 0.76   0.10 £0.05 £0.05 17.25 100.56

0.0025 0.0025 0.4062 0.0275 0.0136 0.0005 0.1599

III/50
0.21 £0.05 0.92 80.92 1.72 0.77 £0.03   0.11 £0.05 17.46 102.11

0.0028 0.0046 0.4108 0.0271 0.0138 0.0034 0.1619

III/51
0.21   0.29 0.96 80.12 1.29 0.65   0.05   0.14 £0.05 16.24   99.95

0.0028 0.0014 0.0048 0.4068 0.0203 0.0116 0.0003 0.0044 0.1506

III/53
0.06 £0.05 0.68 82.07 1.44 0.56 £0.03 £0.05 £0.05 16.10 100.91

0.0008 0.0034 0.4167 0.0227 0.0100 0.1493

III/54
0.16   0.25 0.21 83.98 1.62 0.63 £0.03 £0.05 £0.05 16.94 103.79

0.0021 0.0012 0.0010 0.4264 0.0256 0.0113 0.1570

III/55
0.14 £0.05 0.35 80.30 0.83 0.37 £0.03 £0.05 £0.05 17.07   99.06

0.0019 0.0017 0.4077 0.0131 0.0066 0.1582

III/56
0.15 £0.05 0.83 78.03 1.21 0.63 £0.03   0.44 £0.05 17.61   98.90

0.0020 0.0041 0.3962 0.0190 0.0113 0.0137 0.1633

x
0.16   0.08 0.69 80.72 1.41 0.62   0.17 16.96

0.0021 0.0004 0.0034 0.4098 0.0222 0.0111 0.0053 0.1572

I/14
0.32 £0.05 0.80 85.50 0.63 £0.03 £0.03 £0.05 £0.05 14.94 102.19

0.0043 0.0040 0.4341 0.0099 0.1385

I/15
0.14 £0.05 0.31 83.94 0.15   0.04 £0.03 £0.05 £0.05 18.10 102.68

0.0019 0.0015 0.4262 0.0024 0.0007 0.1678

I/16
0.29 £0.05 1.28 86.77 0.80 £0.03   0.16 £0.05 £0.05 12.36 101.66

0.0039 0.0064 0.4405 0.0126 0.0008 0.1146

I/17
0.17 £0.05 1.05 85.92 1.16   0.17 £0.03 £0.05 £0.05 12.79 101.26

0.0023 0.0052 0.4362 0.0183 0.0030 0.1202

x
0.23 0.86 85.53 0.69 14.55

0.0031 0.0043 0.4342 0.0108 0.13 0.1353

II/1
0.23 £0.005 1.15 84.79 0.99 0.0023 £0.03 0.05 £0.05 15.37 102.71

0.0031 0.0057 0.4305 0.0156 0.24 0.0016 0.1425

II/2
0.13 0.28 0.91 82.20 0.86 0.0043 £0.03 £0.05 £0.05 17.76 102.38

0.0017 0.0013 0.0045 0.4173 0.0135 0.1646



 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 211

Ta ble 21 continued

Sample
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

II/3
0.22   0.05 0.48 83.87 0.93 0.26 £0.03   0.05 £0.05 16.52 102.38

0.0029 0.0002 0.0024 0.4258 0.0146 0.0047 0.0016 0.1531

II/4
0.24 £0.05 0.67 83.89 1.19 0.61 £0.03   0.33 £0.05 11.97   98.57

0.0032 0.0033 0.4259 0.0187 0.0109 0.0103 0.1110

II/5
0.17   0.07 0.63 83.73 1.01 0.29 £0.03   0.05 £0.05 15.47 101.37

0.0023 0.0003 0.0031 0.4251 0.0159 0.0052 0.0016 0.1434

II/6
0.24 £0.05 0.47 84.35 0.94 0.23 £0.03 £0.05 £0.05 16.08 102.31

0.0032 0.0023 0.4282 0.0148 0.0041 0.1491

II/7
0.08 £0.05 1.07 83.12 0.95 0.29   0.05 £0.05 £0.05 16.25 101.81

0.0011 0.0053 0.4220 0.0149 0.0052 0.0003 0.1506

x
0.19 0.13 0.77 83.71 0.98 0.29 0.12 15.63

0.0025 0.0006 0.0038 0.4250 0.0154 0.0052 0.0038 0.1448

Ta ble 22

EDS com po si tion of electrum from the Kupferschiefer (dolomitic va ri ety), Polkowice West Field [wt.%]

Sample
Ag
La

Au
La

Pb
La

Se
Ka

Pd
La

Pt
La

As
Ka

Te
La

Fe
Ka

Total

PZ-J7-9a/10 19.18 79.56 £0.3 1.20 £0.05 £0.15 £0.2 £0.1 £0.05 99.94

PZ-J7-9a/13 16.04 76.46 £0.3 3.59 £0.05 £0.15 1.20 2.57 0.14 100.00

PZ-J7-9a/14 31.34 61.41 1.14 0.60 0.16 £0.15 0.40 4.57 0.38 100.00

PZ-J7-9/1 25.29 66.05 £0.3 6.09 £0.05 1.22 0.47 0.89 n.a. 100.00

PZ-J7-10/1 24.42 74.37 £0.3 n.a. £0.05 0.16 0.26 0.79 n.a. 100.00

PZ-J7-4/1 58.74 41.26 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-4/2 62.79 36.86 0.35 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-4/3 25.62 74.38 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-4/4 28.87 71.13 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-2/2 25.15 73.96 £0.3 n.a. 0.89 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-3/3 25.03 74.52 £0.3 n.a. £0.05 0.45 £0.2 £0.1 n.a. 100.00

PZ-J7-3/2 25.49 74.51 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-3/1 24.81 74.83 £0.3 n.a. 0.36 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-5/3 34.06 65.94 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-5/2 27.28 72.76 £0.3 n.a. 0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-5/1 31.51 68.49 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-14/1 27.63 72.37 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-14/2 24.76 74.94 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-14/3 61.06 38.94 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-14/4 63.33 36.67 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-16/5 30.55 69.28 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-19/1 18.10 81.90 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-19/3 45.72 47.95 2.00 0.31 £0.05 £0.15 £0.2 4.02 n.a. 100.00

PZ-J7-19/9 26.98 73.02 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-19/12 25.66 74.34 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-19/13 72.45 27.55 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

PZ-J7-19/14 25.84 74.16 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

AP-291/3-7/1 32.60 67.40 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

AP-291/3-7/2 42.30 54.76 £0.3 n.a. £0.05 2.95 £0.2 £0.1 n.a. 100.00



strzyñski, 1996a). Phases de scribed by Kucha (1982a, b)
con tain usu ally from 50 to 75 wt.% Au and are en riched in
Hg (up to 6.30 wt.%) as well as in Pt and Pd, rarely in Pb
(Kucha & Mayer, 1996). Phases de scribed in the fol low ing
pa per, par tic u larly orig i nat ing from the brown ish-red
Kupferschiefer and sand stone com monly show over 85
wt.% Au (Tabs 19–21). On the other hand, electrum re veals

lower amounts of Au (50–85 wt.%) and much lower ad mix -
tures of Hg (max i mum about 3 wt.%) in com par i son with
re sults pub lished by Kucha (1976a, b). Higher con tents of
Hg (over 6 wt.%) ap pear in küstelite. Anal y ses did not show 
sig nif i cant con tents of Pt and Pd as well as did not de tected
Pb.

212  J. PIECZONKA ET AL.

Ta ble 22 continued

Sample
Ag
La

Au
La

Pb
La

Se
Ka

Pd
La

Pt
La

As
Ka

Te
La

Fe
Ka

Total

AP-291/3-7/3 30.79 69.21 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

AP-291/3-7/4 33.92 66.08 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

AP-291/3-7/5 40.36 59.64 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

AP-291/3-7/6 34.92 64.07 £0.3 n.a. £0.05 1.02 £0.2 £0.1 n.a. 100.00

AP-291/3-3-2 38.70 61.30 £0.3 n.a. £0.05 £0.15 £0.2 £0.1 n.a. 100.00

AP-291/3-2-4 37.63 56.84 £0.3 n.a. £0.05 1.39 2.43 £0.1 Ni = 0.72 100.00

P2J7-5-3 34.00 65.94 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 100.00

P2J7-5-2 27.28 72.66 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 100.00

P2J7-5-1 31.51 68.49 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 100.00

Ta ble 23

Microprobe com po si tion of electrum from the Kupferschiefer (clayey va ri ety), min ing sec tion G-31, Polkowice West Field  
(af ter Pieczonka, 1998), se quence No. PZ-25/2 (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

287/C1
0.11 0.11 1.10 77.36 0.72 £0.05 £0.05 £0.15 £0.05 19.82 99.22

0.0015 0.0005 0.0055 0.3928 0.0113 0.1837

287/C2
0.18 £0.10 1.68 61.29 0.13 £0.05 £0.05 £0.15 0.07 34.95 98.30

0.0024 0.0084 0.3112 0.0020 0.0007 0.3240

287/C3
0.14 £0.10 2.70 53.88 0.42 £0.05 £0.05 £0.15 £0.05 41.52 98.66

0.0019 0.0135 0.2735 0.0066 0.3849

287/A4
0.19 0.43 4.38 42.07 0.10 £0.05 £0.05 £0.15 £0.05 52.82 99.99

0.0025 0.0021 0.0218 0.2136 0.0016 0.4897

287/A5
0.17 £0.10 2.53 49.48 0.12 £0.05 £0.05 £0.15 0.15 47.97 100.42

0.0023 0.0126 0.2512 0.0019 0.0014 0.4447

287/A6
0.13 £0.10 2.13 54.85 £0.08 £0.05 £0.05 £0.15 £0.05 43.06 100.15

0.0017 0.0106 0.2785 0.3992

287/A7
0.14 0.34 3.69 51.16 0.25 £0.05 £0.05 £0.15 £0.05 45.36 100.94

0.0019 0.0016 0.0184 0.2597 0.0039 0.4205

287/A8
0.09 0.32 3.52 49.80 0.47 £0.05 £0.05 £0.15 £0.05 46.57 100.77

0.0012 0.0015 0.0175 0.2528 0.0074 0.4317

287/B9
0.14 £0.10 1.58 80.14 1.03 £0.05 £0.05 £0.15 £0.05 19.01 101.90

0.0019 0.0079 0.4069 0.0162 0.1762

287/B10
0.23 £0.10 2.41 56.26 £0.08 £0.05 £0.05 £0.15 £0.05 41.14 100.04

0.0031 0.0120 0.2856 0.3814

287/B11
0.10 £0.10 3.30 42.90 0.58 £0.05 £0.05 £0.15 £0.05 54.47 101.35

0.0013 0.0165 0.2178 0.0091 0.5050

287/B12
0.15 £0.10 3.18 40.18 0.14 £0.05 0.10 £0.15 £0.05 55.66 99.41

0.0020 0.0159 0.2040 0.0022 0.0005 0.5160



The re sults of microprobe anal y ses point out to the
pres ence of nat u ral al loys of very di ver si fied com po si tions
(Tab. 27). The main ad mix ture is Pb. Its atomic pro por tions
pre clude the pres ence of clausthalite in clu sion in electrum
whereas the pres ence of Te sug gests the ex is tence of mixed
phases for which atomic pro por tions are dif fi cult to be de -
ter mined (Tab. 27). Such al loys form inter growths with

many min er als, usu ally with electrum and naumannite. The
crys tal size (5–10 µm) and the pres ence of bright fields in
the BSE im ages (in di cat ing the heavy el e ments e.g., Pb)
con firm the cor rect ness of ob tained re sults. Atomic pro por -
tions sug gest the pres ence of the fol low ing phases:
Au2(AgPbSeTe)1, Ag3(AuPbSeTe)1 and Au2(AgPbSeAs
Te)3 (Tab. 27). Such min er als can be iden ti fied as Pb-Se-
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Ta ble 24

EDS com po si tion of electrum, pitchy Kupferchiefer va ri ety, min ing sec tion PG-1/3, Polkowice Main Field
(af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

291/A2
0.14 £0.10 1.96 62.05 0.35 £0.05 £0.07 £0.15 £0.5 35.41 99.91

0.0019 0.0098 0.3150 0.0055 0.3283

291/A3
0.11 £0.10 2.14 58.15 0.58 £0.05 £0.07 £0.15 £0.05 37.66 98.64

0.0015 0.0107 0.2952 0.0091 0.3491

291/A4
0.19 0.30 1.29 67.10 0.50 £0.05 £0.07 £0.15 £0.05 31.18 100.56

0.0025 0.0014 0.0064 0.3407 0.0079 0.2891

291/A5
0.09 £0.10 1.30 67.99 0.46 £0.05 £0.07 £0.15 £0.05 28.80 98.64

0.0012 0.0065 0.3452 0.0072 0.2670

291/A6
0.14 £0.10 1.46 68.61 0.55 £0.05 0.16 £0.15 £0.05 27.49 98.41

0.0019 0.0073 0.3483 0.0087 0.0008 0.2548

291/A6
0.20 0.14 2.31 57.33 0.36 £0.05 £0.07 £0.15 £0.05 40.28 100.62

0.0027 0.0007 0.0115 0.2911 0.0057 0.3734

Ta ble 25

Microprobe com po si tion of electrum from the Kupferschiefer (dolomitic va ri ety), min ing sec tion G-31, Polkowice West
Field (af ter Pieczonka, 1998) , se quence  PZ-20/3, (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample 
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

S
Ka

Pd
La

Ag
La

Total

288/B1
0.13 £0.10 1.62 70.44 0.52 £0.05 £0.15 £0.05 26.39 99.10

0.0017 0.0081 0.3576 0.0082 0.2447

288/B2
0.06 £0.10 1.34 68.53 1.21 £0.05 0.16 £0.05 27.68 98.98

0.0008 0.0067 0.3479 0.0190 0.0050 0.2566

288/B3
0.09 £0.10 5.41 35.01 0.39 £0.05 £0.15 £0.05 57.49 98.39

0.0012 0.0270 0.1777 0.0061 0.5330

288/B4
0.21 £0.10 6.34 25.98 0.61 £0.05 £0.15 £0.05 67.51 100.65

0.0028 0.0316 0.1319 0.0096 0.6259

288/C10
0.08 £0.10 2.79 54.37 0.38 £0.05 £0.15 0.09 42.37 100.08

0.0011 0.0139 0.2760 0.0060 0.0008 0.3928

288/C11
0.11 0.14 4.41 41.59 0.72 0.10 £0.15 £0.05 52.57 99.64

0.0015 0.0007 0.0220 0.2112 0.0113 0.0018 0.4874

288/D13
0.13 0.10 3.60 50.86 0.43 £0.05 £0.15 0.21 46.73 102.06

0.0017 0.0005 0.0179 0.2582 0.0068 0.0020 0.4332

288/D14
0.18 £0.10 1.30 71.01 0.65 £0.05 £0.15 £0.05 28.81 101.95

0.0024 0.0065 0.3605 0.0102 0.2671

288/A15
0.12 £0.10 3.91 48.59 0.14 £0.05 £0.15 £0.05 48.19 100.95

0.0016 0.0195 0.2467 0.0022 0.4467

288/A16
0.19 £0.10 1.23 71.17 0.35 £0.05 £0.15 0.06 27.30 100.30

0.0025 0.0061 0.3613 0.0055 0.0006 0.2531
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Ta ble 26

Microprobe com po si tion of tetrauricupride and electrum from the Kupferschiefer, min ing sec tion G-31, Polkowice West
Field, se quence G-31/294 A (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
La

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

A/1
0.16 £0.05 5.41 44.68   0.09 £0.04 £0.03 £0.05 £0.05 47.25    97.59

0.0021 0.0270 0.2268 0.0014 0.4380

A/2
0. 17  £0.05 1.02 77.51   0.42 £0.04 £0.03 £0.05   0.05 22.88 102.10

0.0023 0.0051 0.3935 0.0066 0.0005 0.2121

A/3
0.16 £0.05 5.82 44.53   0.09 £0.04 £0.03 £0.05 £0.05 50.58 100.98

0.0021 0.0290 0.2261 0.0014 0.4689

A/4
0.24 £0.05 2.03 58.49   0.16 £0.04   0.04   0.06   0.09 35.89   97.00

0.0032 0.0101 0.2970 0.0025 0.0002 0.0019 0.0008 0.3327

A/5
0.15 £0.05 6.51 40.65   0.25 £0.04   0.24 £0.05 £0.05 52.63 100.43

0.0020 0.0325 0.2064 0.0039 0.0012 0.4879

A/6
0.05   0.23 5.34 46.54   0.41 £0.04 £0.03 £0.05 £0.05 46.86   99.43

0.0007 0.0011 0.0266 0.2363 0.0065 0.4344

A/7
0.09 £0.05 5.51 42.30   0.83 £0.04 £0.03 £0.05 £0.05 48.68   97.41

0.0012 0.0275 0.2148 0.0131 0.4513

A/8
0.13 £0.05 6.24 46.66   3.09 £0.04 £0.03 £0.05 £0.05 45.80 101.92

0.0017 0.0311 0.2369 0.0486 0.4246

A/9
0.26   0.19 6.60 41.02   0.14 £0.04 £0.03 £0.05 £0.05 53.63 101.84

0.0035 0.0009 0.0329 0.2083 0.0022 0.4972

A/10
0.23   0.53 0.88 76.52 23.71 £0.04 £0.03 £0.05 £0.05   0.21 102.08

0.0083 0.0067 0.0118 1.0413 1.0000 0.0051

A/11
0.14   0.08 0.55 73.63 23.36 £0.04 £0.03 £0.05   0.14   0.18   98.08

0.0051 0.0011 0.0073 1.0168 1.0000 0.0035 0.0046

PZ-J7-16/4
£0.05 £0.05 £0.05 78.44 21.56 £0.04 £0.03 £0.05 £0.05 £0.15 100.00

1.1734 1.0000

A/12
0.19 £0.05 1.08 77.66   0.59 £0.04 £0.03 £0.05 £0.05 23.38 102.90

0.0025 0.0054 0.3943 0.0093 0.2167

A/13
0.20 £0.05 1.04 75.87   2.43 £0.04 £0.03 £0.05 £0.05 21.45 100.99

0.0027 0.0052 0.3852 0.0382 0.1989

A/14
0.22   0.56 7.36 36.49   3.96 £0.04   0.14 £0.05 £0.05 54.04 102.63

0.0029 0.0027 0.0367 0.1853 0.0623 0.0007 0.5010

A/15
0.17 £0.05 6.95 37.47   3.36 £0.04 £0.03 £0.05   0.15 54.80 102.90

0.0023 0.0346 0.1902 0.0529 0.0014 0.5080

Ta ble 27

EDS com po si tion of na tive al loys from the Kupferschiefer, min ing sec tion G-31, Polkowice West Field
(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Ag
La

Au
La

Pb
La

Se
Ka

Pd
La

Pt
La

As
Ka

Te
La

Composition

PZ-J7-10/14
13.56 69.96 10.24 3.53 £0.05 £0.15 0.39 2.33 Au1.0000Ag0.3539Pb0.1486

Se0.033Te0.05150.3539 1.0000 0.1486 0.1258 0.0146 0.0515

PZ-J7-11/9
58.39 25.02 9.33 1.41 £0.05 £0.15 0.79 5.07 Ag1.0000Au0.2346Pb0.0831

Se0.0033Te0.07331.0000 0.2346 0.0831 0.0033 0.0194 0.0733

PZ-J7-11/11
24.88 53.66 12.30 2.26 £0.05 £0.15 3.28 3.62 Au1.0000Ag0.8469Pb0.2181

Se0.1377As0.1949Te0.10430.8469 1.0000 0.2181 0.1377 0.1949 0.1043



Te-electrum, as Se, Pb and Te are per ma nent and im por tant
com po nents.

TELLURIDES

Mi cro scopic ob ser va tions re vealed the pres ence of sev -
eral phases which op ti cal prop er ties did not pro vide
undoubtful iden ti fi ca tion. Un for tu nately, microprobe anal y -
ses did not re solve iden ti fi ca tion doubts as most of these
phases showed di ver si fied com po si tions (por. Tabs 28, 29).
The most com mon min eral was iden ti fied as naumannite
(see also next chap ter “Selenides”). Its crys tals are usu ally
rimmed by a grey zone of sim i lar reflectance (prob a bly re -
ac tion zone). The BSE im ages clearly dem on strate the pres -
ence of a new phase of dis tinctly dif fer ent chem i cal com po -
si tion be cause, apart from Se, sig nif i cant amounts of Te
(6.43–14.42 wt.%) and Bi (up to 20.30 wt.%) were de tected
(Tab. 28). Such com po si tion points out to the pres ence of
two phases show ing dif fer ent Te and Se pro por tions, pre -
cisely, the high est con tents of Te cor re spond to high con -
tents of Se and to low ones of Te (Tab. 28). Atomic pro por -
tions in di cate the new min er als of com po si tions: Me3Se2
(TeAs)1, Me2(SeTe)1, Me5Se4(TeAs)1, Me2(SeTeAs)1 and
Me3(SeTeAs)2, where Me = Ag+Au+Pb+Bi (Tab. 28, 29).
More over, a small amounts of Pt was de tected (up to 2.7
wt.%, Tab. 28). The new phases re quire fur ther stud ies as
min er als of such com po si tions have not been de scribed in
the lit er a ture. Anal y ses for Te can be af fected by an a lyt i cal
er ror (see chap ter “Geo chem is try of Au and PGE”). De -
tailed microprobe anal y ses (Figs 61, 62), par tic u larly the
BSE im ages, re vealed the pres ence of grey fields of var i ous

in ten sity, which is an ef fect dif fer ent mass num bers of el e -
ments. In ten sive, white dots in Te map lo cated out side the
con tours of ore min er als (Fig. 61) orig i nate from CaKa  line 
whereas white dots within the ore min er als re flect TeLa.

Paragenesis of high-Te and high-Se min er als in cludes
phases of com po si tions close to (Pb1.3371Ag0.9591Au0.3651)
Te0.5896Se0.4104 and (Pd0.4822Ag0.3109Au0.0949Pb0.0231)
As0.8825Te0.1175 (Tab. 29). Hence, the gen eral for mula
roughly cor re sponds to Me5(TeSe)2 and Me(AsTe). The lat -
ter phase can be pro posed as a new, uknown PdAs min eral
with high ad mix tures of Au, Ag and Te. Sim i lar phase, al -
though Te-free, was de scribed by Kucha (1975) in parage-
nesis with other ar sen ides. Its for mula can also be cal cu lated 
as Pb5.0348Bi2.0828Au1.0638Ag0.833Se2.1836Te2.0000 (Tab.
28, anal y sis PZ-J7-11/10).

Tel lu rium was de tected in many other min er als from
the pre cious met als as so ci a tion. High est con tents were
found in naumannite (up to 9.19 wt.%, Tab. 30, anal y sis
Pz-J7-11/7, i.e. 1/2 con tent of Se). This phase can also be a
new min eral. Sig nif i cant amounts of Te (up to 5.07 wt.%)
were de tected in Pb-na tive Au (Tab. 27). Diadochous sub -
sti tu tions of Te were found in nonstoichiometric Pb-sele-
nides (Tab. 31).

SELENIDES

Clausthalite is a com mon min eral in the Cu de posit of
the Fore-Sudetic Monocline. It was iden ti fied quite early in
the Cu-bear ing zone (Harañczyk, 1972) as well as in the
“Kupferschiefer with no ble met als” (Kucha, 1981, 1982a,
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Ta ble 28

EDS com po si tion of Ag-Au-Pb-Bi-Te-Se min er als, Polkowice West Field
(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Ag
La

Au
La

Pb
Ma

Se
Ka

Pd
La

Pt
La

As
Ka

Te
La

Bi
Ma

PZ-J7-11/4
2.28 1.79 58.73 18.77 £0.3 2.32 0.83 14.38 1.27

0.0888 0.0383 1.1923 1.0000 0.0500 0.0467 0.4741 0.0256

PZ-J7-11/3
1.23 1.21 58.47 21.22 £0.3 0.79 0.13 7.38 9.51

0.0424 0.0227 1.0502 1.0000 0.0149 0.0063 0.2151 0.1693

PZ-J7-11/2
16.58 £0.2 49.73 13.29 £0.3 £0.3 0.93 6.83 12.65

0.6563 1.0248 0.7186 0.0529 0.2284 0.2583

PZ-J7-11/1
5.11 0.24 51.51 14.16 £0.3 0.34 0.58 7.76 20.30

0.1913 0.0048 1.0032 0.7236 0.0069 0.0311 0.2453 0.3918

PZ-J7-11/10
4.01 9.32 46.98 7.70 0.19 0.95 11.40 19.45

0.1995 0.2536 1.2155 0.5227 0.0009 0.0676 0.4772 0.4986

PZ-J7-11/12
4.10 4.97 53.83 18.39 £0.3 2.73 1.57 14.42 £0.3

0.1632 0.1082 1.1155 1.0000 0.0601 0.0902 0.4852

PZ-J7-11/13
6.47 14.01 44.72 8.04 £0.3 £0.3 0.27 6.43 20.06

0.3851 0.4564 1.3851 0.6534 0.0231 0.3235 0.6162

PZ-J7-19/2
18.48 12.84 49.47 5.79 £0.3 £0.3 £0.3 13.43 £0.3

0.9591 0.3651 1.3371 0.4104 0.5896

PZ-J7-19/7
17.70 9.87 2.53 £0.2 27.08 £0.3 34.90 7.91 £0.3

0.3109 0.0949 0.0231 0.4822 0.8825 0.1175



b) and in the zone of sec ond ary ox i da tion of the cop per de -
posit (Pieczonka, 1998; Piestrzyñski et al., 2002).

In the sec ond ary ox i da tion zone, clausthalite was ob -
served in al most all pol ished sec tions con tain ing electrum
and, less com monly, in sam ples with high-pu rity na tive Au.
It forms inter growths with pre cious met als al loys, na tive Pb, 
Pd-ar sen ides, Cu-sulphides and other selenides (nauma-
nnite) in clud ing those con tain ing Te.

In the zone of sec ond ary ox i da tion, naumannite oc curs
in paragenesis with na tive Au, electrum and na tive Pb. Op ti -
cal prop er ties in di cate high-tem per a ture va ri ety of pseudo-
flu o rite struc ture (Schröcke & Weiner, 1981), which crys -
tal lizes above 135°C, al though Karakaya and Thomp son
(1990) sug gest lower trans for ma tion tem per a ture, i.e.
130°C.

Mi cro scopic ob ser va tions of fine inter growths are less
ac cu rate than the SEM stud ies. The BSE im ages en able the
au thors to dis tin guish spe cific phases and dem on strate the
dif fer ences in min eral com po si tion in terms of grey scale
de pend ent on atomic weights of el e ments (Figs 63–71). Re -
sults of these stud ies also in di cate the pres ence of min er als
of ap prox i mated Pb3Se2 com po si tion (Tab. 31), which con -
tain sig nif i cant ad mix tures of other met als: Ag – up to 16.17 
wt.%, Au – up to 11.16 wt.% and Pt – up to 0.71 wt.%.
(Tab. 31). Some grains con tained also Te – up to 4.81 wt.%
(Tab. 31) and, rarely, small amounts of sul phur (Tab. 30).
High con tents of Ag cor re late with low con tents of Au and
vice versa (see Tab. 31). There fore, these are not phys i cal
mix tures of selenides and electrum but re ac tion zones of
these min er als, of vari able chem i cal com po si tion. Such re -
ac tion zones are vis i ble in the BSE im ages (Figs 63, 66 and
68). Microprobe anal y ses re vealed sig nif i cant ad mix tures of 
Ag and Au in clausthalites, even up to 20 wt.% (see Tab.
30).

De tailed stud ies on naumannites in di cate the pres ence
of sev eral va ri et ies (Tab. 30). Most com mon are phases with 

up to 10 wt.% Pb and sev eral wt.% Au (Tab. 30). How ever,
many an a lyzed grains con tain too much Ag and Au to be
clas si fied as Au-Ag-naumannites (see Tab. 30). These are
pre sum ably new min er als of Me2Se com po si tion con tain ing 
up to 40 wt.% Au and up to 49 wt.% Ag (Tab. 30). Emis sion 
spec tra of selenides dem on strated var i ous in ten si ties of Se,
Ag and Pb lines, which points to vari able com po si tion of
these min er als, as sup ported by quan ti ta tive anal y ses (Tab.
30, 31). The min er als show ad mix tures of Pt (up to 2.18
wt.%), As (up to 1.36 wt.%), Bi (up to 1.32 wt.%) and Te
(up to 9.19 wt.%) (Tab. 30, 31). These are also the only
phases in which ad mix tures of other PGE were de tected: Rh 
up to 1.3 wt.% (Tab. 30).

Microprobe anal y ses re vealed the pres ence of a sele-
nide of AgSe2 com po si tion (Tab. 30). Min er als con tain ing
two Se an ions are: bohdanowiczite (AgBiSe2), krutaite
(CuSe2) and some Fe-, Co- and NiSe2 phases but AgSe2 is
un known (Karakaya & Thomp son, 1990).

Pd AND Pt MIN ER ALS

The pres ence of Pd min er als in the cop per de posit of the 
Fore-Sudetic Monocline has been known since the early pa -
per by Kucha (1975). Fur ther pub li ca tions (Kucha, 1981,
1982a, b; Kucha & Pocheæ, 1983; Kucha & Przyby³owicz,
1999) brought new data on other Pd min er als and com -
pounds. Up to date the fol low ing Pd phases were inden-
tified: PdAs, PdAs2, Pd3As5, Pd2As3, Pd5As2, Pd8As2S,
Pd3As (vincentite), (NiPd)3As3, PdCu(As,S)6 and
Pd8As6S3 (Kucha, 1975, 1984).

In the sec ond ary ox i da tion zone some what dif fer ent
Pd-ar sen ides as sem blage was dis cov ered. Their chem i cal
com po si tions are listed in Ta ble 32. Apart from al ready
known vincentite, 14 new min er als were iden ti fied: PdAs7,
Pd2As, Pd4As, Pd9As2, Pd5As, Me13As2 (where Me = Pd,
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Ta ble 29

Atomic pro por tions cal cu lated for chem i cal com po si tions given in Table 28

Sample Total/atomic proportions Formula

PZ-J7-11/4
100.00

(Pb2.3846Ag0.1776Au0.0766Bi0.0512)Se2.0000Te0.9482As0.0942
Me3Se2(TeAs)1

PZ-J7-11/3
100.00

(Pb4.2008Bi0.6772Pt0.0596Au0.0908Ag0.1696)Se4.0000Te0.8604As0.0232
Me5Se4(TeAs)1

PZ-J7-11/2
100.00

(Pb1.0248Bi0.2583Ag0.6563)Se0.7186Te0.2285As0.0529
Me2(SeTeAs)1

PZ-J7-11/1
100.00

(Pb1.0032Bi0.3918Ag0.1913Au0.0048Pt0.0069)Se0.7236Te0.2453As0.0311
Me3(SeTeAs)2

PZ-J7-11/10
100.00

(Pb1.2155Bi0.4986Au0.2536Ag0.1995)(Se0.5227Te0.4772)
Me2(SeTe)1

PZ-J7-11/12
100.00

(Pb2.2310Au0.2164Ag0.3264Pt0.1202)Se2.0000Te0.9704As0.1804
Me3Se2(TeAs)1

PZ-J7-11/13
100.00

(Pb1.3851Bi0.6162Au0.4564Ag0.3851)Se0.6534Te0.4852As0.0902
Me3(SeTeAs)1

PZ-J7-19/2
100.00

(Pb1.3371Ag0.9591Au0.3651)Te0.5896Se0.4104
Me5(TeSe)2

PZ-J7-19/7
100.00

(Pd0.4822Ag0.3109Au0.0949Pb0.0231)As0.8825Te0.1175
Me(AsTe)1



Pt, Au and Ag), Me8As3 (where Me = Pd, Ag and Pt),
Pd(NiFe)2As3.5S0.5 or Me4As7S, (PdPtNi)As7, (PdNi)As7,
(PdAuNi)3As and PdAs3 (Tab. 32, Figs 72–76). The most
in ter est ing is the min eral of com po si tion Pd9.1588Pt1.102
(Au2.2148Ag0.5694)As2.0000, which con tains 11.70 wt.% Pt
(Tab. 32), which is the high est con cen tra tion of this metal in 
all phases indentified up to date. Such min eral has not been
found even in a com pre hen sive list of 600 Pt-bear ing phases 
pub lished by Daltry and Wil son (1997). In met al lur gi cal lit -
er a ture (e.g., Okamoto, 1990) 18 high-tem per a ture phases
were men tioned of var i ous atomic pro por tions and crys tal
struc tures. Five min er als iden ti fied in the Fore-Sudetic
Monocline de posit: Pd2As, PdAs2, Pd5As, Pd8As3 and
Pd3As re veal stoichiometries sim i lar to those de scribed by
Okamoto (1990). The noticable dif fer ence is the pres ence of 

nu mer ous and sig nif i cant sub sti tu tions of trace el e ments in
nat u ral phases.

The atomic pro por tions of Me8As3 phase re sem ble
Pd8As2S min eral de scribed by Kucha (1984) but other
phases (ex clud ing five Pd-ar sen ides men tioned above) have 
no equiv a lents in the lit er a ture (Daltry & Wil son, 1997;
Okamoto, 1990). An a lyzed ar sen ides oc ca sion ally con tain
sig nif i cant ad mix tures of: Ag (up to 12.57 wt.%), Au (up to
5.96 wt.%), Ni (up to 3.76 wt.%) and Pt (up to 1.39 wt.%).
In sev eral crys tals con tents of Cu (up to 0.9 wt.%) and Pb
(up to 7.09 wt.%) were de tected. In a sin gle an a lyt i cal point
7.32 wt.% Bi was found and in an other one 0.32 wt.% Fe
and 2.24 wt.% S were in di cated (Tab. 32).

Less com mon Pd min eral is sobolevskite, PdBi (Fig.
77) de scribed for the first time by Kucha (1975). It co ex ists
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Fig. 61. Sin gle el e ment scans and BSE im age (bot tom right), red cir cles show po si tion of quan ti ta tive mea sure ments, sam ple PZ-J7-11



usu ally with Pd-ar sen ides (Fig. 75, sam ple 291-3/1-1), na -
tive Pb, Cu-sulphides, Bi-sulphides, electrum and Bi-Cu al -
loys. Its com po si tion is listed in Ta ble 33. Apart from small
amounts of Hg, sobolevskite con tains also sig nif i cant ad -
mix tures of Au. New data re vealed the pres ence of nauma-
nnite (Tab. 30) and Bi-Cu al loys (Tab. 34) in this para-ge
nesis. The  a-BiPd phase is sta ble up to 210°C and  b-BiPd
is sta ble in tem per a ture range 210–380°C (Okamoto, 1990). 
Phases of other atomic pro por tions formed in other tem per -
a ture ranges may also ex ist (Okamoto, 1990).

Microprobe anal y ses dem on strated the pres ence of two
new min er als of com po si tions: BiCu and Bi2Cu (Tab. 34),
which con tain 18.37 and 13.68 wt.% Cu, re spec tively. Im -
por tant ad mix tures are Pd, Au and S. Such min er als have
not been known from the Fore-Sudetic de posit. In the avail -
able lit er a ture metastable phase of Cu5Bi2 com po si tion is
men tioned, which ex ists at tem per a ture be low 300°C
(Chakrabarti & Laughlin, 1990). How ever, phases from the
Fore-Sudetic de posit con tain much higher ad mix tures of Bi.

OX I DIZED As COM POUNDS

The pres ence of ox i dized As com pounds was com mu -
ni cated by Kucha and Przyby³owicz (1999) who found
Pd2AsO4, in clay-or ganic ma trix of the Kupferschiefer, in
paragenesis with castaingite, electrum, covel lite, Pd-ar se -
nide (Pd3As5), Ni- and Co-ar sen ides and Bi-sulphides. Sim -
i lar paragenesis, al though with out ar se nates, was men tioned 
in some ear lier pa pers (Kucha, 1981, 1982a, b). New data
re vealed seven new min er als of gen eral Pd-As-O com po si -
tion (Tab. 35): PdAsO2, Pd2AsO2, Pd4As2O3 (Fig. 76),
Pd3As2O4, Pd5As4O8, Pd6As4O7 (Fig. 77) and Pd8As4O7
(Fig. 77). Stud ied com pounds usu ally in clude vari able
amounts of Pd (from 43.55 to 64.06 wt.%) and As (22–34
wt.%), as well as ad mix tures of Au (up to 3.9 wt.%), Bi (up
to 2.94 wt.%), Hg (up to 0.75 wt.% in sin gle anal y sis), Cu
(up to 6.64 wt.%) and Ni (up to 8.51 wt.%) (Tab. 35).

Pt MIN ER ALS

Up to date, only a few min er als con tain ing Pt ad mix -
tures were found al though con tents of this el e ment in an a -
lyzed sam ples is higher than that of Pd. High est con tent (2.5 
wt.%) was re ported from Pt-na tive Au (Kucha & Mayer,
1996). In creased amounts (up to 0.21 wt.%) were de tected
in thucholite and in ar se nates (up to 0.73 wt.%) (Kucha &
Przyby³owicz, 1999).

The new Pt min eral can be the phase of ap prox i mate
compo si tion Pd9.1588Pt1.102(Au2.2148Ag0.5694)As2.0000,
which con tains 11.70 wt.% Pt (Tab. 32) and over 53 wt.%
Pd, and 23.75 wt.% Au (Tab. 32). This is the only high-Pt
min eral found in the stud ied pol ished sec tions.

Electrum which co ex ists with Pd-bismuthides and
Pd-ar sen ides usu ally con tains some Pt (up to 4.0 wt.%, Tab.
34), which is si mul ta neously the high est ad mix ture of Pt in
electrum de rived from the sec ond ary ox i dized zones. Nor -
mally, Pt con tents in electrum do not ex ceed 1.2 wt.% (Tabs 
19–27). Plat i num was found in larger num ber of an a lyt i cal
points than pal la dium, which may ex plain its higher con -
tents in an a lyzed rock sam ples. Ad mix tures of Pt were de -
tected also in Pb-selenides of usu ally nonstoichiometric
com po si tions (Tab. 31). Newly dis cov ered Ag-selenides
with Au (naumannite) con tain also sig nif i cant amounts of Pt 
(up to even 2.18 wt.%, Tab. 30). In these selenides Rh was
de tected, as well (Tab. 30). High amounts of Pt were found
in new tellurides – up to 2.73 wt.% Pt in phases low in Bi
and high in Te. These min er als con tain also Ag and Au
(Tab. 28).
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Fig. 62. EDS spec tra of Pb-Ag-Au-Te-Se min er als, sam ple
PZ-J7-11
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Tabela 30

EDS and microprobe com po si tion of Ag-Au-Pb-Se min er als, Polkowice-Sieroszowice Mine
(up per fig ure  - wt.%.;  lower fig ure – atomic pro por tions)

Sample
Ag
La

Au
La

Pb
La

Se
Ka

Pd
La

Pt
La

As
Ka

Te
La

Total

PZ-J7-9a/1
1.28 17.30 69.90 11.92 £0.2 £0.3 £0.2 £0.2 100.00

0.0788 0.5815 2.2337 1.0000 Pb2.2337Au0.5815Ag0.0788Se1.0000

PZ-J7-9a/2
1.79 23.22 57.87 14.02 £0.2 £0.3 3.10 £0.2 100.00

0.0758 0.5384 1.2753 0.8109 0.1891 Pb1.2753Au0.5384Ag0.0758Se0.8109As0.1891

PZ-J7-9a/5
34.87 £0.3 2.16 61.01 £0.2 £0.3 £0.2 1.96     100.00

0.4102 0.0132 0.9805 0.0195 Ag0.8204Pb0.0264Se1.9610Te0.0390

PZ-J7-9a/6
33.86 £0.3 6.17 59.88 0.09 £0.3 £0.2 £0.2     100.00

0.4139 0.0393 1.0000    0.0011 Ag0.8278Pb0.0518Pd0.0022Se2.0000

PZ-J7-9a/7
38.90 £0.3 1.23 59.87 £0.2 £0.3 £0.2 £0.2 AgSe2   100.00

0.4756 0.078 1.0000 Ag0.9512Pb0.0156Se2.0000

PZ-J7-9a/8
4.64 £0.3 78.74 16.62 £0.2 £0.3 £0.2 £0.2 Ag-clausthalite 100.00

0.2042 1.8052 1.0000 Pb1.8052Ag0.2042Se1.0000

PZ-J7-9a/9 1.05 £0.3 91.24 5.17 S=1.6 Fe=0.9 £0.2 £0.2 Pb-native 100.00

PZ-J7-9a/15
47.22 21.75 4.41 23.03 £0.2 £0.3 £0.2 3.59 Au-naumannite 100.00

1.3687 0.3452 0.0666 0.9121 0.0879 (Ag1.3687Au0.3452Pb0.0666)Se0.9121Te0.0879

PZ-J7-9a/16
37.66 24.41 14.78 17.18 £0.2 £0.3 £0.2 5.97 Au-Pb-naumannite 100.00

1.3203 0.4686 0.2697 0.8230 0.1770 (Ag1.3203Au0.4686Pb0.2697)Se0.8230Te0.1770

PZ-J7-9a/17
20.31 40.31 22.85 10.86 £0.2 £0.3 0.74 4.94 Au-naumannite  100.00

1.0113 1.0999 0.5927 0.7389 0.0532 0.2079 (Ag1.0113Au1.0999Pb0.5927)Se0.7389Te0.2079As0.0532

PZ-J7-9/2
55.62 21.04 £0.3 19.46 0.22 0.59 0.70 2.38 Au-naumannite 100.00

1.8783 0.3891 0.8980 0.0077 0.0109 0.0338 0.0681 (Ag1.8783Au0.3891Pd0.0077Pt0.0109)Se0.8980Te0.0681As0.0338

PZ-J7-9/3
49.09 24.09 0.30 21.71 £0.2 1.83 0.81 2.17 Au-naumannite 100.00

1.5035 0.4040 0.0046 0.9082 0.0311 0.0357 0.0561  (Ag1.5035Au0.4040Pt0.0311Pb0.0046)Se0.9082Te0.0561As0.0357

PZ-J7-9/4
42.17 36.72 0.50 17.62 £0.2 2.18 0.23 0.58 Au-naumannite 100.00

1.6937 0.8076 0.0407 0.9671 0.0485 0.0134 0.0195  (Ag1.6937Au0.4040Pt0.0485Pb0.0407)Se0.9671Te0.0195As0.0134

PZ-J7-9/5
58.84 6.99 6.55 20.74 £0.2 0.74 0.92 5.22 naumannite 100.00

1.7268 0.1124 0.1000 0.8316 0.0120 0.0389 0.1295 (Ag1.7268Au0.1124Pb0.1000Pt0.0120)Se0.8316Te0.1295As0.0389

PZ-J7-9/6
73.13 0.30 0.22 23.34 £0.2 £0.3 0.87 2.14 naumannite 100.00

2.0923 0.0046 0.0034 0.9123 0.0358 0.0519 (Ag2.0923Au0.0046Pb0.0034)Se0.9123Te0.0519As0.0358

PZ-J7-9/7
72.68 1.03 £0.3 21.52 £0.2 0.85 1.36 2.56 naumannite 100.00

2.1679 0.0167 0.8768 0.0142 0.0586 0.0646  (Ag2.1679Au0.0167Pt0.0142)Se0.8768Te0.0646As0.0586

PZ-J7-9/8
71.72 1.27 £0.3 25.18 £0.2 £0.3 0.84 0.60 naumannite 99.77

1.9859 0.0191 0.9525 0.0335 0.0140  (Ag1.9859Au0.0191)Se0.9525Te0.0140As0.0335

PZ-J7-9/9
68.41 0.71 6.01 20.58 £0.2 £0.3 1.15 3.14 naumannite 100.00

2.1105 0.0120 0.0965 0.8672 0.0509 0.0819  (Ag2.1105Pb0.0965Au0.0120)Se0.8672Te0.0819As0.0509

PZ-J7-10/2
64.27 1.12 7.55 21.89 £0.2 £0.3 1.10 4.04 Pb-naumannite 100.00

1.8412 0.0176 0.1125 0.8566 0.0454 0.0980  (Ag1.8412Pb0.1125Au0.0176)Se0.8566Te0.0980As0.0454

PZ-J7-10/3
63.69 2.27 6.44 24.35 £0.2 0.84 £0.2 2.41 naumannite 100.00

1.8044 0.0351 0.0950 0.9422 0.0131 0.0578 (Ag1.8044Pb0.0950Au0.0351Pt0.0131)Se0.9422Te0.0578

PZ-J7-10/4
62.98 0.47 9.93 22.44 £0.2 0.52 0.71 2.95 Pb-naumannite 100.00

1.8431 0.0076 0.1512 0.8971 0.0085 0.0299 0.0730 (Ag1.8431Pb0.1512Au0.0076Pt0.0085)Se0.8971Te0.0725As0.0299

PZ-J7-10/5
68.07 1.51 3.81 22.54 £0.2 £0.3 1.23 2.84 naumannite 100.00

1.9463 0.0237 0.0567 0.8806 0.0506 0.0688 (Ag1.9463Pb0.0567Au0.0237)Se0.8806Te0.0688As0.0506

PZ-J7-10/6
72.45 1.36 £0.3 22.46 £0.2 0.48 1.18 2.07 naumannite 100.00

2.1226 0.0218 0.8989 0.0079 0.0512 0.0500 (Ag2.1226Au0.0218Pt0.0079)Se0.8989Te0.0500As0.0512
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Ta ble 30 con tin ued

Sample
Ag
La

Au
La

Pb
La

Se
Ka

Pd
La

Pt
La

As
Ka

Te
La

Total

PZ-J7-10/7
49.94 27.61 0.65 18.63 Bi=0.05 0.42 0.63 2.08 Au-naumannite 100.00

1.7767 0.5379 0.0119 0.9052 0.0084 0.0322 0.0625 (Ag1.7767Au0.5379Pb0.0119Pt0.0084)Se0.9052Te0.0625As0.0322

PZ-J7-10/8
47.73 27.82 £0.3 19.80 1.13 Rh=1.3 0.40 1.81 Au-Rh-naumannite 100.00

1.6371 0.5224 0.9279 0.0392 0.0725 0.0196 0.0525 (Ag1.6371Au0.5224Pd0.0392Rh0.0725)Se0.9279Te0.0525As0.0196

PZ-J7-10/12

57.00 15.54 3.35 20.23 Rh=0.18 1.11 0.57 2.01 Au-Rh-naumannite 100.00

1.8898 0.2822 0.0579 0.9163 0.0061 0.0204 0.0272 0.0565
(Ag1.8898Au0.2822Pb0.0579Pt0.0204Rh0.0061)Se0.9163Te0.0565

As0.0272

PZ-J7-10/13

49.26 11.99 9.24 25.35 Bi=0.83 0.75 0.43 2.15 Au-naumannite 100.00

1.3295 0.1773 0.1298 0.9345 0.0116 0.0111 0.0166 0.0489
(Ag1.3295Au0.1773Pb0.1298Bi0.0116Pt0.0111)Se0.9345Te0.0489

As0.0166

PZ-J7-11/5
69.11 0.82 3.84 21.93 £0.2 £0.3 1.12 3.18 naumannite 100.00

2.0179 0.0132 0.0583 0.8746 0.0469 0.0784  (Ag2.0179Pb0.0583Au0.0132)Se0.8746Te0.0784As0.0469

PZ-J7-11/6

64.78 0.70 5.49 22.92 Bi=0.95 0.34 1.07 3.76 naumannite 100.00

1.7974 0.0108 0.0793 0.8689 0.0135 0.0051 0.0428 0.0883
(Ag1.7974Pb0.0793Au0.0108Bi0.0135Pt0.0051)Se0.8689Te0.0883

As0.0428

PZ-J7-11/7
62.95 0.94 4.85 22.07 £0.2 £0.3 £0.2 9.19 naumannite 100.00

1.6603 0.0137 0.0666 0.7952 0.2048  (Ag1.6603Au0.0137Pb0.0666)Se0.7952Te0.2048

PZ-J7-11/8
61.25 1.27 8.86 19.10 £0.2 0.43 0.85 8.24 Pb-naumannite 100.00

1.7867 0.0201 0.1347 0.7612 0.0069 0.0356 0.2033  (Ag1.7867Pb0.1347Au0.0201Pt0.0069)Se0.7612Te0.2033As0.0356

PZ-J7-16/6
4.08 20.12 57.33 18.47 £0.2 £0.3 £0.2 £0.2  Au-clausthalit  100.00

0.1616 0.4365 1.1830 1.0000 Pb1.1830Au0.4365Ag0.1616Se1.0000

PZ-J7-16/7
8.65 16.22 61.00 16.76 £0.2 £0.3 £0.2 £0.2 Au-Ag-clausthalite 100.00

0.3778 0.3877 1.3867 1.0000 Pb1.3867Au0.3877Ag0.3778Se1.0000

PZ-J7-19/5
6.44 9.58 59.39 18.41 Th=3.3 £0.3 2.85 £0.2 96.70

0.2201 0.1792 1.0568 0.8599 0.1629 Pb1.0568Ag0.2201Au0.1792Se0.8599As0.1401

PZ-J7-19/8
57.30 £0.2 17.84 24.86 £0.2 £0.3 £0.2 £0.2 Pb-naumannite    100.00

1.6874 0.2735 1.0000 Ag1.6874Pb0.2735Se1.0000

Ta ble 31

EDS com po si tion of Pb-selenides from the Polkowice-Sieroszowice Mine
(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Ag
La 

Au
La

Pb
Ma 

Se
Ka

Pt
La 

As
Ka 

Te
La 

Bi
Ma 

Total/atomic proportions

PZ-J7-9a/3
1.13 0.61 78.54 19.65 £0.15 0.06 £0.2 £0.3 100.00

0.0418 0.0124 1.5233 1.0000 0.0032 Pb3.0466Se2.0000

PZ-J7-9a/4
2.25 0.80 77.87 19.01 £0.15 0.07 £0.2 £0.3 100.00

0.0864 0.0170 1.5613 1.0000 0.0037 Pb3.1226Se2.0000

PZ-J7-10/9
7.01 3.40 67.63 16.59 0.71 0.37 2.69 1.32 99.72

0.1551 0.0413 0.7798 0.5021 0.0086 0.0150 0.0504 0.0150 Pb2.3394Ag0.4653Au0.1239Bi0.0450(Se1.5063Te0.1513)

PZ-J7-10/10
13.96 3.75 59.26 19.96 0.03 0.42 2.62 £0.3 100.00

0.4736 0.0695 1.0531 0.9250 0.0002 0.0056 0.0750 (Pb2.1062Ag0.9472Au0.1390)3.1924(Se1.8500Te0.1500)2.0000

PZ-J7-10/11
16.17 1.64 60.08 16.75 0.30 0.26 4.81 £0.3 100.00

0.6000 0.0332 1.1605 0.8491 0.0015 0.0035 0.1509 Pb1.1605Ag0.6000Au0.0332(Se0.8491Te0.1509)

PZ-J7-20/2
£0.2 £0.2 75.28 24.72 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.8615 Pb1.0000Se0.8615

PZ-J7-20/3
£0.2 £0.2 78.44 21.56 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.7213 Pb1.0000Se0.7231
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Ta ble 31 continued

Sample
Ag
La 

Au
La

Pb
Ma 

Se
Ka

Pt
La 

As
Ka 

Te
La 

Bi
Ma 

Total/atomic proportions

PZ-J7-20/4
£0.2 £0.2 73.78 26.22 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.9329 Pb1.0000Se0.9329

PZ-J7-20/5
£0.2 £0.2 74.62 25.38 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.8925 Pb1.0000Se0.8925

PZ-J7-19/10
£0.2 £0.2 79.10 20.90 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.6146 Pb3.0000Se1.8438

PZ-J7-19/11
5.04 11.16 62.91 20.89 £0.15 £0.07 £0.2 £0.3 100.00

0.1147 0.1391 0.7461 0.6500 (Pb0.7461Au0.1391Ag0.1147)3.0000Se1.9501

PZ-J7-19/15
£0.2 £0.2 77.53 22.47 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.7605 Pb3.0000Se2.2950

PZ-J7-19/16
£0.2 £0.2 76.17 23.83 £0.15 £0.07 £0.2 £0.3 100.00

1.0000 0.8210 Pb1.0000Se0.8210

PZ-J7-17/2
£0.2 £0.2 75.20 24.49 S- 0.31 £0.07 £0.2 £0.3 100.00

1.0000 0.8548 0.0267 Pb1.0000Se0.8548S0.0267

PZ-J7-17/3
£0.2 £0.2 74.23 25.77 £15 £0.07 £0.2 £0.3 100.00

1.0000 0.9109 Pb1.0000Se0.9109

Ta ble 32

EDS and WDS com po si tions of Pd-ar sen ides from the Polkowice-Sieroszowice Mine
(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Ag
La

Au
La

Pd
La

Pt
La

Bi
Ma

Ni
Ka

Formula, total and atomic proportions

AP-291/2-6
13.22 1.77 3.41 81.60 £ 0.3 £ 0.2 £ 0.2  Me9As2 100.00

1.0000 0.0929 0.0980 4.3450 (Pd8.6900Au0.1960Ag0.1858)As2.0000

AP-291/3-5
11.40 4.24 5.84 70.68 0.53 7.32 £ 0.2 Me5As2 100.00

1.0000 0.2582 0.1945 4.3646 0.0177 0.2299 (Pd4.3646Bi0.2299Au0.1945Ag0.2582)As1.0000

AP-19/3-5-2
27.75 £ 0.2 £ 0.3 72.25 £ 0.3 £ 0.3 £ 0.2 Pd2As 100.00

1.0000 1.8329 Pd1.8329As1.0000

AP-19/3-5-1
26.77 £ 0.2 2.34 70.89 £ 0.3 £ 0.3 £ 0.2 Me2As 100.00

1.0000 0.0333 1.8643 Pd1.8329Au0.0333As1.0000

AP-291/3-4
8.16 3.34 23.75 53.06 11.70 £ 0.2 £ 0.2 Me13As3 100.00

1.0000 0.2847 1.1074 4.5794 0.5510 Pd9.1588Pt1.102(Au2.2148Ag0.5694)As2.0000

AP-291/3-3
17.04 5.23 £ 0.3 76.34 1.39 £ 0.2 £ 0.2 Me8As3 100.00

0.2941 0.0677 0.9281 0.0092 (Pd0.9281Ag0.0677Pt0.0092)4.0000As1.1764

AP-291/3-2
16.06 6.33 £ 0.3 77.57 £ 0.3 £ 0.2 £ 0.2 Pd4As 99.96

0.2722 0.0745 0.9255 (Pd0.9255Ag0.0745)4.0000As1.0887

AP-91/3-2-2
58.08 £ 0.2 £ 0.3 27.07 S=2.24 Fe=0.32 11.41 Me4As7S  99.12

0.8942 0.2935 0.1058 0.0066 0.2242 Pd1.174Ni0.8968Fe0.0198As3.5768S0.4232

AP-291/2-3c
82.02 £ 0.2 £ 0.3 15.84 0.47 £ 0.3 1.67 PdAs7 99.70

1.0000 0.1360 0.0022 0.0260 Pd0.9520Pt0.0154Ni0.1820As7.0000

AP-291/2-3b
80.44 £ 0.2 £ 0.3 16.25 1.38 £ 0.3 1.92 PdAs7 99.94

1.0000 0.1422 0.0066 0.0305 Pd0.9954Pt0.0046Ni0.2135As7.0000

AP-291/2-3
81.83 £ 0.2 £ 0.3 17.05 £ 0.3 £ 0.3 1.12 PdAs7 100.00

1.0000 0.1467 0.0175 Pd1.0269Ni0.1225As7.0000

AP-91/3-3-1
16.86 £ 0.2 5.53 70.90 £ 0.3 Cu=0.83 0.72 Pd3As 94.84

1.0000 0.1249 2.9618 0.0582 0.0546 Pd2.9618Au0.1249Cu0.0582Ni0.0546As1.0000



222  J. PIECZONKA ET AL.

Ta ble 32 continued

Sample
As
Ka

Ag
La

Au
La

Pd
La

Pt
La

Bi
Ma

Ni
Ka

Formula, total and atomic proportions

AP-91/3-3-1
16.86 £ 0.2 5.53 70.90 £ 0.3 Cu=0.83 0.72 Pd3As 94.84

1.0000 0.1249 2.9618 0.0582 0.0546 Pd2.9618Au0.1249Cu0.0582Ni0.0546As1.0000

AP-1/3-3-1b
18.20 £ 0.2 5.96 74.17 £ 0.3 Cu=0.90 0.77 Me3As 100.00

1.0000 0.1247 2.8691 0.0585 0.0539 Pd2.8691Au0.1247Cu0.0585Ni0.0539As1.0000

AP-91/3-1-1
55.16 £ 0.2 0.50 39.14 £ 0.3 Pb=1.75 2.63 PdAs2 99.18

1.0000 0.0034 0.4997 0.0114 0.0608 Pd0.9994Au0.0064Pb0.0114Ni0.0608As2.0000

AP-91/
3-1-1b

61.92 £ 0.2 0.21 30.94 £ 0.3 Pb=0.71 3.76 PdAs3 97.54

1.0000 0.0014 0.3518 0.0034 0.0775 Pd1.0554Au0.0042Pb0.0123Ni0.2325As3.0000

AP-91/
3-1-1c

55.29 £ 0.2 0.99 39.34 £ 0.3 Pb=1.75 2.63 PdAs2 100.00

1.0000 0.0068 0.5010 0.0114 0.0607 Pd1.0020Au0.0116Pb0.0228Ni0.1214As2.0000

PZ-J7-9/6
45.72 12.57 £ 0.3 34.62 £ 0.3 Pb=7.09 £ 0.2 Pd3As4 100.00

1.0000 0.1909 0.5331 0.0560 Pd2.1324Ag0.7636Pb0.2240As4.0000

AP-91/3-6-6
25.45 £ 0.2 £ 0.3 72.66 £ 0.3 £ 0.3 1.89 Pd2As 100.00

1.0000 2.0100 0.0947 Pd2.0100Ni0.0947As1.0000

Ta ble 33

EDS com po si tions of Bi-Pd min er als from the Polkowice West Field
(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Bi

Ma
Pd
La

Au
La

Hg
La

Total/atomic proportions

PZ-J7-16/1

62.72 35.31 0.88 1.09 100.00

1.0000 1.1056 0.0149 0.179 Bi1.0000Pd1.1056

0.9852 1.0893 0.0148 0.0177 (Bi0.9852Au0.0148)Pd1.0893

PZ-J7-16/2

63.16 35.46 1.12 0.26 100.00

1.0000 1.1026 0.0188 0.0043 Bi1.0000Pd1.1026

0.9815 1.0822 0.0185 0.0042 (Bi0.9815Au0.0185)Pd1.0822

PZ-J7-16/3

59.99 34.71 4.72 0.58 100.00

1.0000 1.13618 0.0832 0.0101 Bi1.0000Pd1.13618

0.9231 1.0488 0.0769 0.0093 (Bi0.9231Au0.0769)Pd1.0488

Ta ble 34

EDS com po si tions of Pd-bear ing min er als from the Polkowice Main Field
(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
La

S
Ka

Ag
La

Au
La

Pd
La

Pt
La

Bi
Ma

Cu
Ka

Total/atomic proportions

AP-291/3-1 1.55 £ 0.2 14.94 74.54 4.91 4.05 £ 0.2 £ 0.05 100.00

AP-291/1-3 £ 0.2 15.36 83.16 0.27 1.21 £ 0.2 £ 0.05 100.00

AP-291/3-2-4 2.43 £ 0.2 37.63 56.84 1.39 £ 0.2 Ni-0.72 100.00

Ap-291/1-4

£ 0.2 2.42 1.07 2.98 0.83 £ 0.2 74.33 18.37 100.00

0.2122 0.0278 0.0424 0.0219 1.0000 0.8127
Bi1.00Pd0.0219Cu0.8127Ag0.2122Au0.0424

(Bi0.9395Au0.0399Pd0.0206)

0.1994 0.0261 0.0399 0.0206 0.9395 0.7636 Cu0.7636Ag0.0261S0.1994

AP-291/1-1

£ 0.2 2.22 1.09 £ 0.2 1.41 £ 0.2 81.59 13.68 100.00

0.1714 0.0250 0.0329 0.9671 0.5333
(Bi0.9671Pd0.0329)

Cu0.5333Ag0.0250S0.1714



The thucholitic sub stance pro vides a sep a rate prob lem.
In the sec ond ary ox i dized zones this com pound has not
been found. Thucholite (or rather ”ucholite”, see Piestrzyñ-
ski, 1989) oc curs in the Kupferschiefer from the re duc ing
zone. Microprobe anal y ses of ucholite ag gre gates re vealed
sig nif i cant amounts of Pt (up to 0.88 wt.%, Tab. 36). High -
est con tents were ob served in an a lyt i cal points of high est U
val ues. In ucholites stud ied un der the mi cro scope in clu sions 

of no ble met als phases and uraninite have not been found.
The pres ence of uraninite crys tals points out to the pro-
gessing or der ing of ucholite struc ture and to the de struc tion
of organometallic com pounds. In such grains small amounts 
of U and Pt were ob served (Tab. 36). Stud ied ucholites do
not con tain Au and/or Ag over de tec tion lim its but vari able
amounts of Fe, Cu and S were in di cated (Tab. 36). So lu tion
of the prob lem of pre cious met als oc cur rence in the or ganic
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Fig. 63. Sin gle el e ment scans and BSE im age (bot tom right), red cir cles show po si tion of quan ti ta tive mea sure ments, sam ple PZ-J7-10



mat ter re quires fur ther stud ies. Ob vi ously, the or ganic com -
pounds con cen trate the pre cious met als (Kucha, 1982a, b;
Kucha & Przyby³owicz, 1999). How ever, ac cu mu la tion of
these met als is pos si ble only in the so-called “tran si tional
zone” (Piestrzyñski et al., 1996a, 2002) where thucholitic
sub stance could pre cip i tate and where pre cious met als con -
tent in so lu tion was still high. It is the fact that the whole or -
ganic mat ter in the sec ond ary ox i dized zones was ox i dized

and that these zones con cen trated pre cious met als 1,000
times more that rocks from the re duc ing zone, which are
rich in or ganic mat ter (Re port AGH, 1996, 1997; Pie-
strzyñski, 1996a; Piestrzyñski et al., 1996a, 2002; Pie-
czonka, 1998, 2000; Piestrzyñski & Pieczonka, 1998).
There fore, it is sug gested that the main stage of pre cious
met als con cen tra tion took place in the sec ond ary ox i da tion
zone. Dis persed charater of Pt in stud ied sam ples point out
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that, apart from pre cious met als and ar sen ides, the car ri ers
of Pt can be also ox i dized Fe com pounds, e.g., he ma tite or
Fe-hy drox ides (Oberthür et al., 2003). These are the only
min er als oc cur ring in suf fi cient amounts and in dis per sion,
which can ad sorb fine par ti cles of Pt or Pt-Fe-al loys.

The or ganic mat ter with in creased amounts of PGE oc -
curs be tween the ox i dized and the re duc ing zones. This
zone, to gether with the U-bear ing or ganic mat ter, were

formed con tem po ra ne ously with the pro gress ing ox i da tion
of the Cu de posit. The or ganic mat ter might have played the
role of a sorbent of pre cious met als. Such mech a nism is
con firmed by sig nif i cant ad mix tures of Fe, Cu and S in the
or ganic mat ter from this zone (Tab. 36). Large amounts of
or ganic mat ter, in clud ing the thucholitic com pounds, which
oc cur in the Cu de posit do not con cen trate pre cious met als
(see chap ter “Geo chem is try of Au and PGE”).

Stud ies on dis tri bu tion of Pd and Pt ev i dence the con -
cen tra tion of Pd in zones en riched in As, and, si mul ta -
neously, the lack of As in the vi cin ity of Pt (Figs 72, 73).
Dis tri bu tion of met als shown in Fig. 72 sug gests some spa -
tial cor re la tions of Pd with Au, Pd with Ag (Fig. 73) and
Pd–Ag–Au (Fig. 74) whereas Pt is spa tially cor re lated with
Bi (Fig. 73). Dis sem i nated char ac ter of Pt re sults in low re -
cov ery of this metal dur ing ore pro cess ing, in com par i son
with Au (M¹czka et al., 2003).

GEO CHEM IS TRY OF OTHER ORE MIN ER ALS

Apart from pre cious met als, the sec ond ary ox i da tion
zone hosts a num ber of sulphides, ar sen ides and ox ides of
tran si tional met als. These min er als oc cur in trace amounts,
larger con cen tra tions were found of chal co py rite, bornite,
covel lite, digenite and chalcocite (Re port AGH, 1996,
1997; Piestrzyñski, 1996a; Pieczonka, 1998, 2000; Pie-
strzyñski & Pieczonka, 1998). In the zones of ox i diz ing
leach ing the microprobe anal y ses in di cated the pres ence of
spionkopite, yarrowite and geerite (Piestrzyñski & Pie-
czonka, 1998).

Chal co py rite
Chal co py rite be longs to min er als which chem i cal com -

po si tion is dif fi cult to de ter mine with the microprobe
analyser due to the lack of rel e vant stan dards. In such anal y -
ses the con tents of Fe and S are usu ally un der es ti mated and,
consequemtly, the to tal falls be low 100%.

An a lyzed were chalcopyrites intergrown with na tive
Au and bornite, de rived from the grey Kupferschiefer va ri -
ety in the pro file PR 18-0188 (Tab. 37). Be cause all anal y -
ses (ex cept one) in di cate un der es ti mated val ues of Fe and
vari able val ues of S (pre sum ably re sult ing from an an a lyt i -
cal er ror), the cal cu la tions were based on Cu con tents.
Hence, chem i cal com po si tion of the first chal co py rite cor re -
sponds to Cu1.0000Fe0.9260-0.9718S1.8837-1.9142 and that of
the sec ond one to: Cu1.0000Fe0.9370-1.0221S2.0122-2.0159.
These chalcopyrites con tain small amounts of Au, As, Hg
and Bi from which Au and Bi prob a bly sub sti tute for Cu.
Tak ing into ac count these ad mix tures, com po si tions of
chalcopyrites are (Pieczonka, 1998):
Cu1.0000Au0.0011-0.0022Bi0.0004-0.0010 Hg0.0005-0.0029
Fe0.9260-0.9718S1.8837-1.9142

and
Cu1.0000Au0.0004-0.0009 Bi0.0004-0.0022 Hg0.0011- 0.0013
Fe0.9370-1.0221S2.0122-2.0159.

Apart from typ i cal chal co py rite, microprobe anal y ses
re vealed the pres ence of chal co py rite with mo saic struc ture
(called “mar bled struc ture”, Pieczonka, 1998). This va ri ety
is en riched in Se (<1 wt.%) and Ca. The pres ence of Ca may 
sug gest metasomatic or i gin of this sul phide, in which rel ics
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Fig. 67. EDS spec tra of dif fer ent selenides, sam ple PZ-J7-9 and
PZ-J7-9a
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Ta ble 35
EDS com po si tion of Pd-As-O min er als

(up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Au
La

As
La

Hg
Ma

Pd
La

O
Ka

Cu
Ka

Ni
Ka

Assumed formula/total/atomic proportions

AP-291/3-7a-1
0.83 23.21 £0.1 64.06 8.37 1.46 2.05 Pd4As2O3 100.00

0.0136 1.0000 1.9435 1.6885 0.0742 0.0113 (Pd3.8870Au0.0271Ni0.0225Cu0.1484)As2.0000O3.377

AP-291/3-7a
Bi=2.94 22.41 0.75 62.72 8.29 0.94 1.96 Pd2AsO2 100.00

0.0471 1.0000 0.0124 1.9709 1.7322 0.0495 0.1117 Pd1.9709Ni0.1117Bi0.0471Cu0.0495As1.0000O1.7322

AP-291/3-7-5
0.66 25.38 £0.1 52.10 10.96 6.64 4.25 Pd2AsO2 100.00

0.0100 1.0000 1.4454 2.0218 0.3084 0.2137 Pd1.4454Cu0.3084Ni0.2137Au0.0100As1.0000O2.0218

AP-291/3-7a-2
3.90 28.00 £0.1 51.93 10.47 2.51 3.19 Pd6As4O7 100.00

0.0530 1.0000 1.3061 1.7511 0.1057 0.1456 Pd1.3061Ni0.1456Cu0.1057Au0.0530As1.0000O1.7511

AP-291/3-7-3
£0.2 23.81 £0.1 62.36 8.96 £0.1 4.87 Pd8As4O7 100.00

1.0000 1.8442 1.7621 0.2612 Pd1.8442Ni0.2612As1.0000O1.7621

AP-291/3-7a-4
£0.2 24.55 £0.1 62.76 8.88 1.07 2.74   Pd4As2O3 100.00

1.0000 1.7998 1.6936 0.0513 0.1425 Pd1.7998Ni0.1425Cu0.0513As1.0000O1.6936

AP-291/3-6-7
£0.2 32.33 £0.1 45.14 12.93 2.26 7.35 Pd5As4O7 100.00

1.0000 0.9831 1.8728 0.0825 0.2902 Pd0.9831Ni0.2902Cu0.0825As1.0000O1.8728

AP-291/3-6-5
£0.2 23.87 £0.1 62.30 8.95 1.06 3.81 Pd8As4O7 100.00

1.0000 1.8377 1.7558 0.0052 0.2040 Pd1.8377Ni0.2040Cu0.0052As1.0000O1.7558

AP-291/3-6-4
£0.2 28.34 £0.1 50.40 11.66 1.70 7.91 Pd5As4O8 100.00

1.0000 1.2522 1.9265 0.0701 0.3563 Pd1.2522Ni0.3563Cu0.0701As1.0000O1.9265

AP-291/3-6-3
£0.2 28.23 £0.1 51.64 11.44 £0.1 8.09 Pd3As2O4 100.00

1.0000 1.2879 1.8976 0.3657 Pd1.2879Ni0.3657As1.0000O1.8976

AP-291/3-5-3
£0.2 34.55 £0.1 43.55 13.39 £0.1 8.51 PdAsO2 100.00

1.0000 0.8875 1.8146 0.2489 Pd0.8875Ni0.2489As1.0000O1.8146

AP-291/3-6-1
£0.2 28.84 £0.1 53.33 11.08 £0.1 6.74 Pd3As2O4 100.00

1.0000 1.3026 1.7992 0.2983 Pd1.3026Ni0.2983As1.0000O1.7992

AP-291/3-5-4
3.73 23.33 £0.1 59.44 8.97 1.38 1.65 Pd2AsO2 100.00

0.0607 1.0000 1.7938 1.8003 0.0697 0.0902 Pd1.7938Au0.0607Ni0.0902Cu0.0697As1.0000O1.8003

Ta ble 36
WDS com po si tion of thucholitic sub stances from the Kupferschiefer (pitchy va ri ety) from tran si tional zone,

se quence No. 95-S-8/2, Sieroszowice Mine [wt.%]

Sample Al Si S Ca Fe Cu Pd Pt Au Pb Th U

291/1 0.03 0.26 1.73 0.57 2.65 2.17 £0.05 0.18 £0.05 0.60 0.13 17.94

291/2 0.15 0.30 0.96 0.64 1.23 0.97 £0.05 £0.05 £0.05 £0.05 £0.10 22.90

291/3 0.17 0.14 0.70 0.50 0.61 0.69 £0.05 0.10 £0.05 £0.05 £0.10 21.02

291/4 0.17 0.18 3.43 0.58 4.15 4.53 0.14 0.23 £0.05 0.34 0.26 13.12

291/5 £0.03 0.08 1.34 0.62 1.05 0.77 £0.05 0.14 £0.05 0.22 £0.10 21.06

291/6 0.18 0.38 4.47 0.83 3.89 3.46 £0.05 0.26 £0.05 0.36 £0.10 24.70

291/7 £0.03 0.22 5.03 0.91 5.25 4.88 £0.05 £0.05 £0.05 0.48 £0.10 23.68

291/8 £0.03 0.19 2.43 0.59 1.88 2.25 0.07 0.28 £0.05 £0.05 £0.10 9.74

291/11 0.18 0.13 1.20 0.55 1.01 1.18 £0.05 £0.05 £0.05 28.30 £0.10 4.89

291/12 £0.03 0.26 3.81 1.09 3.51 3.15 £0.05 0.79 £0.05 0.41 £0.10 43.85

291/13 0.20 0.40 2.22 1.55 2.28 2.10 £0.05 0.53 £0.05 0.32 0.77 53.42

291/14 £0.03 0.30 1.13 1.62 1.84 1.98 £0.05 0.58 £0.05 £0.05 0.10 68.41

291/15 0.09 0.51 1.49 1.77 2.53 2.19 0.13 0.88 £0.05 £0.05 0.80 65.35

291/16 0.15 0.29 13.92 0.64 15.38 15.71 0.17 0.41 £0.05 1.07 £0.10 19.90

291/18 0.21 0.22 0.65 0.46 0.66 0.75 0.05 0.13 £0.05 £0.05 £0.10 6.54
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of car bon ates are still pre served. The “mar bled” chalcopy -
rites show high con tents of Au (0.39–1.08 wt.%) and even
higher ad mix tures of Ag (1.02–1.55 wt.%) (Pieczonka,
1998). How ever, it must be em pha sized that the an a lyzed
chalcopyrites form inter growths with na tive Au and elec-
trum. More over, en rich ments in As (0.17–0.20 wt.%), Hg
(0.09–0.30 wt.%), Pt (up to 0.16 wt.%) and Pd (up to 0.09
wt.%) were de tected. Un der the mi cro scope the “mar bled”
chalcopyrites show brass-yel low col our (Pieczonka, 1998).

Chalcopyrites of dif fer ent chem i cal com po si tion (con tain -
ing Ag), were de scribed from the Rücken-type hy dro ther -
mal veins (Piestrzyñski et al., 2000).

Chalcopyrites from the black Kupferschiefer va ri ety
en riched in Ag (0.13–0.31 wt.%) and intergrown with
thiosulphates, plattnerite, ga lena, covel lite, bornite and car -
bon ates were de scribed by Kucha and Piestrzyñski (1991).
These phases con tain also sig nif i cant ad mix tures of Pb
(3.52 wt.%), on the con trary to those de scribed above. High
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Au ad mix tures are not ca sual fea ture. In the ear lier stud ies
1.36 wt.% Au was de tected in chal co py rite co ex ist ing with
thucholite in the black Kupferschiefer (Piestrzyñski, 1989).
This va ri ety was not en riched in Pb, Mo and Ni as well as in
U and Th (due to the pres ence of thucholite). In the lit er a -
ture only a sin gle ex am ple of such high-Au chal co py rite
(0.05–0.65 wt.% Au) was de scribed by Piestrzyñski et al.,
(1991) from a por phyry cop per de posit in the Phil ip pines. In 
all cases the high con tent of Au in chal co py rite is ex plained
in terms of the pres ence of a dis persed Au-Ag solid phase of 
crys tal size be low the res o lu tion of op ti cal mi cro scope. Re -

sults of chal co py rite anal y ses from the other parts of cop per
de posit did not re veal Au con tents de tect able with the WDS
method (Salamon, 1976). There fore, it can be as sumed that
the pres ence of na tive Au is typ i cal of chalcopyrites form ing 
intergrowts with na tive Au and/or electrum.

Bornite
Microprobe anal y ses of bornites from the sec ond ary

ox i da tion zones re vealed highly vari able chem i cal com po si -
tion of this sul phide. Tak ing into ac count Fe con tents, sev -
eral va ri et ies were dis tin guished: (i) typ i cal bornites (sam -
ples No. 286/A1, 286/A7, 286/A8, 286/C13 from the red
and grey Kupferschiefer va ri et ies), (ii) “half-bornites”
(sam ples No. 286/A2, 286/A3, 286/A4 and 286/C12) and
(iii) “quar ter-bornites” (sam ples No. 286/B10 and 286/
B11) (Tabs 38, 39). The terms “half-bornite” and “quar ter-
bornite” were in tro duced to the lit er a ture by Kucha et al.,
(1981) for bornites con tain ing re spec tively 50% and 25% of 
stoichiometric Fe con tent to gether with in creased amounts
of Cu.

In the an a lyzed typ i cal bornites Cu con tents vary from
58.05 to 63.38 wt.%, and those of Fe – from 9.79 to 13.97
wt.%. Such val ues clearly shift from the stoichiometric
com po si tion. Most of an a lyzed bornites show def i cit of Cu
in re la tion to Fe and their com po si tion can be ex pressed as
Cu4.1579-5.0228 Fe0.8828-1.1461 S40000. These min er als are
en riched in Au (0.04–1.20 wt.%), Ag (0.03–0.26 wt.%), Hg
(0.08–0.57 wt.%), As (0.10–0.29 wt.%), Bi (0.30–0.48
wt.%), Pt (up to 0.21 wt.%) and Pd (up to 0.11 wt.%) (Tab.
38, 39). Such bornites were ob served in both the red and the
grey Kupferschiefer va ri et ies. Con tents of Ag are low, and
the Ag-rich, pink ish-lillac and pink ish-crÀme bornite va ri et -
ies de scribed by Salamon (1979) from the east ern part of the 
Fore-Sudetic de posit are ab sent. Ac cord ing to Salamon
(1979), the pink ish-lillac bornites con tained up to 15.5 wt.% 
Ag whereas very rare, pink ish-crÀme va ri ety form ing inter -
growths with electrum in thucholite con tained 10.3 wt.%
Ag and 4.0 wt.% Au. Sil ver con tents in some sam ples from
the red and the grey Kupferschiefer va ri et ies are close to the 
lower level of its con cen tra tion in pink ish-grey bornite
(0.14–0.62 wt.% Ag), (Salamon, 1979). The high est known
amount of Ag in bornite (49.63 wt.%) was re ported by
Kucha and Mayer (1996).

“Half-bornites” show high con tents of Cu – from 67.59
to 70.24 wt.% and Fe con tents from 4.31 to 5.79 wt.%, i.e.,
about a half of stoichiometric value. Thus, their com po si -
tion cor re sponds to Cu5.7198-6.0300Fe0.4212-0,5577S4.0000.
Half-bornites re veal very high amounts of Au (0.46–1.27
wt.%) as well as ad mix tures of Hg (0.31–0.56 wt.%), Bi (up 
to 0.47 wt.%), Ag (0.17–0.37 wt.%), As (up to 0.17 wt.%),
Pt (up to 0.09 wt.%) and Pd (up to 0.14 wt.%) (Tab. 38)
(Pieczonka, 1998).

“Quar ter-bornites” con tain up to 3.46 wt.% Fe and
70.91 wt.% Cu. The de fi ciency of Fe is pre sum ably com -
pen sated by the ex cess of Cu. Com po si tion of such bornites
cor re sponds to Cu6.0548-6.1267Fe0.3011-0.3445S4.0000. This
va ri ety also con tains high amounts of Au (from 0.22 to 0.99
wt.%) as well as ad mix tures of Ag (0.15–0.17 wt.%), Hg
(0.25–0.47 wt.%), Bi (0.30 wt.%) and As (0.11 wt.%) (Tab.
38) (Pieczonka, 1998).
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Fig. 71. EDS spec tra of dif fer ent selenides, sam ple PZ-J7-9a
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Fig. 72. Sin gle el e ment scans and BSE im age (bot tom right), red cir cles show po si tion of quan ti ta tive mea sure ments, sam ple 291-3/2
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Fig. 73. Sin gle el e ment scans and BSE im age (bot tom right), red cir cles show po si tion of quan ti ta tive mea sure ments, sam ple 291-3/3
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Fig. 74. Sin gle el e ment scans and BSE im age (bot tom right), red cir cles show po si tion of quan ti ta tive mea sure ments, sam ple 291-3/1



Both the “half-bornites” and the “quar ter-bornites” an a -
lyzed in the fol low ing pro ject dif fer some what from those
de scribed by Kucha et al., (1981), which cor re sponded to
the for mu lae Cu5.5Fe0.5S4 and Cu5.75Fe0.25S4.0000, re spec -
tively. More over, these bornites did not con tain ad mix tures
of pre cious met als due to dif fer ent lo cal iza tion. New stud ies 
car ried on the por phyry cop per de pos its re vealed the ex is -
tence of other Cu-Fe-S phases, e.g. nukundamite –

Cu3.38Fe0.62S4 (Inan & Einaudi, 2002), which clearly dem -
on strates that the knowl edge of Cu-Fe-S sys tem has not
been com pleted.

Min er als of CuS-Cu2S and Cu-Ag-S sys tems
Min er als en coun tered in var i ous rocks and iden ti fied

un der the mi cro scope as chalcocite, digenite, djurleite, ani-
lite and covel lite show highly di ver si fied chem i cal com po -
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Fig. 75. EDS spec tra of dif fer ent Pd-ar sen ides, sam ple 291-3 Fig. 76. EDS spec tra of dif fer ent Pd-ar sen ides, sam ple 291-3



si tions when an a lyzed with the microprobe. The CuS-Cu2S
sys tem in cludes the fol low ing min er als: covel lite (CuS),
yarrowite (Cu1.12S), spionkopite (Cu1.40S), geerite
(Cu1.60S), anilite (Cu1.75S), digenite (Cu1.80S), djurleite
(Cu1.97S) and chalcocite (Cu2S), (Goble, 1981). Chem i cal
com po si tions of an a lyzed min er als doc u mented the pres -
ence of al most all mem bers of CuS-Cu2S sys tem. These
phases form inter growths with na tive Au, electrum, Pd-ar -
sen ides, selenides and na tive Ag. Hence, the main trace el e -

ments are Ag, Au, Se and Hg with high vari abil ity of the
con tents of the two first el e ments. High Hg con tents were
no ticed in all an a lyzed mem bers of the CuS-Cu2S sys tem,
de spite their host-rocks whereas Se was found mostly in the
covel lite group. Dur ing cal cu la tions of for mu lae these trace
el e ments were taken into con sid er ation as com pen sa tors of
Cu def i cit. Iron ad mix tures, typ i cal of the mem bers of CuS-
Cu2S sys tem are low (up to 0.12 wt.%). De tec tion lim its of
Pt and Pd pre cludes their cred i ble quan ti ta tive de ter mi na -
tions in stud ied sulphides.

Chem i cal com po si tion of min er als found in the clayey
va ri ety of the Kupferschiefer cor re sponds to the for mula
Cu1.8209-1.9100S1.0000 (Tab. 40). High est ad mix tures of Ag
(0.15–7.11 wt.%) and Au (0.14–2.78 wt.%) in di cate pos si -
ble par tic i pa tion of these min er als in crys tal li za tion of na -
tive Au and electrum. Im por tant trace el e ment is also Hg
(0.20–0.69 wt.%). If Ag, Au and Hg are in cluded, the com -
po si tion of end-mem bers with min i mum and max i mum Cu
con tents are:Cu1.8209Ag0.0195Au0.0094Hg0.0042S1.0000 and
Cu1.9100Ag0.0152 Au0.0225Hg0.0043S1.0000. This com po si -
tion is clos est to that of djurleite.

The mem bers of CuS-Cu2S sys tem found in the dolo-
mitic Kupferschiefer va ri ety (Tab. 41) show slightly lower
Cu con tents (74.59–76.19 wt.%) and much less Ag (up to
0.09 wt.%) and Au (up to 0.26 wt.%). The ad mix ture of Pb
(up to 0.39 wt.%) is an ef fect of clausthalite in clu sions
(Pieczonka, 1998). When the most im por tant trace el e ments 
are in cluded, chem i cal com po si tion of these phases changes 
from Cu1.6530Au0.0014Hg0.0032S1.0000 to Cu1.6990Au0.0007
Hg0.0035S1.0000, which roughly cor re sponds to that of
anilite. Among covel lite anal y ses only those se lected as cor -
rect were listed in Ta ble 42. Sig nif i cant dif fer ences in the
re sults were caused by tech ni cal prob lems. An a lyzed min er -
als rep re sent typ i cal covel lite (Cu1.0669S1.0000) as well as
the “blue-re main ing covel lite” I i II (Goble, 1980) re cently
named spionkopite (Cu1.3103S1.0000) and yarrowite
(Cu1.1705S1.0000). Covellites con tain ad mix tures of Se (up
to 1.11 wt.%) and Te (up to 0.14 wt.%) (Pieczonka, 1998)
re lated to the inter growths with selenides and tellurides.

In the bound ary do lo mite CuS-Cu2S-sys tem min er als
of com po si tions cor re spond ing to chalcocite (Cu2.0893
S1.0000) and djurleite (Cu1.8833S1.0000) were ob served (Tab. 
43). The ad mix tures of Au (up to 0.37 wt.%), Ag (up to 0.24 
wt.%) and Hg (up to 0.39 wt.%) were de tected (Pieczonka,
1998).

Min er als form ing inter growths with na tive Ag in nests
en coun tered in the clayey do lo mite show vari able com po si -
tions (Tab. 44). Mi cro scopic stud ies indentified chalcocite
and digenite ac com pa nied by mem bers of Cu-Ag-S sys tem:
Cu-stromeyerite de scribed ear lier by Jarosz (1966), Harañ-
czyk and Jarosz (1966), and Harañczyk and Bryniarska
(1967), mckinstryite found by Salamon (1976, 1979) and
stromeyerite (Harañczyk & Jarosz, 1966). Chalcocites
(Cu1.8883-2.1955S1.0000) and digenites (Cu1.8335-1.8619
S1.0000) re veal high con tents of Ag (0.21–3.47 wt.%). Other 
trace el e ment is Hg (0.20–0.38 wt.%) and, in a few sam ples, 
also Pt (0.04–0.16 wt.%). The re main ing trace el e ments
con tents are low. The Cu-stromeyerites (Cu1.4336-1.4904
Ag0..5757-0.7842S1.0000) are ap par ently en riched in Cu at the
ex pense of Ag. Sim i lar pro cess, al though less pro nounced,
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Fig. 77. EDS spec tra of dif fer ent Pd-ar sen ides and al loys, sam -
ple 291-3, and PZ-J7-16
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Ta ble 37

WDS com po si tions of chalcopyrites from the Kupferschiefer (grey va ri ety), pro file PR 18-0188/4, min ing sec tion G-31,
Polkowice West Field (af ter Pieczonka, 1998) up per fig ure – wt.%; lower fig ure – atomic pro por tions)

 Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

I/28
0.17 0.11 0.32 0.11 35.04 29.40 £0.03 33.47 £0.03   0.03   98.65

0.0042 0.0009 0.0029 0.0011 1.0000 0.9547 1.8930 0.0005

I/29
0.08 £0.04 0.33 0.14 34.76 29.69 £0.03 33.04   0.11 £0.03   98.19

0.0020 0.0029 0.0013 1.0000 0.9718 1.8837 0.0018

I/30
0.16 0.09 0.07 0.21 35.31 28.74 £0.03 34.11 £0.03   0.07   98.76

0.0038 0.0007 0.0005 0,0020 1.0000 0.9260 1.9142 0.0011

I/31
0.19 0.12 £0.03 0.23 35.22 29.24 £0.03 33.70 £0.03   0.08   98.78

0.0045 0.0010 0.0022 1.0000 0.9448 1.8964 0.0013

II/8
0.16 £0.05 0.15 £0.03 33.64 30.22 £0.03 34.22 £0.03 £0.03   98.39

0.0040 0.0013 1.0000 1.0221 2.0159

II/9
0.11   0.25 0.15   0.09 34.60 29.00   0.16 35.13   0.05 £0.03   99.54

0.0028 0.0022 0.0013 0.0009 1.0000 0.9537 0.0015 2.0121 0.0009

II/10
0.18 £0.05 0.13 0.10 34.39 28.32 £0.03 34.92 £0.03   0.08   98.12

0.0044 0.0011 0.0009 1.0000 0.9370 2.0122 0.0013

Ta ble 38

WDS com po si tion of bornites from the Kupferschiefer (red va ri ety), pro file PZ-21/1, Polkowice West Field
(af ter Piestrzyñski & Pieczonka, 1997a) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

286/A1
0.18 £0.05 £0.10 1.20 63.38 9.79 £0.05 25.47 £0.06 0.26 100.28

0.0121 0.0307 5.0228 0.8828 4.0000 0.0121

286/A2
0.17 0.47 0.38 0.46 70.24 4.31 0.09 23.51 £0.06 0.17 99.80

0.0125 0.0120 0.0104 0.0125 6.0300 0,4212 0.0027 4.0000 0.0087

286/A3
0.10 £0.05 0.31 0.98 67.59 5.79 0.09 23.85 £0.06 0.37 99.08

0.0070 0.0081 0.0269 5.7198 0.5577 0.0027 4.0000 0.0183

286/A4
0.08 0.21 0.37 1.27 68.00 5.30 0.06 24.46 £0.06 0.19 99.94

0.0058 00.052 0.0094 0.0336 5.6114 0.4976 0.0016 4.0000 0.0094

286/A7
0.14 £0.05 0.39 0.29 61.92 10.49 £0.05 27.00 0.08 0.10 100.41

0.0090 0.0090 0.0071 4.6290 0.8922 4.0000 0.0038 0.0043

286/A8
0.19 £0.05 0.57 0.21 61.76 10.38 0.21 27.59 0.11 0.09 101.11

0.0116 0.0130 0.0051 4.5184 0.8642 0.0051 4.0000 0.0046 0.0037

286/B10
0.11 £0.05 0.47 0.99 70.91 3.10 £0.05 23.64 0.08 0.15 99.45

0.0081 0.0125 0.0271 6.0548 0.3011 4.0000 0.0043 0.0076

286/B11
£0.07 0.30 0.25 0.22 70.06 3.46 £0.05 23.08 0.08 0.17 97.67

0.0078 0.0067 0.0061 6.1267 0.3445 4.0000 0.0044 0.0089

286/C12
£0.07 £0.05 0.56 0.82 69.02 5.01 £0.05 24.79 0.14 0.18 100.52

0.0145 0.0217 5.6195 0.4641 4.0000 0.0067 0.0088

286/C13
0.23 0.19 0.37 0.38 61.17 11.03 0.10 24.58 £0.05 0.07 98.12

0.0162 0.0050 0.0094 0.0099 5.0233 1.0306 0.0026 4.0000 0.0031



can be ob served in mckinstryite (Cu1.2510Ag0.8843S1.0000),
where main ad mix tures are Hg and Au, oc ca sion ally also
Bi. Min eral com po si tion close to stromeyerite (Cu1.0162
Ag1.1807S1.0000) was ob served at the con tact of na tive Ag
and chalcocite, which may sup port the con cept of the or i gin
of stromeyeyrite from metasomatic pro cesses along such
con tacts (Salamon, 1976; Mayer & Piestrzyñski, 1985).
This phase also con tains high amounts of Hg (0.45 wt.%).
Min er als of Cu-Ag-Hg-S com po si tion de scribed by Mayer
and Piestrzyñski (1985) from metal-rich Kupferschiefer
con tained up to 11.2 wt.% Hg. Also Salamon (1979) re -
ported on the oc cur rence of Hg-rich stromeyerites (0.05–11
wt.% Hg) in as so ci a tion with Ag-amal gams.

Na tive Ag
Both the macro- and mi cro scopic ob ser va tions proved

the oc cur rence of na tive Ag in the study area, in the top part
of the Kupferschiefer and in the clayey do lo mite. Mi cro-
probe anal y ses were made for na tive Ag intergrown with
sim ple Cu-sulphides, oc ca sion ally also with stromeyerite in
the clayey do lo mite. Re sults are shown in Ta ble 45. The an -
a lyzed na tive Ag con tains high amounts of Cu (up to 8.16
wt.%) and Hg (up to 6.91 wt.%). Ac cord ing to Salamon
(1979), such high Cu con tents (over 1 wt.%) can be ex -
plained by the pres ence of na tive Cu microinclusions. How -
ever, na tive Ag an a lyzed by this au thor con tained max i mum 
1.7 wt.% Cu. The high Hg ad mix tures (about 6 wt.% in sev -
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Ta ble 39

WDS com po si tion of bornites from the Kupferschiefer (grey va ri ety), pro file  PR 18-0188, Polkowice West Field
(af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

293/60  
0.16 £0.05 0.18 £0.05 58.05 10.59 £0.05 28.18 0.07 0.06 97.63

0.0096 0.0041 4.1579 0.8630 4.0000 0.3186 0.0027

293/61
0.18 0.41 0.08 £0.05 59.17 12.13 £0.05 28.17 0.07 £0.06 100.21

0.0109 0.0091 0.0018 4.2395 0.9890 4.0000 0.0032

293/32
0.29 0.48 0.21 0.04 60.68 11.65 0.12 25.57 0.02 0.03 99.09

0.0196 0.0115 0.0050 0.0010 4.7901 1.0464 0.0030 4.0000 0.0010 0.0015

293/33
0.25 £0.05 0.51 0.15 63.18 10.73 0.14 24.41 0.01 0.08 99.46

0.0173 0.0131 0.0042 5.2244 1.0095 0.0037 4.0000 0.0005 0.0037

293/34
0.14 £0.05 0.38 0.04 57.85 13.97 £0.05 27.99 £0.05 0.07 100.44

0.0087 0.0087 0.0009 4.1718 1.1461 4.0000 0.0027

Ta ble 40

WDS com po si tion of the mem bers of CuS-Cu2S sys tem from the Kupferschiefer (clayey va ri ety), pro file PZ-25/2,
Polkowice West Field (af ter Piestrzyñski and Pieczonka, 1997a) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

287/A4
0.24 £0.05 0.28 0.57 77.61 0.10 £0.05 20.89 0.09 0.33 100.11

0.0049 0.0021 0.0045 1.8746 0.0028 1.0000 0.0012 0.0048

287/A5
0.09 £0.05 0.20 0.44 77.78 £0.02 0.08 20.97 £0.05 0.48 100.04

0.0018 0.0015 0.0034 1.8716 0.0006 1.0000 0.0067

287/A6
0.06 £0.05 0.62 £0.05 71.26 £0.02 £0.05 19.62 £0.05 7.11 98.67

0.0013 0.0051 1.8327 1.0000 0.1077

287/A7
0.28 0.58 0.69 0.14 77.03 £0.02 £0.05 21.30 £0.05 1.21 101.23

0.0056 0.0042 0.0051 0.0011 1.8248 1.0000 0.0169

287/B8
0.08 £0.05 0.56 1.23 76.36 0.07 £0.05 21.16 0.05 1..39 100.90

0.0017 0.0042 0.0094 1.8209 0.0020 1.0000 0.0008 0.0195

287/B9
0.05 0.69 0.60 £0.05 76.71 0.10 £0.05 20.62 £0.05 0.15 98.92

0.0011 0.0051 0.0047 1.8774 0.0028 1.0000 0.0022

287/C10
0.17 0.18 0.54 2.78 75.89 0.04 £0.05 20.05 £0.05 1.02 100.67

0.0037 0.0014 0.0043 0.0225 1.9100 0.0011 1.0000 0.0152



eral anal y ses) sug gest that an a lyzed na tive Ag oc cu pies rel -
e vant po si tion be tween na tive Ag and Ag-amal gams, the
lat ter con tain ing over 20 wt.% Hg (Mayer & Piestrzyñski,
1985). So high con tents of both el e ments can be ex plained
by: (i) do main-type sub sti tu tions of na tive Ag cells by
kolymite (Kucha, 1986), (ii) kolymite in clu sions in na tive
Ag, (iii) na tive Cu in clu sions in Ag-Hg-al loy and (iv) com -

bi na tion of all pos si ble pro cesses, in clud ing that pro posed
by Salamon (1979). An a lyzed na tive Ag con tains also As
(up to 1.68 wt.%), S (up to 0.62 wt.%) and Bi (up to 0.59
wt.%). Re sults of Pt and Pd anal y ses are close to de tec tion
lim its, which pre cludes their cred i ble de ter mi na tion.

Mem bers of Cu-Bi-S sys tem
In the cop per de posit bis muth forms its own min er als

and iso mor phic sub sti tu tions in tetrahedrite, Ni-Co-ar sen -
ides and in bornite, chalcocite and nic co lite.

Chem i cal anal y ses were car ried on Bi min eral from the
pitchy va ri ety of the Kupferschiefer, en coun tered in parage- 
nesis with electrum. Its op ti cal prop er ties sug gested witti-
chenite (Cu3BiS3). Chem i cal com po si tion of this phase cor -
re sponds to the for mula Cu2.7188-2.7290Bi0.9092-0.9165
S3.0000. As all other min er als ac com pa ny ing the pre cious
met als ac cu mu la tions, wittichenite also con tains high
amounts of Au (2.24 wt.%) and Ag (5.5 wt.%), as well as
Hg (0.70 wt.%) (Tab. 46). As sum ing that Ag sub sti tutes for
Cu and Au com pen sates the de fi ciency of Bi, com po si tion
of this min er als should cor re spond to: (Cu+Ag)2.9561-2.9859
(Bi+Au)0.9747-0.9610S3.0000.

Wittichenite de scribed ear lier by Kijewski and Jarosz
(1987) con tained much higher amounts of Ag (up to 15
wt.%) but lower ad mix tures of Au (0.4–0.8 wt.%). Ad di -
tion ally, it con tained also Hg (0.5–1.3 wt.%), Mo (up to 1.2
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Ta ble 41

WDS com po si tion of the mem bers of CuS-Cu2S sys tem from the Kupferschiefer (dolomitic va ri ety), pro file PZ-20/3,
Polkowice West Field (af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

288/B5
0.07 £0.05 0.51 0.26 74.90 0.11 22.55 0.30 £0.05 0.09 98.79

0.0013 0.0036 0.0018 1.6762 0.0028 1.0000 0.0020 0.0011

288/B6
0.15 0.41 0.54 0.21 74.90 0.10 22.31 0.21 0.05 0.07 98.95

0.0029 0.0029 0.0039 0.0016 1.6940 0.0026 1.0000 0.0014 0.0007 0.0009

288/B7
0.13 £0.05 0.46 0.20 74.59 0.12 22.77 £0.15 £0.05 £0.05 98.27

0.0024 0.0032 0.0014 1.6530 0.0030 1.0000

288/B8
0.21 0.51 0.50 0.10 76.19 0.10 22.63 0.39 £0.05 0.07 100.70

0.0040 0.0034 0.0035 0.0007 1.6990 0.0026 1.0000 0.0027 0.0009

Ta ble 42

WDS com po si tion of covellites from the Kupferschiefer,
min ing sec tion G-31, Polkowice West Field

(af ter Pieczonka, 1998) (up per fig ure – wt.%;
lower fig ure – atomic pro por tions)

Sample
Se
Ka

Cu
Ka

S
Ka

Te
La

Total

283/A3
1.11 70.03 30.19 0.13 101.46

0.0150 1.1705 1.0000 0.0011

283/A4
1.01 71.43 27.51 0.07 100.02

0.0149 1.3103 1.0000 0.0006

283/A5
0.69 68.31 32.31 0.14 101.45

0.0086 1.0669 1.0000 0.0011

Ta ble 43

WDS com po si tion of the mem bers of CuS-Cu2S sys tem from the bound ary do lo mite, min ing sec tion G-31, Polkowice
West Field (af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

A/1
0.13 £0.05 0.24 0.35 78.76 £0.03 0.10 19.02 £0.05 0.24   98.84

0.0029 0.0020 0.0030 2.0893 0.0008 1.0000 0.0034

A/2
0.12 £0.05 0.39 0.03 79.39 £0.03 £0.05 18.51   0.09 0.15   98.68

0.0038 0.0033 0.0003 2.1644 1.0000 0.0014 0.0024

A/3
0.17 £0.05 0.37 0.37 76.58 £0.03 £0.05 20.52 £0.05 0.24   98.25

0.0036 0.0028 0.0030 1.8833 1.0000 0.0034



wt.%) and Te (up to 0.15 wt.%). Kucha and Piestrzyñski
(1991) also re ported on Bi-sulphides con tain ing in creased
amounts of Au. Their re sults in di cated up to 7.35 wt.% Au
and up to 11.47 wt.% Ag as well as high amounts of Hg (up
to 9.68 wt.%), Fe (up to 13.07 wt.%) and As (up to 5.64
wt.%).

He ma tite
He ma tite is one of the main min er als en coun tered in the 

sec ond ary ox i da tion zone of the cop per de posit in the
Fore-Sudetic Monocline. It forms inter growths with na tive
Au and Cu-sulphides ob served in all lithological types of
host-rocks. He ma tite forms dis sem i nated struc tures re spon -
si ble for red col or ation of the rocks but it also oc curs as
large (up to 1 mm) ag gre gates eas ily rec og niz able due to
their sig nif i cant hard ness in com par i son with sulphides and
na tive Au. This he ma tite va ri ety was de scribed as hy dro -
ther mal (Pieczonka, 1998; Piestrzyñski et al., 2002).

Re sults of microprobe anal y ses of hematites intergrown 
with na tive Au con firmed the as sump tions that this min er als 
ac cu mu lates high amounts of Au. Con tents of Au in an a -
lyzed hematites vary from 0.23 to 2.65 wt.% (Tab. 47).

Such high ad mix tures may sug gest the pres ence of sub mi -
cro scopic-size in clu sions of na tive Au and, con se quently,
con tem po ra ne ous for ma tion of both min er als. Hematites
con tain also in creased amounts of Cu (up to 0.62 wt.%), Hg
(up to 0.62 wt.%) and As (up to 0.28 wt.%). In a few sam -
ples Bi, Pt, Pd and Ag were de tected, as well. Chem i cal
com po si tion re veals def i cit of iron in re la tion to ox y gen,
pre sum ably com pen sated at least partly by gold. More over,
other el e ments: Al, Ti, Mn and Mg may par tic i pate in such
com pen sa tion. These el e ments were not an a lyzed in this
pro ject but are known to form sig nif i cant ad mix tures in he -
ma tite. Tak ing into ac count max i mum and minium Fe con -
tents, cal cu lated for mu lae of stud ied hematites are:
Fe1.6509O3.0000 – Fe1.8465O3.0000 (Piestrzyñski & Pie-
czonka, 1997a, b; Pieczonka, 1998; Piestrzyñski et al.,
2002).

Ga lena
Ga lena is a com mon min eral, al though in the zones of

sec ond ary ox i da tion it oc curs in trace amounts. This sul -
phide has been men tioned in al most all pub li ca tion on ore
min er al ogy of the Cu de posit in the Fore-Sudetic Mono-
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Ta ble 44

WDS com po si tion of the mem bers of CuS-Cu2S and Cu-Ag-S sys tems from the clayey do lo mite, se quences No. 95-S-5/5
and 95-S-5/6, Sieroszowice Mine (af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

285/A1
0.10 £0.05 0.36 £0.04 76.01 0.03 0.04 20.60 0.10 0.82 98.06

0.0020 0.0028 1.8619 0.0008 0.0003 1.0000 0.0014 0.0118

285/A3
0.21 £0.05 0.20 £0.04 79.42 0.07 0.07 21.22 0.05 0.33 100.57

0.0042 0.0015 1.8885 0.0020 0.0006 1.0000 0.0008 0.0047

285/A4
0.11 £0.05 0.33 0.04 79.05 0.04 £0.04 21.03 £0.04 0.28 100.88

0.0023 0.0024 0.0003 2.1955 0.0011 1.0000 0.0040

285/B7
0.30 £0.05 0.29 0.06 78.27 £0.03 0.11 21.40 £0.04 0.40 100.83

0.0060 0.0021 0.0004 1.8455 0.0009 1.0000 0.0055

285/B8
0.13 0.12 0.38 £0.04 76.96 £0.03 0.05 20.82 £0.04 0.21 98.67

0.0026 0.0009 0.0029 1.8652 0.0005 1.0000 0.0029

285/B9
0.19 0.28 0.31 £0.04 77.79 £0.03 0.16 21.41 £0.04 0.28 100.42

0.0037 0.0019 0.0022 1.8335 0.0012 1.0000 0.0039

285/D7
0.22 £0.05 £0.10 £0.04 42.84 £0.03 £0.05 15.08 0.13 39.78 98.05

0.0062 1.4336 1.0000 0.0026 0.7842

285/D8
0.18 £0.05 0.55 0.18 50.54 £0.03 £0.05 17.11 £0.05 33.14 101.70

0.0045 0.0051 0.0017 1.4904 1.0000 0.5757

285/D9
0.22 0.10 0.45 £0.04 29.02 0.04 £0.05 14.41 0.09 57.24 101.57

0.0065 0.0011 0.0049 1.0162 0.0016 1.0000 0.0018 1.1807

285/D10
0.16 0.20 0.38 0.11 38.48 0.03 £0.05 15.52 £0.05 46.17 101.05

0.0043 0.0021 0.0039 0.0012 1.2510 0.0010 1.0000 0.8843

285/D11
0.18 £0.05 0.36 0.22 77.78 £0.03 £0.05 21.3 3 £0.05 1.24 101.11

0.0036 0.0027 0.0017 1.8400 1.0000 0.0173

285/D12
0.16 £0.05 0.25 £0.05 77.31 £0.03 £0.05 20.66 £0.05 3.47 101.85

0.0033 0.0019 1.8883 1.0000 0.0500
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Ta ble 45

WDS com po si tion of na tive Ag from the clayey do lo mite, pro file S-5/5 and S-5/6, Sieroszowice Mine
(af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

285/A5
0.16 0.10 5.62 £0.07 1.38 £0.05 £0.05 0.31 0.08 93.88 101.53

0.0021 0.0005 0.0280 0.0217 0.0097 0.0008 0.8703

285/A6
0.21 £0.10 6.70 £0.07 2.76 £0.05 £0.05 0.04 0.10 92.21 102.20

0.0028 0.0334 0.0434 0.0012 0.0009 0.8548

285/A7
0.11 £0.10 0.81 £0.07 6.05 £0.05 £0.05 0.51 0.05 92.13 99.66

0.0015 0.0040 0.0952 0.0159 0.0005 0.8541

285/A1
0.15 £0.10 5.98 £0.07 3.11 £0.05 £0.05 0.12 £0.04 92.62 101.98

0.0020 0.0298 0.0489 0.0037 0.8586

285/A1
0.31 £0.10 5.95 £0.07 2.91 £0.05 £0.05 0.05 £0.04 92.73 101.95

0.0041 0.0297 0.0458 0.0016 0.8397

285/A2
0.10 0.19 6.91 £0.07 3.87 £0.05 £0.05 0.10 0.11 91.67 102.95

0.0013 0.0009 0.0344 0.0609 0.0031 0.0010 0.8498

285/A3
0.25 0.14 0.82 £0.07 4.95 £0.05 0.14 0.20 0.07 96.08 102.65

0.0033 0.0007 0.0041 0.0779 0.0007 0.0062 0.0007 0.8907

285/B4
0.20 0.19 0.80 £0.07 0.20 £0.05 £0.05 £0.04 £0.05 99.30 100.69

0.0027 0.0009 0.0040 0.0031 0.9206

285/B5
0.06 £0.10 0.61 £0.07 0.12 £0.05 0.06 £0.04 £0.04 99.26 100.11

0.0008 0.0030 0.0019 0.0003 0.9202

285/C1
0.11 £0.10 0.66 0.06 4.31 £0.05 0.10 0.62 0.12 92.56 98.54

0.0015 0.0033 0.0003 0.0678 0.0005 0.0193 0.0011 0.8581

285/C2
0.15 0.10 0.91 £0.05 5.12 £0.05 £0.06 0.44 0.20 91.82 98.74

0.0020 0.0005 0.0045 0.0806 0.0137 0.0019 0.8512

285/C3
0.25 £0.10 0.42 0.27 5.89 £0.05 0.09 0.54 £0.05 93.89 101.35

0.0033 0.0021 0.0014 0.0927 0.0005 0.0168 0.8704

285/C4
0.13 0.59 0.23 £0.07 8.16 £0.05 £0.06 0.53 0.14 91.74 101.52

0.0017 0.0028 0.0011 0.1284 0.0165 0.0013 0.8505

285/C5
0.07 0.22 0.96 £0.07 6.64 £0.05 0.07 0.40 0.06 91.10 99.52

0.0009 0.0011 0.0048 0.1045 0.0004 0.0125 0.0006 0.8445

285/C6
0.23 0.37 1.10 0.16 5.10 £0.05 £0.05 0.42 0.16 93.09 100.63

0.0031 0.0018 0.0055 0.0008 0.0803 0.0131 0.0015 0.8630

285/D1
0.13 £0.10 1.24 £0.07 2.24 £0.05 £0.06 0.20 £0.05 96.45 100.26

0.0017 0.0062 0.0353 0.0062 0.8941

285/D2
0.21 £0.10 0.46 £0.07 2.18 0.08 £0.06 0.37 0.14 94.60 98.04

0.0028 0.0023 0.0343 0.0014 0.0115 0.0013 0.8770

285/D3
0.11 0.25 0.43 £0.07 2.12 £0.05 0.07 0.26 £0.05 94.94 98.18

0.0015 0.0012 0.0021 0.0334 0.0004 0.0081 0.8801

285/D4
0.14 £0.10 0.95 £0.07 1.19 £0.05 £0.06 0.10 0.14 98.76 101.28

0.0019 0.0047 0.0187 0.0031 0.0013 0.9156

285/E1
1.68 0.41 0.41 £0.07 1.07 0.05 £0.06 0.11 0.12 98.53 102.38

0.0224 0.0020 0.0020 0.0168 0.0009 0.0034 0.0011 0.9134

285/E2
1.65 0.22 1.20 £0.07 1.90 0.10 0.09 0.14 0.08 97.50 102.88

0.0220 0.0011 0.0060 0.0299 0.0018 0.0005 0.0044 0.0008 0.9039

285/E3
1.47 £0.10 1.19 0.32 203 0.05 £0.06 0.17 £0.05 96.80 102.03

0.0196 0.0059 0.0016 0.0319 0.0009 0.0053 0.8974

285/E4
1.53 0.21 0.91 £0.07 3.07 0.28 0.06 0.47 £0.05 95.20 101.73

0.0204 0.0010 0.0045 0.0483 0.0050 0.0003 0.0147 0.8826



cline. It forms polycrystalline inter growths with other mem -
bers of hy dro ther mal as so ci a tion – sulphides, selenides, ar -
sen ides, tellurides and pre cious met als. Chem i cal com po si -
tion of galenas from the sec ond ary ox i da tion zone ap par -
ently shifts from the stoichiometric one. An a lyzed xeno-

morphic crys tals re veal in creased ad mix tures of Se (up to
even 6.97 wt.%) (Tab. 48). Sub sti tu tions of Se for S are nor -
mal fea ture in hy dro ther mal sys tems (Schröcke & Weiner,
1981). These au thors re ported on the pos si ble sub sti tu tions
of PbSe for PbS and even of PbTe for PbS.
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Ta ble 46

WDS com po si tion of the mem bers of Cu-Bi-S sys tem from the Kupferschiefer (pitchy va ri ety), pro file PG-1/3, Polkowice
Main Field (af ter Pieczonka, 1998) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Fe
Ka

Pt
La

S
Ka

Pd
La

Ag
La

Total

291/A7
0.07 37.72 0.70 2.02 34.43 £0.05 £0.05 19.10 0.04 5.50 99.58

0.0045 0.9092 0.0176 0.0519 2.7290 3.0000 0.0020 0.2569

291/A8
0.13 37.53 0.56 2.24 33.86 £0.05 £0.05 18.85 £0.03 5.02 98.19

0.0087 0.9165 0.0143 0.0582 2.7188 3.0000 0.2373

Ta ble 47

WDS com po si tion of hematites from the Kupferschiefer (red va ri ety), min ing sec tion G-31, Polkowice West Field
(af ter Piestrzyñski and Pieczonka, 1997a) (up per fig ure – wt.%; lower fig ure – atomic pro por tions)

Sample
Fe
Ka

As
Ka

Bi
Ma

Hg
La

Au
La

Cu
Ka

Pt
La

Pd
La

Ag
La

O
Ka

Total

283-A/1
67.47 0.28 £0.08 0.09 0.43 0.26 £0.05 £0.05 £0.07 31.43 100.00

1.8450 0.0057 0.0006 0.0034 0.0063 3.0000

283-A/2
66.31 0.14 0.27 0.47 1.00 0.62 0.11 0.05 0.08 31.02 100.00

1.8373 0.0029 0.0020 0.0036 0.0079 0.0152 0.0009 0.0008 0.0010 3.0000

283-A/3
67.05 0.14 £0.08 0.23 0.62 0.17 0.13 £0.05 £0.07 31.58 100.00

1.8248 0.0029 0.0017 0.0047 0.0041 0.0010 3.0000

283-A/4
66.45 0.23 0.14 0.46 1.13 0.27 £0.05 £0.05 £0.07 31.29 100.00

1.8253 0.0048 0.0011 0.0035 0.0087 0.0064 3.0000

283-A/5
66.64 0.20 £0.08 0.35 0.93 0.46 £0.05 £0.05 £0.07 31.33 100.00

1.8282 0.0041 0.0026 0.0072 0.0110 3.0000

283-D/1
66.56 0.11 0.38 0.47 0.66 0.16 £0.05 £0.05 £0.07 31.62 100.00

1.8091 0.0023 0.0027 0.0035 0.0052 0.0038 3.0000

283-D/2
64.56 0.21 0.14 0.25 0.86 0.19 0.05 0.13 £0.07 33.61 100.00

1.6509 0.0040 0.0010 0.0017 0.0063 0.0043 0.0004 0.0017 3.0000

283-D/3
66.94 0.15 £0.08 0.53 0.23 0.14 0.05 0.05 £0.07 31.90 100.00

1.8035 0.0030 0.0039 0.0018 0.0033 0.0005 0.0008 3.0000

283-D/4
66.74 0.13 £0.08 0.62 0.24 0.18 £0.05 0.05 £0.07 31.99 100.00

1.7932 0.0026 0.0047 0.0018 0.0042 0.0008 3.0000

283-D/5
66.84 0.13 £0.08 0.28 1.07 0.27 0.12 £0.05 £0.07 31.11 100.00

1.8465 0.0039 0.0022 0.0083 0.0065 0.0009 3.0000

283-D/6
64.05 0.16 £0.08 0.31 2.65 0.19 0.11 0.14 0.75 31.65 100.00

1.7393 0.0032 0.0023 0.0205 0.0045 0.0009 0.0020 0.0106 3.0000



DIS TRI BU TION OF PRE CIOUS MET ALS
Jadwiga Pieczonka, Adam Piestrzyñski,

Jacek Mucha & Adam G³uszek

DIS TRI BU TION OF Au, Pt AND Pd IN COP PER
DE POSIT OF THE FORE-SUDETIC

MONOCLINE

The first no tices on the pres ence of Au in the cop per de -
posit of the Fore-Sudetic Monocline were pub lished by
Wojciechowska and Serkies (1967), and Harañczyk (1972). 
In the fol low ing years sev eral other pub li ca tions have ap -
peared: Kucha (1973, 1974, 1976a, b, 1982a, b), Salamon
(1976, 1979), Kucha and Pocheæ (1983), Banaœ and Kijew-
ski (1987), and Czajowski (1987).

Ac cord ing to Wojciechowska and Serkies (1967), and
Harañczyk (1972), Au con tents in the Kupferschiefer are
be low 1 ppm and 0.01–0.3 ppm, re spec tively. How ever,
Kucha (1982b) re ported on much higher, max i mum con -
tents of pre cious met als: 3,000 ppm for Au, 340 ppm for Pt
and 1,000 ppm for Pd. Such ex treme val ues were at trib uted
by this au thor to the so-called “No ble-metal Kupferschie-
fer” va ri ety, only 1 cm thick and lo cated be neath the
Kupferschiefer en riched in thucholite. Much lower con tents 
of pre cious met als were found in an other Kupferschiefer va -
ri et ies: that with thucholite and that with phos phates (Kucha 
1982b). These Kupferschiefer varities were ob served only
in the Lubin West Field. In creased amounts of Au (up to
2.47 ppm), Pt and Pd were re ported by Saw³owicz (1993,
1994) from sam ples col lected from the Polkowice West
Field. More over, Kucha et al. (1982) found sig nif i cant Au
con tents in the cop per de posit of the North-Sudetic Trough.
In 1993 na tive Au was iden ti fied in spec i mens col lected

from the Kupferschiefer and un der ly ing sand stone in the
Polkowice West Field (Re port AGH, 1996, 1997; Pie-
strzyñski et al., 1996a, 2002; Piestrzyñski & Pieczonka,
1997a, b; Pieczonka 1998, 2000; Piestrzyñski & Wodzicki,
2000; Pieczonka & Piestrzyñski, 2000).

As re vealed by pub lished data, in the Fore-Sudetic cop -
per de posit Au oc curs as:

– own min er als: na tive Au (Kucha, 1974, 1982b; Pie-
strzyñski et al., 1996a; Piestrzyñski & Pieczonka 1997a, b);
electrum (Kucha, 1976a, b; Salamon 1976; Piestrzyñski,
1996a, b; Piestrzyñski & Pieczonka, 1997a) and tetraauri-
cu prite (Piestrzyñski & Pieczonka, 1998),

– iso mor phic sub sti tu tions in na tive Ag (up to about 1
wt.%) (Kucha, 1976a; Salamon, 1976),

– organometallic com pounds (Kucha, 1973, 1976a,
1982b),

– iso mor phic sub sti tu tions in some Cu sulphides, Ag
sulphides and Pd ar sen ides (Kucha 1976b; Kucha &
Pocheæ, 1983; Salamon, 1979; Kucha & Piestrzyñski, 1991; 
Pieczonka 1998; Piestrzyñski et al., 2002).

Per cent ages of par tic u lar Au min er als and com pounds
in the to tal amount of Au phases are dif fi cult to de ter mine. It 
is sug gested that Au which forms sub sti tu tions in na tive Ag
is of main eco nomic value as this Ag min eral is com mon in
the Cu de posit.

Dis tri bu tion of Au, Pt and Pd in ver ti cal se quence
of ore de posit

Re sults of chem i cal anal y ses of rocks col lected from
chan nel sam ples at the Polkowice-Sieroszowice Mine (Fig.
1) re vealed the fol low ing reg u lar i ties in dis tri bu tion of pre -
cious met als.

1. Max i mum Au con tents are lo cated at var i ous depths
be neath the top of the sand stone (from 0 to 100 cm) whereas 
max i mum Pt and Pd con tents ei ther fol low Au peaks or are
some what shifted [e.g. pro files No. 95-PZ-40 (Fig. 8),
95-PZ-3, Pr14-1679, Pr09-1368, Po16-1925, Sr24-6895
(Pieczonka, 1998), Sz08-1054 (Fig. 7), Sr18-7002 (Fig.
16), Pr18-0367, N/III (Fig. 18) and N/IV (Fig. 19)].

In these pro files max i mum Au con tents were ob served
be neath the red-col ored sand stone. High est val ues were de -
tected in the sand stone from No. PZ-40 se quence (29.27
ppm) but high Au con tents were found also in over ly ing
Kupferschiefer. In the pitchy va ri ety of the Kupferschiefer
Au val ues de creased to be low 1 ppm. Max i mum Pt (0.78
ppm) and Pd (0.37 ppm) con tents were found in the red
Kupferschiefer (Pieczonka, 1998; Pieczonka & Piestrzyñ-
ski, 2000). High Au con tents were no ticed also in the top
sand stone layer, in pro files No. N/III (26.78 ppm) and No.
N/IV (11.60 ppm). In the over ly ing do lo mite Au con tents
abruptly de creased but high con tents pf Pt (0.95 ppm) and
Pd (0.3 ppm) ap peared. In pro file No. Sz08-1054 in creased
amounts of Au were also de tected in the do lo mite (0.52
ppm) over the top of the sand stone (4.48 ppm).

2. Two peaks of Au con tents were iden ti fied. The four
pat terns were dis tin guished:

a. Both peaks oc cur in the sand stone: the first was lo -
cated at depths from 0 to 40 cm and the sec ond – at depths
from 40 to 80 cm be neath the top of the sand stone. Con tents
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Ta ble 48

EDS com po si tion of ga lena from the Kupferschiefer (red
va ri ety) (up per fig ure – wt.%; lower fig ure – atomic pro -

por tions)

Sample
Pb
La

Se
Ka

S
Ka

Total/atomic
proportions

PZ-J7-
9a/10

83.93 3.09 12.98 100.00

0.9912 0.0095 0.9905 Pb0.9912S0.9905Se0.0095

PZ-J7-
17/1

85.61 2.84 11.55 100.00

1.0432 0.0906 0.9094 Pb1.0432S0.9094Se0.0906

PZ-J7-
17/4

83.02 6.97 10.01 100.00

1.0002 0.2205 0.7795 Pb1.0002S0.7795Se0.2205

PZ-J7-
17/5

86.52 1.52 11.96 100.00

1.0645 0.0492 0.9508 Pb1.0645S0.9508Se0.0492

PZ-J7-
17/6

85.70 1.09 13.21 100.00

0.9713 0.0324 0.9676 Pb0.9713S0.9676Se0.0324

PZ-J7-
18/1

84.35 2.50 13.15 100.00

0.9215 0.0718 0.9282 Pb0.9215S0.9282Se0.0718

PZ-J7-
18/2

86.25 1.24 12.51 100.00

1.0259 0.0157 0.9613 Pb1.0259S0.9613Se0.0157

 



of PGE were vari able. Rep re sen ta tive pro files are Nos.:
Sz12-0238, Sz09-0727, Sr14-0672, Pr25-0923 (Pieczonka
& Piestrzyñski, 2000), Sz02-3056 (Fig. 4), Sz02-0438,
Sz07-0027 (Fig. 6), Ra14-0274, Ra14-0505 and N/V (Fig.
20). In the two pro files: No. Sz08-0936 and No. Sz08-0991
both peaks ap peared at greater depths – first about 60 cm
and sec ond about 1 m be neath the top of the sand stone.

High Au con tents (gen er ally above 1 ppm) were ob -
served in both the red-col ored and the grey sand stone. In the 
pro file No. Sz07-0027 Au con tents of 1.1 ppm oc curred
twice whereas max i mum com bined Pt+Pd con tent in the
sand stone was about 0.25 ppm. Max i mum con tents of pre -
cious met als were de tected in No. Sz02-3056 pro file, where
peak Au con tents co ex ist with peak Pt+Pd val ues and are:
0.58, 0.53 and 0.26 ppm, re spec tively for the lower max i -
mum and 3.33, 0.52 and 0.21 ppm, re spec tively for the up -
per max i mum. In creased con tents of Pt (0.1–0.25 ppm) and
Pd (0.08–0.15 ppm) were no ticed in the sand stone from No.
Ra14-0274 and Sz08-0991 pro files but these val ues did not
cor re late with max i mum Au con tents.

b. The first peak, which marks high Au con tents oc curs 
in the top part of the sand stone, rarely deeper, the sec ond
peak is lo cated in the Kupferschiefer [e.g. pro files No.
95-PZ-19 (Fig. 11), 95-PZ-16 (Pieczonka, 1998; Pieczonka
& Piestrzyñski, 2000), Sz07-0054, Sz07-429, Pr18-0331,
Sr19-0802, Ra19-0011].

Such pat tern was ob served in both the red-col ored
rocks and in rocks de void of red stainings. How ever, in the
red-col ored rocks con tents of pre cious met als were higher.
For in stance, in No. 95-PZ-19 pro file max i mum Au con tent
in the sand stone reached 6.99 ppm and in the pitchy va ri ety
of the Kupferschiefer it was 4.14 ppm. Con tents over 1 ppm
were found in the clayey va ri ety of the Kupferschiefer.

Max i mum con tents of Pt and Pd (1.15 ppm com bined
met als) were ob served in both the pitchy and clayey va ri et -
ies of the Kupferschiefer. It must be em pha sized, how ever,
that in the pre vi ous pro jects only the Kupferschiefer and the 
car bon ates were an a lyzed for no ble met als, whereas the
sand stone could not be ef fec tively sam pled be cause it pro -
vides a suit able bot tom of mine work ings. Thus, it is sug -
gested that in the pro files en riched in pre cious met als red
spots might have oc curred also in the lower, unaccessible
parts of the sand stone (Pieczonka, 1998; Pieczonka &
Piestrzyñski, 2000). In the newly col lected chan nel sam ples
high est Au con tents (1.6 ppm) were de tected in No. Pr18-
0331 pro file, in the clayey va ri ety of the Kupferschiefer
whereas in the re main ing sam ples Au con tents were be low
0.2 ppm. In these sam ples high est con tents of Pt and Pd fol -
lowed those of Au but the high est com bined Pt+Pd value –
0.12 ppm – was de tected in the Bound ary Do lo mite and in
the Kupferschiefer from pro file No. Sz07-0429.

c. Both Au peaks oc cur in the Kupferschiefer [e.g. pro -
files No. 95-PG-1, PZ-24 (Pieczonka, 1998)].

This pat tern in cludes pro files in which peak con tents in
the bot tom part of the Kupferschiefer were ac com pa nied by
an other peak val ues lo cated in the mid dle or up per parts of
the Kupferschiefer bed. In No. 95-PG-1 pro file max i mum
Au con tent (71.29 ppm) was found in a thin layer of pitchy
va ri ety over ly ing the red va ri ety. More over, the pitchy
Kupferschiefer con tained also Pt (0.80 ppm) and Pd (2.95

ppm). In the over ly ing, dolomitic Kupferschiefer PGE con -
tents dropped down be low de tec tion limit and those of Au
var ied from 0.032 ppm in the bot tom to 0.76 ppm in the top
of this bed. In an an other pro file (No. PZ-24) max i mum Au
(6.91 ppm) and Pt (0.4 ppm) and Pd (0.4 ppm) con tents
were ob served in the red Kupferschiefer va ri ety.

d. Au peak oc curs in the Kupferschiefer whereas sec -
ond, much lower peak is ob served in the car bon ates [e.g.,
pro files No. 95-PZ-11, 95-PZ-13, Sz-6/1, Sz-6/2, (Pie-
czonka, 1998, 2000)]. 

This pat tern was found in se quences from the Polko-
wice West and the Polkowice Main fields. Max i mum Au
con tent (3.32 ppm) oc curred in the clayey Kupferschiefer
from the pro file No. 95-PZ-11. Com bined Pt+Pd con tent in
this va ri ety was 0.64 ppm. Sim i lar Pt+Pd con tents (about
0.65 ppm) were de tected in ad ja cent an a lyzed pro files, in
the clayey Kupferschiefer va ri ety. In the car bon ates over ly -
ing the Kupferschiefer an other en rich ment in Au was ob -
served, par tic u larly in No. 95-PZ-13 pro file (0.39 ppm). In
some pro files from this group car bon ates re vealed also in -
creased con tents of Pt and Pd (about 0.01 ppm). No red
spots were ob served in the an a lyzed rocks from these pro -
files.

3. Max i mum Au con tents oc cur usu ally in the top part
of the sand stone whereas max i mum con tents of Pt or Pd are
shifted up the se quence, to the Kupferschiefer [e.g, pro files
No. 95-PG-7, 95-PW-2, 95-PZ-15, 95-PG-2, Sz-07-0127,
Po16-1924, Pr10-2267 (Pieczonka, 1998)].

Pro files rep re sent ing this pat tern were found in the
south ern parts of the Polkowice East, Main and West Fields. 
Max i mum Au con tents were de tected in the top part of the
sand stone with red spots. High est Au value (16.46 ppm)
was found in the sand stone from No. 95-PG-7 pro file. Up
the Kupferschiefer se quence Au con tents de creased down
to the low est val ues, as ob served in the clayey Kupfer-
schiefer va ri ety from No. 95-PW-2 pro file. Where the Kup-
ferschiefer thick ness was low, in creased Au con tents (0.017 
ppm) oc curred in the bot tom part of car bon ates (e.g., No.
95-PZ-15 pro file).

Max i mum Pt and Pd val ues were re ported from var i ous
rocks im me di ately over ly ing the sand stone: pitchy and
clayey va ri et ies of the Kupferschiefer and/or bound ary do -
lo mite but Au con tent in these rocks de creased. High est
con tents of Pt (0.58 ppm) and Pd (0.50 ppm) occured in the
bound ary do lo mite from No. 95-PW-2 pro file. In car bon ate
rocks Pt and Pd were pres ent in trace amounts (Pieczonka,
1998; Pieczonka & Piestrzyñski, 2000).

4. Max i mum Au, Pt and Pd con tents over lap. The pres -
ence of a sin gle peak for all three pre cious met als is a most
com mon pat tern. It oc curs in the bot tom part of the Kupfer-
schiefer, rarely in the top part of the sand stone [e.g. pro files
No. 95-PW-1, 95-PZ-12, 95-PZ-18 (Fig. 12), 95-PZ-17, 95- 
PZ-2, 95-PZ-10, 95-PG-9, 95-S-7, 95-PG-4, Sz-1/3, Sr23-
0518, Pr4-2527, Sz06-1086, Sr23-0517, Sz06-0407, Pr08-
0166, Pr04-2532, Pr04-2528 [(Pieczonka, 1998), Sr18-
0061”s”, Sr19-2428 (Fig. 17)]. Only in a sin gle pro file
(Pr04-2527) max i mum Pt con tent was 2 ppm, i.e., more
than max i mum Au grade and Pt+Pd value was 3 ppm. How -
ever, Pt con tents about 1 ppm were found in the Kupfer-
schiefer from sev eral pro files.
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De pend ing on li thol ogy of the Kupferschiefer, peak
con tents of pre cious met als may oc cur in var i ous va ri et ies.
Usu ally, be neath the Kupferschiefer the sand stone with red
spots was found, lo cally sep a rated from the shale by a thin
layer of the bound ary do lo mite. Only in 5 pro files red spots
were ab sent in the sand stone, as e.g. in No. Sr19-2428 pro -
file where Au (4.42 ppm), Pt (0.33 ppm) and Pd (0.11 ppm)
were de tected in the top of this layer.

Max i mum con tents of Au, Pt and Pd in the Bound ary
Do lo mite were no ticed in its thin layer sam pled in pro files
No. 95-PW-1, 95-PZ-12 and Sr18-0061”s”. In No. 95-PW-
12 pro file Au con tent was 7.17 ppm and com bined Pt+Pd
con tent was about 1 ppm. In No. Sr18-0061”s” pro file these 
val ues were 2.36 and 0.06 ppm, re spec tively. In creased
amounts of Au were no ticed as high in the se quence as in
the clayey do lo mite. More over, Au and PGE were de tected
also in the red-col ored sand stone.

In the sec ond pop u la tion of pro files, the sand stone
(com monly de void of red spots) is over lain by a thin layer
of red, usu ally dolomitic va ri ety of the Kupferschiefer. This
layer hosts the pre cious met als. High est Au, Pt and Pd con -
tents were found in No. 95-PZ-18: 14.16, 1.05 and 0.70, re -
spec tively. Some what lower val ues were de tected in No.
95-PZ-17 pro file, whereas in No. 95-PZ-2 one max i mum
Au con tent was lower (7.02 ppm) but those of Pt and Pd
were higher (1.24 and 0.54 ppm, re spec tively).

In the pro files where clayey va ri ety of the Kupfer-
schiefer im me di ately over lies the sand stone pre cious met als 
ac cu mu lated in the bot tom of this va ri ety and their con tents
de creased up the se quence (as in No. 95-PZ-10) or the PGE
con cen trated at the bot tom of the Kupferschiefer (95-PG-9).

The last pop u la tion in cludes pro files, in which max i -
mum con tents of pre cious met als oc cur in the pitchy va ri ety
of the Kupferschiefer, which cov ers the red-spot ted sand -
stone. De spite the li thol ogy of over ly ing beds, clayey
Kupferschiefer, (No. 95-S-7, 95-PG-4, 95-PG-5 pro files) or 
car bon ates (No. Sz1/3 pro file), con tents of pre cious met als
dis tinctly de creased up the se quence (some times abruptly,
as in No. 95-PG-5 one). High est con tents of Au (11.29
ppm), Pt (1.50 ppm) and Pd (0.61 ppm) were ob served in
the pitchy va ri ety of the Kupferschiefer 95-PG-4 pro file
(Pieczonka, 1998; Pieczonka & Piestrzyñski, 2000).

a. Among the pro files of the fourth group a pop u la tion
can be dis tin guished, in which max i mum con cen tra tions of
pre cious met als are lo cated in the bot tom part of the Kupfer- 
schiefer but their peak val ues do no over lap [No. 95-PZ,
95-PZ-22, PZ-42, 95-PG-3, 95-PZ-23 (Pieczonka, 1998)].

De spite the pres ence of red Kupferschiefer in most of
pro files from this group, only in a few ex am ples peak val ues 
of Au and PGE were de tected in this va ri ety. In No. 95-PZ-1 
pro file max i mum Au con tent was 10.93 ppm and that of Pd
was 0.34 ppm whereas max i mum Pt con tent (0.93 ppm) was 
found in the over ly ing clayey Kupferschiefer. Sim i lar pat -
tern was no ticed in No. 95-PZ-22 pro file where max i mum
Au and Pd val ues (13.31 and 0.72 ppm, re spec tively) were
no ticed in the red Kupferschiefer and Pt (0.85 ppm) oc -
curred in the clayey Kupferschiefer. The highest Au con tent 
(14.03 ppm) in the dolomitic va ri ety of the Kupferschiefer
was de tected in No. PZ-42 pro file but PGE were con cen -
trated in the un der ly ing, red Kupferschiefer va ri ety (Pt –

1.42 ppm and Pd – 1.50 ppm). It is in ter est ing to note that
Pd con tents dropped down be neath de tec tion limit in the top 
part of the Kupferschiefer but those of Au and Pt de creased
grad u ally and were still no tice able in the car bon ates.

In No. 95-PG-3 and 95-PZ-23 pro files max i mum Au
val ues (5.34 and 2.67 ppm, re spec tively) oc curred in the
clayey va ri ety of the Kupferschiefer over ly ing the red va ri -
ety. Au con tents de creased grad u ally up the Kupferschiefer
se quence (as in No. 95-PG-3 pro file) or were still high (over 
1 ppm) in the bot tom parts of the car bon ates. Max i mum
PGE con tents (2.53 ppm) were ob served in the red va ri ety
which con sti tutes the bot tom of the Kupferschiefer bed or
above, in the dolomitic va ri ety (over 1 ppm). In No. 95-
PG-3 pro file high PGE val ues were found only in the
Kupferschiefer and in No. 95-PZ-23 pro file both high Au
and PGE val ues were no ticed in the car bon ates.

5. There are three or more peak Au con tents. At the
pres ent stage of stud ies anal y sis of this pat tern is rather dif -
fi cult. Sev eral, sin gle ex am ples of Au oc cur rence in var i ous
parts of the ore se quence were dis closed [e.g. in No. 95-
PZ-21, PZ-41 and Pr18-0262 se quences (Pieczonka, 1998;
Pieczonka & Piestrzyñski, 2000), Sz02-2700, Sz03- 1026
(Fig. 5)].

In No. 95-PZ-21 pro file the high est Au con tent (101.0
ppm) was de tected in a thin layer of red Kupferschiefer
whereas in the over ly ing clayey Kupferschiefer Au con tents 
first de creased down to 0.63 ppm, then in creased in the top
of this va ri ety and again de creased dis tinctly in the dolo-
mitic Kupferschiefer which is the up per most va ri ety of this
bed. The third Au peak (over 1 ppm) was found in the bot -
tom of the car bon ates. Si mul ta neously, peak Pt (1.12 ppm)
and Pd (1.62 ppm) val ues oc curred in the red Kupferschie-
fer, as are the Au val ues, and ap par ently de creased up the
Kupferschiefer se quence.

Other pat tern was no ticed in No. PZ-41 pro file. The
first Au peak (8.13 ppm) oc curred in the sand stone, the
max i mum con tent (55.99 ppm) was found in the red
Kupferschiefer, and the third peak (5.87 ppm) was de tected
in the over ly ing pitchy va ri ety of the Kupferschiefer. Au
con tent over 1 ppm was still pres ent in the clayey Kupfer-
schiefer, which forms the top of this bed in that se quence.
Sig nif i cant amounts of Pt (0.84 ppm) and Pd (0.33 ppm) ap -
peared as high in the se quence as in the dolomitic Kupfer-
schiefer, be ing sandwiched be tween the red and the pitchy
Kupferschiefer va ri et ies but in creased amounts of Pt were
ob served in all other va ri et ies of the Kupferschiefer and
those of Pd also in the red-spot ted sand stone.

In No. Pr18-0262 pro file very high Au con tent (230
ppm) was dis closed in the red-spot ted sand stone, at depth
in ter val 80–100 cm be neath the top of this layer. Un for tu -
nately, this sam ple was the low er most in this se quence and
the de ter mi na tion of lower con tour of such high Au ac cu -
mu la tion was im pos si ble. Mi cro scopic ob ser va tions did not
con firm the pres ence of na tive Au in this sam ple but found
this min eral in the in ter val 60–80 cm be neath the top of the
sand stone. The sec ond peak of Au con tents (4.65 ppm) oc -
curred in the top part of the sand stone and the third one
(1.25 ppm) was lo cal ized in the top part of the clayey Kup-
ferschiefer. Peaks of Pt and Pd con tents (0.03 and 0.30 ppm, 
re spec tively) fol lowed that of Au (Pieczonka, 1998). Sim i -
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lar pat ter was found in No. Sz02-2700 pro file where high
val ues of Au, Pt and Pd oc curred at depths 70 cm (2.74, 0.32 
and 0.17 ppm, re spec tively) and 20 cm (1.82, 0.15, 0.08
ppm, re spec tively) be neath the top of the sand stone as well
as in the Kupferschiefer (2.70, 0.12 and 0.05 ppm, re spec -
tively).

In No. Sz03-1026 pro file all three peaks of Au con tents
oc cur in the sand stone: the first (14.88 ppm) at a depth of
1.6 m, the sec ond (0.45 ppm) at 1.1 m and the third (0.17
ppm) at 0.5 m be neath the top of this layer. Small amounts
of Pt and Pd co ex ist with those of Au.

6. Max i mum Au con tents oc cur in the car bon ates and
those of PGE – in the Kupferschiefer [as e.g. in pro files No.
PZ-43 (Fig. 9), 95-PZ-14 (Pieczonka 1998; Pieczonka &
Piestrzyñski, 2000), Sz/III (Fig. 14)] or in the car bon ates
[No. Sz/IV (Fig. 15) and Pr13-7001 pro files (Fig. 13)].

All the rocks form ing No. PZ-43 pro file were red-col -
ored. In creased amounts of Au and PGE ap peared first in
the sand stone but max i mum con tent (1.50 ppm) was lo cal -
ized in the bot tom part of the car bon ates. Next max i mum
(0.37 ppm) oc curred in the mid dle part of the streaky do lo -
mite. High est PGE con tents were ob served in a thin layer of
red Kupferschiefer (the only va ri ety pres ent in this pro file).
It is sug gested that such low thick ness of the Kupferschiefer 
might have caused in creased con tents of PGE in the over ly -
ing car bon ates. Pd was ac cu mu lated only at the bot tom of
car bon ate se quence whereas Pt oc curred also higher in that
se quence. In creased amounts of PGE cor re sponded to de -
crease in Au con tents.

In the sec ond rep re sen ta tive pro file of this group, max i -
mum Au con tent (5.37 ppm) was found in the bot tom part of 
the clayey do lo mite and some in crease was no ticed also in
the bot tom part of the streaky do lo mite. Max i mum Pt con -
tents (0.98 ppm) were de tected in the dolomitic Kupfer-
schiefer and those of Pd (0.66 ppm) – in the red Kupfer-
schiefer.

In pro files Nos. Sz/III, Sz/IV and Pr13-7001 max i mum
Au con tents (11.14, 5.41 and 12.17 ppm, re spec tively) oc -
curred at the bot tom of the Streaky Do lo mite with red spots.
In No. Sz/IV pro file max i mum Pt and Pd val ues were low
and cor re sponded to Au peak. In the re main ing pro files
PGE oc curred im me di ately be neath the bot tom sur face of
the streaky do lo mite, i.e. in the clayey Kupferschiefer va ri -
ety (No. Sz/III, 1.45 and 1.26 ppm, re spec tively) or in the
clayey do lo mite (No. Pr13-7001, 1.05 and 0.83, re spec -
tively).

7. This group in cludes pro files in which no dis tinct Au, 
Pt and Pd ac cu mu la tions were ob served. Con tents of three
el e ments only spo rad i cally ex ceed their de tec tion lim its
[e.g. No. 95-S-3, 95-S-5, 95-PW-3, 95-PW-4 [(Pieczonka,
1998), Po23-2384, Po23-2399, Sz03-2028, Sz03-2051,
Sr18-1628, Sr19-1186, Sr20-0822]. In all these pro files
maximum Au con tents in all the lithologies were at the level 
of sev eral ppb. The ex cep tion is No. 95-S-5 pro file where
0.07 ppm Au was de tected. No red col or ation was ob served
and all pro files orig i nate from the area in which the Cu de -
posit shows typ i cal char ac ter iza tion.

Anal y sis of avail able data al lows us to con clude that the 
high est Au con tents oc cur in the top part of the sand stone
and at the bot tom of the Kupferschiefer. More over, re sults

of chem i cal anal y ses in di cate that, pos si bly, high Au con -
tents ex ist at greater depths. Bore holes drilled down to 1 m
depth be neath the top of the sand stone could not reach the
bot tom of Au-bear ing zone.

Tak ing into ac count all an a lyzed pre cious met als (Au,
Pt and Pd), most com mon fea ture is the high Au ac cu mu la -
tion in the bot tom part of the Kupferschiefer. The Kupfer-
schiefer bed com prises sev eral lithological va ri et ies and an
at tempt was made to cor re late ver ti cal dis tri bu tion of pre -
cious met als with the Kupferschiefer li thol ogy. The re sults
show that con tents of pre cious met als are con trolled not by
the Kupferschiefer li thol ogy but rather by phys i cal prop er -
ties: po ros ity, per me abil ity and po si tion in the se quence. It
is valid also for red-col ored Kupferschiefer. Pre cious met als 
ac cu mu late in the bot tom part of the Kupferschiefer bed
over ly ing the sand stone with red spots. If bound ary do lo -
mite is pres ent be tween the Kupferschiefer and the sand -
stone, the pre cious met als ac cu mu late in this layer.

Ac cu mu la tions of pre cious met als in the car bon ates are
rare and un im por tant in eval u a tion of their eco nomic value
(Pieczonka, 1998; Pieczonka & Piestrzyñski, 2000).

Hor i zon tal dis tri bu tion of Au, Pt and Pd

Gold
Map of Au dis tri bu tion in the Polkowice-Sieroszowice

area was based upon cut-off value 0.5 ppm de ter mined for
the as sess ment of the ho ri zon rich in pre cious met als and ac -
cepted in the mine sam pling in struc tion (Piestrzyñski et al.,
1996a, c). For map con struc tion anal y ses of all sam ples col -
lected for the pur poses of re search pro jects run at the
AGH-Uni ver sity of Sci ence and Tech nol ogy in the years
1996 and 1997 were in cluded to gether with rou tine sam ples
col lected by the ge ol o gists from the Polkowice Mine and
sam ples from bore holes in ves ti gated by the Polish Geo log i -
cal In sti tute in 1996. It must be em pha sized that ex plo ra tion
of Au de posit is not uni form – the best rec og nized are the
ar eas of the Polkowice East and Main Fields, hence, in ter -
pre ta tion of data from these ar eas is most cred i ble.

In the pre vail ing part of the Polkowice-Sieroszowice
de posit thick ness of Au-bear ing ho ri zon con toured by 0.5
ppm cut-off value reaches max i mum 0.2 m (Fig. 78). Thick -
nesses from 0.2 to 0.3 m are rarely ob served as ir reg u lar
zones of var i ous size clus tered in the cen tral part of the
Polkowice East Field. West ward, to wards the Polkowice
Main Field, their num ber dis tinctly de creases and again in -
creases in the Polkowice West Field. The larg est zone is lo -
cated in the south west ern part of the Polkowice West Field
where it cov ers about 12 km2. This zone ex pands as nar row
branches into the area of the Sieroszowice Mine. In both the 
south west ern and south ern parts of the Sieroszowice Mine
sev eral small, iso lated zones were iden ti fied, which com -
prise small parts of Au ho ri zon of thick ness 0.3–0.5 m.
Thick ness above 0.5 m are sporadical. Top thick ness – over
0.9 m – were found in a few, small zones, lo cated mostly in
the Polkowice East and West Fields, close to the bor der
with the Sieroszowice Mine. Larg est such bod ies (about 0.5
km2) were en coun tered in the lat ter field.
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Fig. 78. Con tour map of thick ness of gold ho ri zon for cat of grade 0.5 ppm, red hatched poly gons rep re sent ar eas with out cop per min er -
ali sa tion, poly gons with solid line rep re sent ar eas with sub-eco nomic cop per ores, Polkowice – Sieroszowice Mine
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Fig. 79. Con tour map of gold con cen tra tion for cat of grade 0.5 ppm, red hatched poly gons rep re sent ar eas with out cop per min er ali sa -
tion, poly gons with solid line rep re sent ar eas with sub-eco nomic cop per ores, Polkowice-Sieroszowice Mine
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Fig. 80. Con tour map of Pt + Pd con cen tra tions for gold in ter val with cat of grade 0.5 ppm, red hatched poly gons rep re sent ar eas with out 
cop per min er ali sa tion, poly gons with solid line rep re sent ar eas with sub-eco nomic cop per ores, Polkowice-Sieroszowice Mine



At the Polkowice-Sieroszowice Mine zones of high est
Au con tents (Fig. 79) do not cor re late with the zones of
maximum thick ness of Au-bear ing ho ri zon. Gen er ally,
high-Au zones show thick ness be low 0.2 m. In the Polko-
wice West Field sev eral, high-Au zones re veal thick ness
over 0.3 m, spo rad i cally even 0.5 m. The rich est Au zones
(over 6 ppm) oc cur at the bor der be tween the Polkowice
West Field, the Radwanice Pros pect and the Sieroszowice
Mine re veal thick ness from 0.1 to 0.3 m.

The zone of Au grades from 0.5 to 2 ppm forms a north -
west-south east-trending belt, which con tin ues through the
cen tral parts of the Polkowice East and Main fields, then ex -
pands to the west and cov ers most part of the Polkowice
West Field, and con tin ues through the Radwanice Pros pect
to wards the south west ern and west ern parts of the Sieroszo- 
wice Mine. In the lat ter area its con tours are still poorly rec -
og nized and de fined mostly by bore hole data. The whole
belt cov ers about 80 km2.

The zone of higher Au grades (2–4 ppm) also shows
some con ti nu ity. It cov ers larg est area (about 12 km2) in the
south west ern part of the Polkowice West Field and in the
Sieroszowice Mine, and a few smaller ar eas. Such Au con -
tents are of in dus trial value.

The higher Au grades, from 4 to 6 ppm (i.e. the eco -
nomic-grade Au de posit), oc cur as iso lated zones ar ranged
in north west-south east di rec tion. Within such zones the
smaller ar eas of var i ous size ap pear where Au grades ex -
ceed 6 ppm. The larg est such zones (up to 0.8 km2) were
found at the bound ary be tween the Radwanice Pros pect and
the Sieroszowice Mine, smaller zones oc cur also at the
Polkowice Mine. The zones of high est Au grade are usu ally
sur rounded by Cu-bar ren zones, which have never been suf -
fi ciently ex plored for the pres ence of pre cious met als.

At the Polkowice Mine Au-free zones were iden ti fied
within the Au-bear ing belt. These zones are re lated to the
ap pear ance of iso lated ar eas of eco nomic-grade Cu min er -
ali sa tion. At the Sieroszowice Mine a dis tinct trend is ob -
served of de creas ing Au con tents to wards the north east.
Out side the Au-bear ing belt, in the cen ter of the Mine only
three zones of Au grades up to 2 ppm oc cur. Fur ther north -
east ward the area is poorly ex plored.

Plat i num and pal la dium
The zones with Pt and Pd ac cu mu la tions are rare (Fig.

80). These are ir reg u lar zones of vari able size scat tered
within the range of Au-bear ing belt. In the Polkowice East
Field only small, sin gle zones were en coun tered of Pt and
Pd grades be low 0.9 ppm (only one zone shows val ues over
1.1 ppm). In the Polkowice Main Field there ex ist sev eral
small zones and a sin gle large one lo cated in the south ern
part of this field in which com bined Pt+Pd grade var ies
from 0.5 to over 1.3 ppm. Zones of sim i lar grade but more
vari able in shape and size were iden ti fied in the cen tral part
of the Polkowice West Field and its bor der with the Radwa-
nice Pros pect and the Sieroszowice Mine. Large zone of
Pt+Pd grades from 0.5 to 1.1 ppm oc curs at the bor der with
the Radwanice Pros pect. In the south ern part of the Siero-
szowice Mine only four small, iso lated, high-grade Pt+Pd
zones were dis closed. More over, in the north west ern part of 
this mine there is a sin gle, large zone (some 10 km2) of

Pt+Pd grades from 0.5 to 1.3 ppm. It must be no ticed that
this zone as well as other zones at the bor der with the
Polkowice West Field and the Radwanice Pros pect area
were in ter preted only from bore hole data. Their true size
can be much smaller and, at pres ent, these zones have only a 
prog nos tic im por tance.

Re la tion ships be tween pre cious-met als ho ri zon
and Cu de posit

Dis tri bu tion of Au, Pt and Pd in re la tion to Cu
Anal y sis of Au, Pt and Pd dis tri bu tion in stud ied pro -

files re veals some reg u lar i ties in dis tri bu tion of their ac cu -
mu la tions in re la tion to Cu de posit.

De spite the se quences in which Au peak val ues oc curs
in the top part of the sand stone or in the car bon ates, dis tinct
in crease in Au grade is ob served at the sand stone-Kupfer-
schiefer in ter face. As Cu grade in the sand stone is low, dis -
tinct rise of Cu con tents at the bot tom of the Kupferschiefer
can be ob served, as well. Hence, com par i son of ver ti cal dis -
tri bu tion pat terns of met als in the lower part of the Kupfer-
schiefer bed sug gests sim i lar i ties (e.g. No. Pr18-0331,
Sr19-0802, Ra14-0274, Sz07-0429 pro files). How ever, de -
spite a few spe cial cases, con tents of Au, Pt and Pd de crease 
up the Kupferschiefer se quence whereas Cu con tents
clearly in crease in this di rec tion (No. Ra14-0274, Ra19-
0011, Sz07-0429 and Pr18-0367 pro files).

In some pro files dif fer ences in dis tri bu tion of pre cious
met als and Cu can be ob served in the full thick ness of the
Kupferschiefer. Au con tents are high est in the sand stone
and abruptly de crease in the Kupferschiefer whereas Cu
con tents strongly in crease in this bed [No. Ra14-0505,
Sz08-0991, Sr19-2428 (Fig. 17) and Sz02-0438 pro files]. If 
higher Au con tents ap pear in the top part of the sand stone,
in the bound ary do lo mite and in the Kupferschiefer, the first 
Cu en rich ment ap pears in the over ly ing dolomites (No.
Sr18-0061”s” and Pr18-0367 pro files).

Anal y sis of these de tails of met als dis tri bu tion in the
Kupferschiefer clearly dem on strates that sim i lar i ties be -
tween dis tri bu tion pat tern of Au, Pt, Pd and Cu oc cur only
in these se quences, in which Cu con tents are low (usu ally
be low 0.4%). If Cu grade rises to sev eral per cent and more
the con tents of pre cious met als de crease. If Cu de posit is lo -
cated also in the sand stone but the Kupferschiefer is ab sent,
pre cious met als do not ac cu mu late in the sand stone (No.
Sz03-2051 pro file). There fore, the new re sults con firm the
ear lier con clu sion that in the zones with Au, Pt and Pd ac cu -
mu la tions Cu oc curs is small amounts. On the con trary, eco -
nomic-grade Cu zones con tain only trace amounts of pre -
cious met als (Piestrzyñski & Pieczonka, 1997a; Pie-
czonka, 1998, 2000; Pieczonka & Piestrzynski, 2000).

Au-bear ing ho ri zon ver sus Cu de posit
In or der to il lus trate the re la tion ships be tween Cu and

Au de pos its, five cross-sec tions were drawn through the
Polkowice East and Main fields.

The P2u cross-sec tion (Fig. 81), ori ented SW–NE,
was lo cated in the Polkowice Main Field where de posit is
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Fig. 86. Ver ti cal model of gold de posit, based on chan nel sam pling e.g. Sr-19-2250, through the southern part of Sieroszowice Mine.
Ver ti cal scale 1:20, hor i zon tal scale 1:1000, dashed area rep re sents Kupferschiefer, above is do lo mite and be low is sand stone, green color
show gold ho ri zon for cat of grade 0.5 ppm

Fig. 87. Ver ti cal model of gold de posit, based on chan nel sam pling e.g. Sr-19-2367, through the southern part of Sieroszowice Mine.
Ver ti cal scale 1:20, hor i zon tal scale 1:1000, dashed area rep re sents Kupferschiefer, above is do lo mite and be low is sand stone, green color
show gold ho ri zon for cat of grade 0.5 ppm, yel low color show sub-eco nomic gold ho ri zon 0.2–0.5 ppm



hosted in the Kupferschiefer and in the car bon ates. Three
faults cut this area. In the south west ern part, bor dered by the 
first fault, Au ho ri zon ex tends down to 50 cm depth be neath 
the top part of the sand stone. Au con tents gen er ally rise to -
wards the fault (up to 5.97 ppm) but de crease about 30 m
from the fault. In stead of Au, Pt and Pd ap pear in the top
part of the sand stone. Close to the fault Au ho ri zon is rather
thin and Pt+Pd ac cu mu la tions are ab sent. In the footwall
block Au ho ri zon ex pands to the Kupferschiefer bed and its
thick ness in creases to 1 m. About 55 m be hind the first fault
Au-ho ri zon, about 10 cm thick, oc curs only in the Kupfer-
schiefer. Close to and be hind the sec ond fault Au ho ri zon is
lo cated again in the sand stone and its thick ness de creases.
About 60 m be hind the sec ond fault, Au ho ri zon van ishes
and ap pears again close to the third fault, in the Kupfer-
schiefer. In the footwall block Au con tents rise up to 11.29
ppm. Also high are Pt and Pd val ues, which ac cu mu late in
the Kupferschiefer and in the sand stone. About 50 m from
the third fault Au ho ri zon once again dis ap pears. Along the
full length of this cross-sec tion Au ho ri zon is gen er ally con -
tin u ous but its thick ness is vari able.

The P2r cross-sec tion (Fig. 82), ori ented NW–SE, is
lo cated in the Polkowice Main Field, per pen dic u larly to the
P2u one. Two small faults cut this area, first in the north -
west ern, sec ond in the south east ern parts of the field. In the
vi cin ity of the first fault and in the south east ern part of the
field Cu de posit is ab sent. In the re main ing parts Cu-bear ing 
zone is highly vari able and is hosted ei ther in the Kupfer-
schiefer and in the do lo mite or only in the do lo mite. The
cross-sec tion in cludes 23 sam pling pro files, most of them

lo cal ized in the ar eas where Cu zone is hosted only in the
do lo mite, at var i ous heights over the top sur face of the sand -
stone or where Cu de posit is ab sent. In all these pro files
high Au con tents were de tected (from 2 to 29.90 ppm) and
in three pro files high con tents of Pt+Pd were ob served, as
well (up to 5.46 ppm, No. Sz01-1946 se quence). In se -
quences where Cu de posit is lo cated in both the Kupfer-
schiefer and the dolomites, Au con tents were usu ally be low
2 ppm, ex cept for two, in which 6.2 and 11.27 ppm Au were 
de tected. Lo cally, high con tents of Pt+Pd ap peared (4.04
ppm in No. Sz01-1661 pro file).

In the pro files lo cal ized in the north west ern part of the
P2r cross-sec tion max i mum Au, Pt and Pd con tents oc cur in 
the Kupferschiefer. Hence, Au-bear ing ho ri zon shows low
(up to 0.3 m) but sta ble thick ness, even in the vi cin ity of
fault zone. At the dis tance over 20 m from the first fault, in
its hang ing-wall block high Au con tents ap peared also in
the sand stone and in the Kupferschiefer Pt+Pd con tents
reached 4.04 ppm. The Au ho ri zon was found in both the
Kupferschiefer and the sand stone, and its thick ness in -
creased to 0.5 m. Sim i larly to the first, the sec ond fault did
not af fect de ci sively the po si tion of Au-bear ing ho ri zon but
sig nif i cant en rich ment was ob served in the vi cin ity of dis lo -
ca tion (up to 29.90 ppm). About 40 m from the fault Au-
bear ing ho ri zon was found only in the top part of the sand -
stone and its thick ness de creased. In the south east ern part
Au ho ri zon oc curred al ter na tively in the Kupferschiefer and 
in the sand stone or only in the sand stone. In all the pro files
from this part of the field in creased con tents of Pt and Pd
were no ticed, as well.
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Fig. 88. Ver ti cal model of gold de posit, based on chan nel sam pling e.g. Sr-19-2022, through the southern part of Sieroszowice Mine.
Ver ti cal scale 1:20, hor i zon tal scale 1:1000, dashed area rep re sents Kupferschiefer, above is do lo mite and be low is sand stone, green color
show gold ho ri zon for cat of grade 0.5 ppm, yel low color show sub-eco nomic gold ho ri zon 0.2–0.5 ppm



It is dif fi cult to rec og nize reg u lar i ties in dis tri bu tion of
pre cious met als. High Au con tents were ob served: (i) where 
Cu de posit is ab sent, (ii) where Cu ho ri zon is lo cated in the
car bon ates and (iii) where it oc curs in both the Kupfer-
schiefer and the car bon ates. It seems, how ever, that in
Cu-bar ren zones Au con tents are gen er ally higher. High
con tents of Pt and Pd ap pear in both the Cu-bar ren and the
Cu-rich Kupferschiefer. In the south east ern part of the field
high Pt and Pd val ues were de tected also in the sand stone.
No in flu ence of a fault on Au-bear ing ho ri zon has ever been 
ob served, as high Au con tents oc cur close to the fault and at
a dis tance from it.

The P6r, P5u and P5r cross-sec tions were lo cal ized in 
the cen tral part of the Polkowice. The NW–SE-ori ented P6r
and P5r cross-sec tions are roughly par al lel and about 0.5 km 
dis tant from each other whereas P5u sec tion is per pen dic u -
lar to those two. In this part of the min ing field Cu de posit is
hosted in the Kupferschiefer and in the car bon ates, ex cept
for south east ern frag ment of the Pr5r sec tion where the
Kupferschiefer pinches out and Cu de posit is ab sent. In all
three cross-sec tions Au ho ri zon is lo cated at var i ous depths
in the sand stone. Au con tents do not ex ceed 2 ppm (lo cally,
two times higher val ues were de tected) but thick ness of the
ho ri zon is sig nif i cant. Lower con tour of the ho ri zon can not
be de ter mined due to the lack of data. Low con tents of Pt
and Pd were de tected only in a few pro files, in the sand -
stone.

In the P6r cross-sec tion (Fig. 83) Au-bear ing ho ri zon is
con tin u ous. Its up per con tour is close to or fol lows the top
sur face of the sand stone, and its thick ness var ies from a
dozen of cen ti me ters in the south east ern part to about 1 m in 
the cen tral part of the sec tion. Hence, the lower Au con tents
are com pen sated by higher thick ness of the ho ri zon. In the
south east ern part of the cross-sec tion Au con tents are very
high (up to 8.57 ppm) but thick ness of ho ri zon is low est. In
the north west ern part of the sec tion small, lo cal Au ac cu mu -
la tion oc curs be neath the main Au ho ri zon. Only in two pro -
files some en rich ment in Pt and Pd has been found.

In the P5r cross-sec tion Au ho ri zon is discon tin u ous. In
the north west ern part it is about 1 m thick and is hosted in
the up per most part of the sand stone. In the cen tral part Au
ho ri zon pinches out and pre cious met als dis ap pear along the 
dis tance of some 250 m. It re ap pears in the vi cin ity of the
only fault pres ent in this area. Be hind this fault Au ho ri zon
dips into the sand stone down to 1 m depth be neath its top
sur face (in No. Sz08-0936 pro file) and its thick ness de -
creases to about 10 cm. To wards the south east the Au ho ri -
zon again shifts to the top of the sand stone. Si mul ta neously,
Cu de posit shifts to higher mem bers of the car bon ate se ries
and then dis ap pears. How ever, high Au con tents were de -
tected in No. Sz08-1054 pro file (Fig. 7) – the last one in this 
cross-sec tion, which jus ti fies fur ther ex plo ra tion to wards
the south east.

The P5u cross-sec tion (Fig. 84), ori ented SW–NE, in -
cludes sev eral faults of throws from 1.5 to 3.5 m. Ac cord ing 
to cur rent in ter pre ta tion, these faults can be youn ger than
Au min er ali sa tion. Sim i larly to P2u and P2r cross-sec tions,
Au anom a lies have not been ob served in the vi cin ity of the
faults but Au ho ri zon was slightly shifted, as were the host
rocks. In the south west ern part Au ho ri zon ex tends from the 

top of the sand stone to about 0.4 m be neath. Start ing from
No. Sz12-0050 pro file, to wards the first fault, the up per
con tour of Au ho ri zon dips down to about 0.6 m, its thick -
ness in creases to about 1 m and Au con tent rises to 7.29
ppm. Be tween the first and the sec ond fault the ho ri zon
grad u ally ap proaches the top of the sand stone and Au con -
tent de creases to be low 1 ppm. In the neigh bor hood of next
con sec u tive faults po si tion of the ho ri zon, its thick ness and
Au con tent re main sta ble. Then, be hind this zone, Au ho ri -
zon shifts deeper into the sand stone, pinches out and ter mi -
nates. In creased Au con tent in No. Sz13-0553 pro file en -
ables us to con tour a small, iso lated body close to a fault.
Con tin u ous Au ho ri zon re ap pears about 100 m from the
fault but its thick ness is much lower, Au con tents are be low
1 ppm and its up per con tour oc curs at greater depths within
the sand stone. In the north east ern por tion of the cross-sec -
tion Au con tent in creases to 8.37 ppm and thick ness of its
ho ri zon rises.

The P4u cross-sec tion (Fig. 85), ori ented SW–NE, is
about 800 m dis tant from and par al lel to the P5u cross-sec -
tion. Cu de posit is here hosted in the Kupferschiefer and in
the car bon ates. In the cen tral part of the sec tion the bound -
ary do lo mite oc curs. In some parts bot tom por tion of the
Kupferschiefer is bar ren. In the south west ern part a fault oc -
curs of 50 m throw. Close to this re verse fault thick ness of
the de posit dou bles. In the hang ing wall of this fault Au ho -
ri zon is lo cated be neath the top of the sand stone and Au
con tents are very high (max i mum – 13.49 ppm). At the dis -
tance of about 30 m to the fault Au ho ri zon ter mi nates but
re ap pears be hind the fault and be comes con tin u ous to the
end of this cross-sec tion. Its thick ness var ies from about 20
to 100 cm. The Au ho ri zon is hosted in the top part of the
sand stone and in the bound ary do lo mite (if pres ent). Au
con tents are high in the whole thick ness of the ho ri zon: in
its mid dle part up to 6.60 ppm were de tected and in the
north east ern part of the sec tion even 15.52 ppm Au were
found. The ho ri zon ex tends northeastwards. Max i mum Au
con tents oc cur usu ally in the top part of the sand stone but in
some pro files sec ond en rich ment was no ticed about 1 m be -
neath the top sur face (up to 5.81 ppm in No. Sz07-1045 pro -
file). Pt and Pd were found in three se quences lo cated in the
cen tral part of the sec tion (Pt+Pd = 0.5–0.8 ppm) and in two
pro files lo cated in its north east ern part (about 0.2 ppm). In
the re main ing pro files PGE do not ac cu mu late.

Cross-sec tions pre sented in Figs 86, 87 and 88 il lus trate 
the po si tion of Au ho ri zon in the south east ern part of the
Sieroszowice Mine. This mine is most per spec tive for Au
ex plo ra tion as the area of worked-out Cu orebody is small.
The scale of cross-sec tions fa cil i tates the rec og ni tion of the
de tails of Au ho ri zon. Fig. 86 shows a sin gle, dis tinct ho ri -
zon hosted in the top part of the sand stone and, lo cally, in
the Kupferschiefer as well as sec ond, poorly vis i ble ho ri zon
lo cated deeper in the sand stone. The sub-eco nomic zone
con toured by Au cut-off 0.5–0.2 ppm is ab sent from this
sec tion. Two other cross-sec tions re veal more di ver si fied
pat terns (Fig. 87, 88). Lo cally, thick ness of Au ho ri zon
reaches even 1 m and nest-like forms ap pear. In Fig. 87 the
sub-eco nomic zone en vel ops the Au ho ri zon, which is a rare 
fea ture as in pro files where the con tour of Au ho ri zon is
lithological the sub-eco nomic zone is ab sent (Fig. 86).
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Small nests vis i ble in Fig. 87 and lo cated about 1 m be neath
the top of the sand stone should be re garded as sub-eco -
nomic if these do not con tinue per pen dic u larly to the
cross-sec tion.

Sum mary
Gen er ally, Au ho ri zon is con tin u ous and lo cated close

to the bot tom con tour of Cu de posit. It in cludes the top part
of the sand stone and ex tends down, even be neath 1 m from
the sand stone top sur face. Com monly, the ho ri zon in cludes
also the Kupferschiefer, par tic u larly its bot tom part, and the
Bound ary Do lo mite (if pres ent in host-rocks li thol ogy).
Hence, in var i ous parts of de posit thick ness of Au ho ri zon
var ies from sev eral cen ti me ters to over 1 m. The lack of data 
from deeper parts of the sand stone pre cludes the de ter mi na -
tion of the lower con tour. Rarely, in creas ing thick ness is ac -
com pa nied by very high Au grade. The rich est parts of the
ho ri zon are usu ally about 40 cm thick. High con tents of Pt
and Pd oc cur mostly if the Au ho ri zon is hosted in the
Kupferschiefer al though both PGE were ob served also in
the sand stone. Small faults marked in the cross-sec tions do
not af fect the for ma tion of pre cious met als ac cu mu la tions
be cause high con tents of Au and PGE were ob served both
in the vi cin ity of and at the dis tance from these dis lo ca tions.
How ever, the ab sence of Cu de posit in the neigh bor hood of
some faults may sug gest tec tonic con trol of ox i dized so lu -
tions trans fer. Small dis place ments of Cu de posit and
Au+PGE ho ri zons may sug gest that some faults might have
formed af ter Cu min er ali sa tion whereas oth ers might have
been co eval with the pre cious met als min er ali sa tion (Pie-
czonka & Piestrzyñski, 2001). Shift ing of pre cious met als
ho ri zons re sults from geo log i cal data in ter pre ta tion. Ex pla -
na tion of this fea ture re quires fur ther, de tailed stud ies on
tec ton ics and met als dis tri bu tion.

MOD EL ING OF GOLD CON TENT
VARI ABIL ITY AND AC CU RACY

OF GOLD RE SERVES ES TI MA TIONS

Re view of re cent ap pli ca tions of sta tis ti cal and
geostatistical meth ods to the es ti ma tions of gold

de posit pa ram e ters

Ac cord ing to Sharapov (1971), sta tis ti cal meth ods were 
ap plied for the first time in eco nomic and min ing ge ol ogy
over 100 years ago for es ti ma tions of er ror in av er age Au
con tent cal cu la tions made by Psaryev in 1899 for some Si -
be rian gold de pos its.

Most of avail able pa pers on sta tis ti cal/geostatistical
meth ods ap plied to gold de pos its re fer to those hosted in the
Witwatersrand reef com plex in South Af rica. An in ter est ing 
dis tri bu tion model of Au grades in a de posit lead ing to
log-nor mal prob a bil ity dis tri bu tion of this pa ram e ter was
pro posed by de Wijs (1953). His re sults were ap plied by
Krige and Ueckermann (1963), and Krige (1968, 1976,
1978) to the de vel op ment of a new geostatistical es ti ma tion
method of Au con tents and re serves (then called “kriging”
in or der to honor D.G. Krige) as well as to quan ti fi ca tion of
sam pling er rors. The au thors men tioned above ap plied also

other sta tis ti cal meth ods: cor re la tion, mul ti di men sional re -
gres sion and trend anal y sis. The op ti mi za tion of sam pling
grid in South Af ri can de pos its was stud ied by Rendu
(1976). Clifton et al. (1969) in ves ti gated the proper size of
sam ples taken from a de posit, which would en sure the re -
quired ac cu racy of Au grade es ti ma tion. The er ror of sam ple 
prep a ra tion for chem i cal anal y ses was es ti mated with the
mod i fied method de vel oped by Gy (1983), who con sid ered
the spe cific char ac ter of Au con cen tra tion and oc cur rence
(Ottley, 1965).

Es ti ma tion of Au re serves and qual ity of par tic u lar de -
pos its re quired more ad vanced, para met ric and nonparame
-tric geostatistical meth ods (dis junc tive, in di ca tor and prob -
a bil ity kriging), as shown by Kim et al. (1987) for Au-Ag
de posit in Ne vada, USA, by Sullivan (1984) and Verly and
Sullivan (1985) for Jerritt Can yon de posit, Ne vada, USA,
and by Chiles and Liao (1992).

Parker (1991) pro posed a new ap proach to the prob lem
of out li ers in the as sess ment of av er age Au grade at the Sun- 
nyside Mine (Col o rado), Jerritt Can yon and Sleeper mines
(Ne vada) in the USA. Ex am ples of geostatistical de scrip -
tions with semivariograms ap plied to stud ies on vari abil ity
struc ture of Au con tents can be found in Armstrong (1998),
whereas the de vel op ment of in te grated sys tem for Au de -
pos its val i da tion in the Witwatersrand reef com plex was
pre sented by Camisani-Calzolari et al. (1992).

The world lit er a ture deal ing with math e mat i cal eval u a -
tion of Au de pos its is very abun dant. The pre sented above,
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Fig. 89. Sam ples lo ca tion in mine work ings of the Cu-Ag ore de -
posit Polkowice-Sieroszowice and dis tin guished parts and ar eas of 
gold con tent es ti ma tion. PP – sub-eco nomic part of the de posit, PB 
– eco nomic part of the de posit; A, B, C – ar eas of ex plo ra tion, C1 – 
sub-area of ex plo ra tion



brief re view of most im por tant pa pers il lus trates the wide
range of prob lems re lated to es ti ma tions of ore grades and
re serves ap plied in ex plo ra tion for and sam pling of Au de -
pos its.

The scope of stud ies and the source ma te ri als

The fol low ing re port con tains the re sults of sta tis ti cal
and geostatistical stud ies on vari abil ity and es ti ma tion ac cu -
racy of Au grade, and re lated pa ram e ters in a part of the
Polkowice-Sieroszowice Cu-Ag de posit. The source ma te -
ri als were the re sults of chem i cal anal y ses for Au in point
sam ples col lected from mine work ings along ver ti cal lines
(cor re spond ing to lithostratigraphic se quences) with 20 cm
spac ing. To tally, 1,171 sam pling sites were in cluded. For
each sam pling site av er age Au con tents were cal cu lated for
lithological va ri et ies of host rocks and for the whole eco -
nomic-grade de posit. The study area to gether with lo cal iza -
tion of sam pling sites are shown in Fig. 89.

Tak ing into ac count the clus ter ing of sam pling sites (as
an only cri te rion), two parts were dis tin guished in the study
area: sub-eco nomic (PP) and eco nomic (PB). In the lat ter
four ex plo ra tion ar eas were con toured: A, B and C (A+B+C
= PB), and C1 (a sub-area sam pled in pre vi ous re search pro -
ject). Such pro ce dure aimed to com pare variabilities and Au 
con tents in var i ous parts of study area, and to rec og nize the
ar eal vari abil ity of Au grade.

Apart from Au con tent, de posit thick ness M [m] and
prod uct of both pa ram e ters: Au*M [ppm×m] (named ”lin ear
ac cu mu la tion in dex”) were con sid ered. The lat ter pa ram e ter 
is an equiv a lent of “me ter*Cu per cent” in dex ap plied by the 
Lubin Cop per Com pany for con tour ing the eco nomic-grade 
Cu-Ag de posit (see Reg u la tion…, 2001). Thick ness of Au
de posit was de ter mined as a dis tance be tween two ex treme
point sam ples in ver ti cal se quence, in which Au grades ex -
ceeded cut-off value = 0.5 ppm. The de posit was cat e go -
rized as eco nomic-grade if arith me tic mean of Au con tents
in point sam ples en closed be tween the ex treme sam ples was 
higher than 0.5 ppm.

Meth od ol ogy

For ini tial de scrip tion of vari abil ity pa ram e ters the clas -
sic sta tis ti cal meth ods were ap plied, i.e. his to grams char ac -
ter iz ing the proba bil is tic vari abil ity struc ture of pa ram e ters
and cal cu la tions of prin ci pal vari abil ity mea sures of de posit
pa ram e ters: arith me tic mean (as a mea sure of cen tral ten -
dency), vari ance, vari abil ity co ef fi cients (as dis per sion
measures) and asym me try co ef fi cient (as a mea sure of dis -
tri bu tion skew ness). Ad di tion ally, the per cent age was cal -
cu lated of sam ples (Nb) which met the ac cepted cut-off
grade (Au>0.5 ppm).

The fol low ing for mu lae were ap plied:
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where: N – num ber of data (= num ber of col lected sam ples), 
zi – value of an a lyzed pa ram e ter in an “i”-th sam ple.

Vari abil ity struc ture of de posit pa ram e ters was an a -
lyzed with geostatistical method de vel oped by Matheron
(1962, 1963). Ap pli ca tion of this method to geo log i cal and
min ing-en gi neer ing prac tices was de scribed in de tails e.g.,
by Da vid (1977), Journel and Huijbregts (1978), Isaaks and
Srivastawy (1989), and Armstrong (1998). Thus, semi-
variograms were used for ex am i na tion of pa ram e ters vari -
abil ity (di rec tional and av er aged for all di rec tions), ran dom
and non-ran dom vari abil ity com po nents were se lected,
autocorrelation range was de ter mined as well as geostatis-
tical vari abil ity mod els were ver i fied with the cross-val i da -
tion test.

The semivariograms are usu ally vi su al ized with scat ter
plots and char ac ter ize the power of di ver si fi ca tion of pa -
ram e ters ex pressed as av er age squared in cre ments (or di -
nates axis) ver sus av er age dis tance be tween mea sure ment
points of pa ram e ters (ab scis sae axis).

The for mula for cal cu la tion of em pir i cal semivariogram 
for data de rived from de posit sam pling is:

g( ) ( )h
N

z z
h

i

N

i h

h

= -å +

1 2

where: – num ber of sam ples pairs dis tant by ”h”,
zi, zi+h – val ues of an a lyzed pa ram e ter in points dis tant by
”h”

Geostatistical mod els are con tin u ous math e mat i cal
func tions per mit ted by the the ory of geostatistics, which ap -
prox i mate the em pir i cal semivariograms.
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Ta ble 49

Sta tis tics of Au con tents [ppm] in stud ied parts
of the Polkowice-Sieroszowice de posit

Study area N
Nb [%]

Au>0.5 ppm
 z

[ppm]
s2

[ppm]2
v

[%]
g1

Whole study
area PB+PP

1,171 62.7
2.24

[0.0-37.4]
15.2 173.6 4.02

Economic-
grade deposit
PB=A+B+C

1,000 69.2
2.54

[0.0-37.4]
16.9 161.7 3.81

Exploration
area A

310 69.8
2.81

[0.0-29.3]
16.4 144.2 3.14

Exploration
area B

362 62.6
2.76

[0.0-37.4]
24.9 180.9 3.78

Exploration
area C

328 76.4
2.05

[0.0-21.4]
8.2 140.2 3.19

Exploration
sub-area C1

167 81.4
2.40

[0.0-21.4]
11.1 138.6 2.87

Sub-economi
c deposit PP

171 24.9
0.51

[0.0-9.7]
1.7 256.0 3.92

N – num ber of data (= num ber of col lected sam ples)
Nb – per cent age of sam ples above the cut-off grade (>0.5ppm)
z – arith me tic mean and [    ] – out li ers
s2 – vari ance, v – vari abil ity co ef fi cient, g1 – asym me try co ef fi cient



Es ti ma tion ac cu racy of av er age val ues of de posit pa -
ram e ters in cal cu la tion blocks and in spe cific points of the
de posit were de ter mined with the kriging method. This pro -
ce dure con sid ers both the al ready de ter mined geostatistical
vari abil ity mod els fit ted to point semivariograms as well as
mu tual con fig u ra tion of sam pling sites, their po si tion in an -
a lyzed cal cu la tion block or in the whole de posit, di men sions 
and shape of par tic u lar block. When com pared with other
meth ods, the kriging pro vides most ac cu rate es ti ma tions of
pa ram e ters.

The range of pro ce dures char ac ter ized above was ap -
plied to both the full data pop u la tion and the par tic u lar sub -
sets rep re sent ing se lected parts of study area.

Re sults

Sta tis ti cal data pro cess ing
The re sults of all sta tis ti cal cal cu la tions for se lected ar -

eas are listed in Ta bles 49, 50 and 51 (for the ver ti cal se -
quence of whole de posit) and in Ta ble 52 for par tic u lar
host-rocks. His to grams of de posit pa ram e ters val ues for se -
lected data sets are pre sented in Figs 90 and 91.

Anal y sis of sta tis ti cal data and his to grams al lowed the
au thor to for mu late sev eral re marks on the vari abil ity char -
ac ter of stud ied de posit pa ram e ters.

Dis tri bu tion of Au con tents can be re garded as typ i cal
of the most of trace and ac com pa ny ing el e ments in the
Cu-Ag de posit of the Fore-Sudetic Monocline. It is re -
flected, first of all, by strong asym me try of dis tri bu tion with 
skew ness co ef fi cients about 3–4 and very high (v =100–
150%) or ex tremely high (v>150%) vari abil ity ex pressed
by vari abil ity co ef fi cient.

Among the stud ied parts and ar eas (Fig. 89) the north -
ern part showed ex cep tion ally low Au grades, close to the
ac cepted cut-off value. Only 25% of sam ples from this part

re vealed Au con tents in the se quence over 0.5 ppm. More -
over, these sam ples were ran domly dis trib uted over the
whole north ern part and did not form larger clus ters, which
would en able the au thor to rea son ably con tour the zones of
Au con tent over 0.5 ppm. Hence, the whole north ern part of
study area was cat e go rized as sub eco nomic de posit (PP).

The ex plo ra tion ar eas (A, B and C), which con sti tute
the eco nomic-grade de posit (PB) show sim i lar mean Au
con tents within the class 2.1–2.5 ppm and sim i lar per cent -
ages of sam ples over cut-off grade (63–70%).

The two other de posit pa ram e ters: thick ness and lin ear
ac cu mu la tion in dex re veal sim i lar reg u lar i ties. Mean thick -
nesses of eco nomic-grade de posit in se lected parts and ar eas 
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Ta ble 50

Sta tis tics of de posit thick ness M [m] in stud ied parts of the 
Polkowice-Sieroszowice de posit

Study area N
Nb

[%]
z

[m]
s2

[m]2
v

[%]
g1

Whole study
area PB+PP

1,171 62.7
0.22

[0.0-1.6]
0.07 123.6 3.49

Economic-
grade deposit
PB=A+B+C

1,000 69.2
0.25

[0.0-1.6]
0.08 113.0 1.54

Exploration
area A

310 69.8
0.25

[0.0-1.6]
0.08 111.3 1.76

Exploration
area B

362 62.6
0.17

[0.0-1.3]
0.05 121.9 1.71

Exploration
area C

328 76.4
0.33

[0.0-1.4]
0.10 98.8 1.05

Exploration
sub-area C1

167 81.4
0.33

[0.0-1.3]
0.10 92.8 1.06

Sub-economic
deposit PP

171 24.9
0.06

[0.0 - 0.8]
0.02 224.5 3.12

For ex pla na tion of sym bols see Ta ble 49

Ta ble 51

Sta tis tics of Au lin ear ac cu mu la tion in dex Au*M [ppm*m]
in stud ied parts of the Polkowice-Sieroszowice de posit

Study area N
Nb

[%]
z

[ppm×m]
s2

[ppm×m]2
v

[%]
g1

Whole study
area PB+PP

1,171 62.7
0.62

[0.0-10.0]
0.98 160.4 3.49

Economic-
grade deposit
PB=A+B+C

1,000 69.2
0.71

[0.0-10.0]
1.09 147.6 3.29

Exploration
area A

310 69.8
0.93

[0.0-10.0]
1.99 152.1 2.79

Exploration
area B

362 62.6
0.58

[0.0-6.9]
0.76 149.4 2.71

Exploration
area C

328 76.4
0.63

[0.0-6.8]
0.53 115.1 3.03

Exploration
sub-area C1

167 81,.4
0.66

[0.0-3.4]
0.40 96.5 1.46

Sub-economic
deposit PP

171 24.9
0.10

[0.0-1.5]
0.07 252.3 3.27

For ex pla na tion of sym bols see Ta ble 49

Ta ble 52

Sta tis tics of Au con tents, de posit thick ness and lin ear ac cu -
mu la tion in dex for par tic u lar host-rocks

(only for eco nomic-grade de posit PB=A+B+C)

Para-
meter

Lithology N
Nb

[%]
 z s2 v g1

Au
[ppm]

carbonates 1,000 2.3 0.08 0.5 869.5 13.2

Kupfer-
schiefer

1,000 30.3 0.96 7.0 275.2 5.18

sandstones 1,000 54.0 2.23 22.4 212.2 5.56

M
[m]

carbonates 1,000 2.3 0.01 0.00 827.8 12.4

Kupfer-
schiefer

1,000 30.3 0.06 0.01 178.5 1.86

sandstones 1,000 54.0 0.18 0.07 145.3 1.87

Au×M
[ppm×m]

carbonates 1,000 2.3 0.02 0.04 854.2 11.6

Kupfer-
schiefer

1,000 30.3 0.16 0.16 255.6 4.35

sandstones 1,000 54.0 0.53 0.93 181.9 3.86

For ex pla na tion of sym bols see Ta ble 49
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Fig. 90. His to grams of the gold con tent for the dis tin guished parts of the de posit. a – all sam ples, b – eco nomic part of the de posit, c –
sub-eco nomic part of the de posit
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Fig. 91. His to grams of the gold ac cu mu la tion [Au*M] for the dis tin guished parts of the de posit. a – all sam ples, b – eco nomic part of the
de posit, c – sub-eco nomic part of the de posit



fall into the range 0.17–0.33 m, whereas mean thick ness of
sub-eco nomic de posit is only 0.06 m. Vari abil ity co ef fi -
cients for thick ness are some what lower than those for Au
con tents – v: 100–120% for eco nomic-grade de pos its and
225% for sub-eco nomic de posit whereas asym me try co ef fi -
cients are sig nif i cantly lower for the eco nomic-grade de -
posit (1.1–1.8) but ex ceed 3 for sub-eco nomic de posit.

The lin ear ac cu mu la tion co ef fi cient shows vari abil ity
struc ture sim i lar to that of Au grade, par tic u larly if one com -
pares vari abil ity co ef fi cients (115–152% for eco nomic-
grade de posit) and asym me try co ef fi cients, which fall into
the range 2.8–3.0 at mean lin ear ac cu mu la tion in dex val ues
0.6–0.9 [ppm×m]. In the subeconomic part of Au de posit
mean value of this pa ram e ter is only 0.1 [ppm×m] at high
vari abil ity co ef fi cient (252 %) and asym me try co ef fi cient
3.3.

For par tic u lar host-rocks sig nif i cant dif fer ences were
ob served in per cent ages of sam ples with Au con tents over
cut-off grade (Au>0.5 ppm). Only 2.3% of sam ples from the 
Zechstein Lime stone car bon ates met this cri te rion whereas
for the Kupferschiefer and the Weissliegend sand stone
much higher val ues were cal cu lated: 30.3 and 54.0%, re -
spec tively. Si mul ta neously, the sand stone showed the high -
est mean val ues of de posit pa ram e ters: Au con tent (2.2 ppm
Au), thick ness (0.18 m) and lin ear ac cu mu la tion in dex (0.53 

ppm*m) whereas the vari abil ity co ef fi cients of de posit pa -
ram e ters was the low est among the host-rocks (145–212%).

Geostatistical anal y sis of vari abil ity struc ture
The vari abil ity struc ture of de posit pa ram e ters was

char ac ter ized with the geostatistical method af ter Matheron
(1962, 1963) ap ply ing var i ous semivariograms. First, the
di rec tional vari abil ity of was an a lyzed with the Variowin
soft ware. The re sults are dis played in maps (Fig. 92).

Anal y sis of maps in di cates sim i lar di ver si fi ca tion val -
ues of three de posit pa ram e ters in all di rec tions. This jus ti -
fies the as sump tion on iso tro pic vari abil ity struc ture of
these pa ram e ters. There fore, the iso tro pic semivariograms
en sure the suf fi ciently ac cu rate de scrip tion of vari abil ity
struc ture. These semivariograms show di ver si fi ca tion of pa -
ram e ters de pend ent only on the dis tances be tween var i ous
points in the de posit (ex clud ing the spa tial ori en ta tion of
lines con nect ing these points).

Semivariograms of stud ied pa ram e ters to gether with
fit ting the o ret i cal mod els for the whole study area and for
the dis tin guished parts are il lus trated in Figs 93 and 94. The
fol low ing geostatistical vari abil ity mod els were ap plied:
spher i cal, ex po nen tial, Gauss and ran dom, gen er al ized
math e mat i cal equa tions of which are shown in Fig. 93 and
in Tab. 53.
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Fig. 92. Map of semivariogram sur faces of the gold con tent [Au], de posit thick ness [M] and gold ac cu mu la tion [Au*M] for the eco -
nomic part of the de posit



The equa tions of geostatistical mod els (in sim pli fied
and full no ta tions) used for ap prox i ma tions of semivario-
grams are:
spher i cal model: g( ) ( / )h C Csph h a= +0

g( )h C C
h

a
= + -

é
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ù
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expotential model: g( ) exp( / )h C C h a= +0
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Gauss model: g( ) ( / )h C CGaus h a= +0
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ran dom model: g( )h C= 0 ;
where: C0 – vari ance of lo cal vari abil ity (ran dom com po -
nent of vari abil ity), C – vari ance of spa tial vari abil ity
(non-ran dom com po nent of vari abil ity), a – range of semi-
variogram (autocorrelation)

Anal y sis of cal cu lated semivariograms and geostatis-
tical vari abil ity mod els re veals sev eral com mon fea tures for
Au con tent and lin ear ac cu mu la tion in dex. Di ver si fi ca tion
of these pa ram e ters is very high even in ad ja cent sam pling
sites and only in sig nif i cantly in creases with the dis tance be -
tween the sites. Such re sult is well-known from the pa pers
by Krige pub lished in the early 1950-ties and re ferred to
South-Af ri can Au de pos its. Strong lo cal vari abil ity of Au
con tents re sult ing from the ap pear ance of nug gets was
rather un for tu nately named by Krige as the “nug get ef fect”.
Such vari abil ity char ac ter dom i nated by lo cal vari abil ity
gen er ally en ables us to ap ply clas sic geostatistical meth ods
for so lu tion of prac ti cal, geo log i cal and min ing-en gi neer ing 
prob lems.

Thick ness of de posit re veals much less pro nounced lo -
cal vari abil ity and dis tinct in crease of semivariograms val -
ues with the in creas ing dis tance be tween the sam pling sites.
That means more pro nounced in flu ence of non-ran dom
vari abil ity com po nent, which re flects the reg u lar i ties in its
changes in the de posit than that of Au con tent and lin ear ac -
cu mu la tion in dex.

Ad di tion ally, in or der to ver ify the es ti ma tions cor rect -
ness of mean val ues of de posit pa ram e ters in the se lected
parts of the de posit, so-called rel a tive semivariograms were
cal cu lated and the o ret i cal mod els were fit ted, ac cord ing to
equa tions pre sented in Tab. 53. The rel a tive semivario-
grams are ob tained by di vi sion of val ues of ba sic semi-
variograms (cal cu lated from the for mula given in chap ter
“Dis tri bu tion...”) by the square of mean value of given pa -
ram e ter.

Such at tempt en ables one to com pare variabilities of
var i ous pa ram e ters or the same pa ram e ters in var i ous parts
of a de posit. Ex am ples of rel a tive semivariograms are

shown in Fig. 94 (ex clu sively for eco nomic-grade de posit).
The rel a tive semivariograms do not con trib ute to the

knowl edge of vari abil ity struc ture of the pa ram e ters, ex cept
for con fir ma tion of ear lier con clu sions. How ever, these be -
come im por tant if ac cu racy of pa ram e ters es ti ma tion in cal -
cu la tion blocks and points is eval u ated as these al low us to
de ter mine di rectly the rel a tive er rors and pro vide con trols
for cal cu la tions based upon the semivariograms.

Es ti ma tion of the er ror of sam ple prep a ra tion for
chem i cal anal y ses with the for mula af ter Pi erre Gy

The vari ance of lo cal vari abil ity quan ti fied in a geo-
sta tis ti cal model as an ab so lute term (C0) is a sum of vari -
ances char ac ter iz ing the vari abil ity of par tic u lar pa ram e ter
in a small scale of ob ser va tion (lower than ba sic sam pling
grid) and the vari ance of the er ror of sam ple prep a ra tion for
chem i cal anal y ses (so-called “vari ance of sec ond ary sam -
pling er ror”, Deverly, 1983) and the chem i cal an a lyt i cal er -
ror it self. The vari ance of sec ond ary sam pling er ror can be
de ter mined with the high est cred i bil ity from the for mula
pro posed by the cre ator of the com pre hen sive the ory of
sam pling, Pi erre Gy (Gy, 1983).

The to tal (rel a tive) vari ance of the er ror of sam ple prep -
a ra tion for chem i cal anal y ses s2

T is not higher than dou bled 
vari ance of sam ple re duc tion  s2

FE, i.e.: s2
TE £ 2s2

FE
(Scott & Whateley, 1995). This bound ary, max i mum, to tal
vari ance s2

TE = 2s2
FE can be ac cepted as a ”safe” mea sure

of the pre ci sion of sam ple prep a ra tion for chem i cal anal y -
ses.

The vari ance of sam ple re duc tion called the ”fun da -
men tal er ror” is given by the for mula:

[ ]s2

11

31 1
FE

M M
m f g l d

i ii

N

i i i= -
æ

è
ç
ç

ö

ø
÷
÷× × × × ×

-=

å

where: N – num ber of grain size re duc tion stages, Mi – mass 
of re duced sam ple at the “i” stage of grain size re duc tion
[g], m – pa ram e ter rep re sent ing min eral com po si tion
[g/cm3], f – pa ram e ter rep re sent ing the grain shape, gi – pa -
ram e ter rep re sent ing the dis tri bu tion of grain size, li – co ef -
fi cient of grain lib er a tion from inter growths (quan ti fied as 
li

d

d
L

i
=  – where: dL – di am e ter of small est inter growths

(taken here as dL = 5 µm = 0.005 mm), di – equiv a lent di am -
e ter of larg est grains af ter each stage of grain size re duc tion
[mm]

In the case of gold min er als the es ti ma tion of the vari -
ance of sam ple prep a ra tion for chem i cal anal y ses is dif fi cult 
due to rather lim ited es ti ma tion cred i bil ity of in di vid ual
com po nents in the Gy for mula. It par tic u larly con cerns the
grain size dis tri bu tion in sam ple and the quan ti ta tive es ti ma -
tion of lib er ated gold grains at given stages of grain size re -
duc tion in given sam ple. For cal cu la tions the two ex treme
vari ants were con sid ered:

– all the gold grains are free,
– all the gold grains oc cur in inter growths with other

min er als.
For the first case the fol low ing val ues of sam pling pa -

ram e ters were taken (Ottley, 1965):
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m = g / z (spe cific grav ity of Au/mean con tent of Au) =
19.5/2.5g/cm3×ppm = 7.8×106g/cm3

f = g = 0.2 and l = 1
d – di am e ter of larg est na tive gold grains, taken as d = 0.04
cm af ter Pieczonka (1998).

For the sec ond case the cal cu la tions should fol low the
ba sic for mula and par tic u lar pa ram e ters should be red from
rel e vant ta bles and ex pres sions.

In both cases the masses of sam ples at the two stages of
grain size re duc tion are the same: M0 = 1000g, M1 = 50g,
M2 = 35g (M0 – mass of a sam ple col lected from the de -
posit, M1 – mass of re duced sam ple af ter first grain size re -

duc tion stage down to max i mum di am e ter d1 = 1mm, M2 –
mass of sam ple col lected for anal y sis af ter sam ple mill ing to 
max i mum grain di am e ter d2 = 0.07mm).

At the above pre sented as sump tions the es ti ma tion of
rel a tive vari ances of grain size re duc tion s2

FE and the to tal
er ror of sam ple prep a ra tion for chem i cal anal y ses s2

TE are
as fol lows:

– all na tive Au grains free of inter growths:
s2

FE = (1/35 – 1/1000)×7.8×1060.20.2×10.043=0.55
andi s2

TE = 1.10
– all na tive Au grains in inter growths:
(at the lib er a tion co ef fi cients of na tive Au grains from
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Fig. 93. Semivariograms and geostatistical mod els of the gold con tent vari abil ity in the dis tin guished parts of the de posit. a – all sam -
ples, b – eco nomic part of the de posit, c – sub-eco nomic part of the de posit



inter growths at the two stages of comminution:
l1  = Ö0.005/l = 0.071, l2=Ö0.005/0.07=0.27)
s2

FE = (1/50 – 1/1000)×7.8×106×0.2×0.25×0.0710.13 +
+ (1/35 – 1/50)×7.8×106×0.2×0.25×0.27×0.0073) = 0.526 +
0.0003 = 0.53
and s2

TE = 1.06

The re sults ob tained for both vari ants of na tive Au oc -
cur rence are sur pris ingly sim i lar and, de spite sev eral sim pli -
fi ca tions, these re sults jus tify the sup po si tion that er rors of
sam ple prep a ra tion for chem i cal anal y ses can sig nif i cantly
in flu ence the ac cu racy of es ti ma tions of Au con tents and re -
serves. The value of the vari ance of to tal sam ple prep a ra tion 
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Fig. 94. Rel a tive semivariograms and geostatistical mod els of the gold con tent [Au], de posit thick ness [M] and gold ac cu mu la tion
[Au×M] vari abil ity for the eco nomic part of the de posit. (Range of cal cu la tion: 5 000 m)

Ta ble 53

Mod els of se lected rel a tive semivariograms of gold de posit pa ram e ters
(mod els equa tions were ex plained in chap ter “Dis tri bu tion...”)

Area Au [ppm] M [m] Au*M [ppm×m]

Economic-grade deposit**(PB)PB =
A+B+C*

gR(h) = 2.2+1.0Gaus(h/4500) gR(h) = 0.8+0.77Gaus(h/4300) gR(h) =1.6+1.0 Gaus(h/4000)

gR(h) = 2.35 gR(h) = 0.76+0.3sph(h/650) gR(h) = 1.82

Exploration area A* gR(h) = 1.7+0.37sph(h/1700) gR(h) = 0.88+0.4sph(h/1500) gR(h) = 2.3

Exploration area B* gR(h) = 2.8+0.8Gaus(h/1300) gR(h) = 0.87+0.72sph(h/1400) gR(h) = 1.20 + 1.25 sph(h/700)

Exploration area C* gR(h) = 1.48+0.38sph(h/1200) gR(h) = 0.36+0.48sph(h/450) gR(h) = 0.93

Exploration sub-area C1* gR(h) = 1.65+0.5sph(h/2000) gR(h) = 0.34+0.53sph(h/300) gR(h) = 0.75 + 0.3 sph(h/2000)

Sub-economic deposit (PP)* gR(h) = 5.1+3.4sph(h/480) gR(h) = 7.5 gR(h) = 10.0

** – ap pli ca bil ity dis tance – up to 5 km; * – ap pli ca bil ity dis tance – up to 2 km



er ror (s2
TE =1.10) re lated to the vari ance of lo cal vari abil ity 

(C0=2.2) in the rel a tive model of Au con tent for the eco -
nomic-grade part of the de posit (Tab. 53) con sti tutes 50%,
as il lus trated in Fig. 95. It means that the ob served vari abil -
ity of metal con tent is highly over es ti mated due to ap par ent
vari abil ity caused by the sam ple prep a ra tion er rors. Si mul -
ta neously, some op por tu ni ties arise of the im prove ment of
es ti ma tion ac cu racy of Au re serves by the change in sam ple
prep a ra tion pro ce dure for chem i cal anal y ses, which may re -
sult in the re duc tion of sec ond ary sam pling er ror. How ever,
it re quires the ver i fi ca tion of es ti mated vari ances, which, in
turn, de pends on pre cise de ter mi na tion of grain size dis tri -
bu tion in sam ples and the de gree of grain lib er a tion from
inter growths at var i ous stages of grain comminution.

As com pared to the sec ond ary sam pling er rors, the an a -
lyt i cal er rors are of mi nor im por tance (Scott, Whateley,
1995) and were ne glected in fur ther con sid er ations.
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Ta ble 54

Es ti ma tion er rors of mean val ues of Au de posit pa ram e ters
for ex plo ra tion area A de ter mined with the block kriging

Coordinates of
the center of
calculation
block

Block
dimensions

[m]
N

sk[Au]

[%]
sk[M]

[%]
sk[AuxM]

[%]

X0=65300,
Y0=26000

200×200 12 39.1 29.4 43.8

500×500 34 25.8 20.7 26.0

800×800 40 23.5 18.8 24.0

N – num ber of sam ples, 
sk – stan dard rel a tive es ti ma tion er ror of mean value of a de posit pa ram e ter
[Au] – Au con tent, [M] – de posit thick ness, [Au*M] – lin ear ac cu mu la tion
in dex

Ta ble 55

Es ti ma tion er rors of mean val ues of Au de posit pa ram e ters
for ex plo ra tion area B de ter mined with the block kriging

Coordinates of
the center of
calculation
block

Block
dimensions

[m]
N

sk[Au]

[%]
sk[M]

[%]
sk[AuxM]

[%]

X0=68700
Y0=19000

200×200 55 22.7 15.4 16.9

500×500 62 21.7 14.7 15.9

800×800 63 24.9 21.7 22.0

For ex pla na tion of sym bols see Ta ble 54

Ta ble 56

Es ti ma tion er rors of mean val ues of Au de posit pa ram e ters
for ex plo ra tion area C de ter mined with the block kriging

Coordinates of
the center of
calculation
block

Block
dimensions

[m]
N

sk[Au]

[%]
sk[M]

[%]
sk[AuxM]

[%

X0=69700
Y0=18300

200×200 21 29.5 19.2 21.0

500×500 56 19.1 14.9 12.9

800×800 58 19.1 17.1 12.7

For ex pla na tion of sym bols see Ta ble 54

Fig. 95. Con tri bu tion of the to tal sam pling er ror vari ance to the global vari abil ity of the gold con tent rep re sented by rel a tive
semivariogram (the eco nomic part of the de posit – PB=A+B+C). s2

TE – vari ance of the to tal sam pling er ror



Es ti ma tion ac cu racy of mean val ues of de posit
pa ram e ters in cal cu la tion blocks

The es ti ma tion ac cu racy of mean val ues of de posit pa -
ram e ters were stud ied in three vari ants of cal cu la tion blocks 
of di men sions: 200×200 m, 500×500 m and 800×800 m.
The area of the larg est block cor re sponds to the to tal area of
Cu-Ag de posit worked out dur ing 1 year of ex ploi ta tion.
Each stud ied block was lo cal ized within the se lected zones
of high est sam pling den sity (co or di nates of the cen ters of
blocks are quoted in Ta bles 54, 55 and 56). The val ues of
rel a tive es ti ma tion er rors of mean de posit pa ram e ters were
de ter mined with the block kriging pro ce dure based upon the 
rel a tive geostatistical mod els (Tab. 53).

At the ap plied sam pling sys tem the es ti ma tion ac cu racy 
of mean Au con tents in cal cu la tion blocks is gen er ally low.
For the larg est block the rel a tive (stan dard) er rors of mean
Au con tent fall into the range of 18–25% and those of Au
lin ear ac cu mu la tion (prac ti cally equiv a lent to Au re serves)
are be tween 13 and 24%. From the for mal point of view
such val ues cor re spond to the high est ac cu racy re quired for
de posit as sess ment cat e go ries C2 and C1, re spec tively.

Es ti ma tion ac cu racy for de posit thick ness is only
slightly higher that those for above men tioned pa ram e ters as 
the er rors are be tween 13 and 22%.

For cal cu la tion blocks 200×200m es ti ma tion er rors are
very high and may ex ceed even 40%, which in di cates
highly un sat is fac tory ac cu racy of de posit pa ram e ters es ti -
ma tions in too small blocks.

De ter mi na tion of the min i mum num ber of sam ples
re quired for pre sumed ac cu racy

of de posit pa ram e ters es ti ma tions

Due to the dom i nance of ran dom com po nent in over all
vari abil ity of de posit pa ram e ters, the suf fi ciently cred i ble
de ter mi na tion of the min i mum num ber of sam ples re quired
for es ti ma tion of mean val ues of de posit pa ram e ters at pre -
sumed ac cu racy can be done with the fol low ing for mula:

Nmin =  t2v2/ e2
wmax

where: t = 2 – pa ram e ter for prob a bil ity 95%, v – vari abil ity
co ef fi cient [%], ewmax – per mis si ble (max i mum) rel a tive es -
ti ma tion er ror of mean val ues of de posit pa ram e ters [%].

In cal cu la tions the re quire ments for de posit as sess ment
cat e go ries A, B and C1 were taken into ac count for which
the per mis si ble es ti ma tion er rors at prob a bil ity P = 0.95 are
10%, 20% and 30%, re spec tively. The de ter mined min i -
mum num bers of sam ples should guar an tee the re quired es -
ti ma tion ac cu racy of mean val ues of de posit pa ram e ters at
the risk be low 5%.

The re sults of cal cu la tions pre sented in Tab. 57 point
out that for es ti ma tion of mean Au con tent and Au re serves
un der the re quire ments of the as sess ment cat e gory A the
num ber of sam ples must be very high – from 530 to 1,309,
de pend ing on the part of de posit. It seems how ever, that for
Au, which is only an ac com pa ny ing el e ment in the Cu-Ag
de posit the re quire ments for as sess ment cat e gory C1 are
fully sat is fac tory. For this cat e gory the min i mum num ber of
sam ples nec es sary for proper es ti ma tion of Au con tent in
the eco nomic-grade de posit is 117 (for ex plo ra tion ar eas
con sid ered sep a rately: from 88 to 146) and that of lin ear ac -
cu mu la tion in dex (which prac ti cally cor re sponds to Au re -
serves) is 97 (from 59 to 103 for par tic u lar ex plo ra tion ar -
eas). Thus, it can be pro posed that the rough num ber of
about 100 sam ples should al lows us to es ti mate the Au de -
posit pa ram e ters and re serves in the eco nomic-grade de posit 
with the ac cu racy of the as sess ment cat e gory C1 (Tab. 57).

The de ter mi na tion of spac ing grid for sam pling in the
mine work ings re quires fur ther in for ma tion on the con sid -
ered sam pling area, to tal length of work ings and their lo cal -
iza tion.

Sum mary and con clu sions

1.Variabilities of Au con tent and lin ear ac cu mu la tion
in dex and, to lesser de gree, also the de posit thick ness can be 
de scribed as very high or ex tremely high, and prob a bil ity
dis tri bu tions of these pa ram e ters show strong pos i tive
asym me try. Both vari abil ity fea tures are typ i cal of most
trace el e ments hosted in the Cu-Ag de posit of the Lubin-
Sieroszowice Cop per Dis trict and cause se ri ous trou bles in
ac cu rate es ti ma tions of their mean con tents and re serves.

2. Vari abil ity of [Au] con tent and its daugh ter pa ram e -
ters is iso tro pic, which means that there are no priv i leged di -
rec tions in the de posit along which this de posit pa ram e ter is
clearly more or less di ver si fied than along other di rec tions.

3. The vari abil ity struc tures of [Au] con tent and [Au]
lin ear ac cu mu la tion in dex re veal very high con tri bu tion

 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 263

Ta ble 57

Min i mum num ber of sam ples re quired for es ti ma tion of mean de posit pa ram e ters at the ac cu racy of de posit as sess ment
cat e go ries A, B and C1

Deposit
assessment
category

Au M Au×M

R.A R.B R.C PB R.A R.B R.C PB R.A R.B R.C PB

A 832 1,309 787 1,046 496 595 391 511 926 893 530 871

B 208 328 197 262 124 149 98 128 232 224 133 218

C1 93 146 88 117 56 67 44 57 103 100 59 97

R.A, R.B, R.C – ex plo ra tion ar eas: A, B, C; PB – eco nomic-grade de posit



from ran dom com po nent, which jus ti fies in prac tice the ac -
cep tance of ran dom vari abil ity model of these pa ram e ters
and its ap pli ca tion for the sim ple sta tis ti cal for mu lae.

4. Sig nif i cant con tri bu tion to the ob served vari abil ity of 
[Au] con tent may orig i nate from the ap par ent vari abil ity re -
sult ing from er rors of sam ple prep a ra tion for chem i cal anal -
y ses. This as sump tion has im por tant prac ti cal im pli ca tions
for es ti ma tion ac cu racy of Au con tent and re serves but it
must be ver i fied by stud ies on grain size dis tri bu tion of sam -
ples and on the mode of Au oc cur rence in prod ucts of par -
tic u lar grain-size re duc tion stages.

5. Es ti ma tion ac cu racy of mean Au con tents and Au re -
serves in small cal cu la tion blocks (200×200 m) is very low
and meets the re quire ments only for as sess ment cat e gory D1
(hy po thet i cal re sources). For cal cu la tion blocks of ar eas
close to those worked out dur ing 1 year of Cu-Ag ore ex -
ploi ta tion (i.e. of di men sions 800×800 m) and at the sam -
pling sys tem ap plied in this pro ject the es ti ma tion ac cu racy
for mean Au con tent fits only to the cri te ria of de posit as -
sess ment cat e gory C2 and the es ti ma tion ac cu racy of Au re -
serves cor re sponds only to that re quired for as sess ment cat -
e gory C1.

6. It seems rea son able (and suf fi cient for prac ti cal pur -
poses) to ac cept the es ti ma tion ac cu racy of as sess ment cat e -
gory C1 (with per mis si ble er ror 30% at prob a bil ity level
P=95%) for es ti ma tions of mean Au con tents and Au re -
serves (re gard ing Au as an ac com pa ny ing el e ment in the

Cu-Ag de posit). How ever, such at tempt is pos si ble only for
cal cu la tion blocks in which at least 100 sam ples were col -
lected.

VARI ABIL ITY MOD EL ING AND ES TI MA TION
AC CU RACY OF (Pt+Pd) CON TENT

Source ma te rial

Both the vari abil ity de scrip tion and the ac cu racy es ti -
ma tion of to tal PGE (Pt+Pd) con tents were based upon
some what less abun dant da ta base than that for Au. The da -
ta base in cluded the re sults of chem i cal anal y ses of 604 sam -
ples col lected from the same parts of the Polkowice-Siero-
szowice de posit. The dis tri bu tion of sam pling sites for PGE
anal y ses is shown in Fig. 96 with the ba sic sta tis ti cal pa ram -
e ters quoted for dis tin guished ar eas. For com par i son the
sketch map of Au sam pling sites was in cluded. As for Au,
the whole study area was di vided into 4 parts cor re spond ing 
to most dense sam pling grids. More over, the same names
and sym bols of the ar eas were ap plied, as for Au de posit.
Both the sta tis ti cal and geostatistical anal y ses were made
sep a rately for the se lected parts.

The scope and meth od ol ogy of vari abil ity anal y sis of
Pt+Pd con tents were iden ti cal as for Au (see chap ter “Dis -
tri bu tion...”).
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Fig. 96. Sam ples lo ca tion for as say ing of the gold con tent [Au] and the plat i num and pal la dium con tent [Pt+Pd] in the Cu – Ag ore de -
posit Polkowice-Sieroszowice. PP – sub-eco nomic part of de posit, PB – eco nomic part of the de posit, A, B, C – ar eas of ex plo ra tion. N –
Num ber of sam ples, z – arith me tic mean, s – stan dard de vi a tion, v – co ef fi cient of vari a tion, Nb – pro por tion of sam ples with grade above
0.5 ppm



Sta tis ti cal char ac ter iza tion of Pt+Pd con tents

Re sults of cal cu la tions of prin ci pal sta tis ti cal pa ram e -
ters for Pt+Pd con tents in the whole study area and in dis tin -
guished parts are listed in Ta ble 58. Prob a bil ity dis tri bu -
tions of Pt+Pd con tents are dis played as his to grams in Fig.
97.

As con cluded from Ta ble 58, the study area is inhomo-
geneous from the point of view of both the mean Pt+Pd con -
tents and the in ten sity of their di ver si fi ca tion. Only the ex -
plo ra tion ar eas A and B show sim i lar i ties in sta tis ti cal pa -
ram e ters. The re main ing ar eas PP and C (par tic u larly the
PP) are much lower in PGE, as re vealed by lower mean val -
ues and by very low per cent ages of sam ples in which Pt+Pd
con tents ex ceed pre sumed cut-off value 0.5 ppm. If only the 
mean val ues are con sid ered, the dis tin guished ex plo ra tion
ar eas show iden ti cal reg u lar i ties in Au and Pt+Pd con tents.
How ever, no sta tis ti cally sig nif i cant cor re la tions were
found for Au and Pt+Pd con tents. Vari abil ity co ef fi cients
for Pt+Pd are higher than those for Au, which sug gests that
ac cu rate es ti ma tions of Pt+Pd mean con tents and re serves at 
the ap plied sam pling den sity will be even more dif fi cult
than in the case of Au. Sim i larly to Au, dis tri bu tions of Pt+
Pd con tents show strong pos i tive asym me try (Fig. 97) but
the vari abil ity range of asym me try co ef fi cient is higher.

Vari abil ity struc ture of Pt+Pd con tents

The vari abil ity struc ture of Pt+Pd con tents was stud ied
with the di rec tional and iso tro pic semivariograms to which
the the o ret i cal mod els were fit ted. Sim i larly to Au, di rec -
tional semivariograms dis played in color map (Fig. 98) did
not re veal priv i leged di rec tions along which the di ver sity of
Pt+Pd con tents would be dis tinctly higher or lower than
along other di rec tions. It is a suf fi cient ar gu ment sup port ing 
the work ing hy poth e sis on iso tro pic dis tri bu tion of Pt+Pd
con tents. Prac ti cal con se quence of this hy poth e sis is the in -
ves ti ga tion of Pt+Pd dis tri bu tion only with the av er aged
semivariograms for all di rec tions and their the o ret i cal mod -
els, ex am ples of which are shown in Fig. 99. Equa tions of
the o ret i cal mod els of rel a tive semivariograms are listed in
Ta ble 59.

Es ti ma tion ac cu racy for mean Pt+Pd con tents

Es ti ma tion ac cu racy of mean Pt+Pd con tents was stud -
ied with the block kriging method, sep a rately for each of
four ex plo ra tion ar eas (PP, A, B, C) and in 3 square cal cu la -
tion blocks of var i ous size (500×500 m, 1,000×1,000 m and
2,000×2,000 m) The larger sizes of blocks in com par i son
with those ap plied in the es ti ma tions of Au con tents (see
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Fig. 97. His to grams of the [Pt+Pd] con tent in the sub-eco nomic (PP) and eco nomic (PB) parts of the de posit



chap ter “Dis tri bu tion...”) re sulted from lower sam pling
den sity for PGE, due to which the num ber of data ob tained
for 200×200 m blocks ap peared to be in suf fi cient. All three
blocks of var i ous sizes were con cen tric. Co or di nates of
their cen ters are shown in Tab. 60. Cal cu la tions of stan dard
es ti ma tion er rors of mean Pt+Pd con tents were based upon
the rel a tive mod els of vari abil ity. Cal cu la tions for mod els of 
ba sic semivariograms made for a few cases were treated as
con trols. Three types of geostatistical mod els were ap plied:
lo cal (i.e. ex clu sively for data from a par tic u lar area), gen -
eral (for all data) and mod els for higher-grade ar eas con ven -
tion ally called the eco nomic-grade de posit (PB=A+B+C).
The re sults of cal cu la tions are pre sented in Tab. 60. The
larg est dis crep an cies in es ti ma tion ac cu racy were found in
the sub-eco nomic area (PP) of low est Pt+Pd con tents. The
lo cal model gave es ti ma tion er rors sev eral times higher than 
the gen eral model. For the re main ing ar eas es ti ma tion er rors 
cal cu lated with geostatistical method are sim i lar. The most
cred i ble are the re sults based upon lo cal geostatistical mod -
els. For ex plo ra tion ar eas en riched in Pt+Pd (A, B, C) good
re sults are pro vided also by the gen eral model.

How ever, these re sults have rather low prac ti cal im por -
tance due to sig nif i cant stan dard er rors of es ti ma tion which,
for cal cu la tion blocks lo cal ized in the A, B and C ex plo ra -
tion ar eas, fall into the range of 24–54% for lo cal mod els.
Low es ti ma tion ac cu racy of mean Pt+Pd con tents en ables
us to cat e go rize the rec og ni tion of these met als into the as -
sess ment cat e gory D1, thus, their re serves can be re garded
only as hy po thet i cal. For the sub-eco nomic area (PP) the
cal cu lated er rors are un re al is ti cally high: from 174 to 259%, 
de pend ing on the size of cal cu la tion blocks. Gen er ally, the
low es ti ma tion ac cu racy of Pt+Pd con tents and re serves is
caused by their high vari abil ity and low con tents of met als
(par tic u larly in PP area), which in flu ences the rel a tive es ti -
ma tion er rors, and by low den sity of sam pling grid.

De ter mi na tion of the min i mum num ber of sam ples
re quired for es ti ma tion of mean Pt+Pd con tents

with pre sumed ac cu racy

Due to high vari abil ity of Pt+Pd con tents the min i mum
num ber of sam ples was de ter mined only for the re quire -
ments of de posit as sess ment cat e go ries C1 and C2. For
higher as sess ment cat e go ries such de ter mi na tion seems to
be use less be cause of huge costs of sam pling, sam ple prep a -
ra tion and chem i cal anal y ses. Sim i larly to Au, the clas sic
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Ta ble 58

Sta tis tics of Pt+Pd con tents in the whole study area and in the ex plo ra tion ar eas

Study area N
Nb

[%]
z

[ppm]
Range [from - to]

[ppm]
s

[ppm]
v

[%]
g1

Whole study area PB+PP 614 24.1 0.29 0 - 3.92 0.60 210.8 2.58

Economic-grade deposit
PB=A+B+C

489 28.8 0.34 0 - 3.92 0.65 188.8 2.30

Exploration area A 331 33.8 0.43 0 - 3.92 0.73 167.4 1.92

Exploration area B 125 5.6 0.06 0 - 2.09 0.28 453.3 5.13

Exploration area C 168 37.5 0.46 0 - 2.83 0.67 147.0 1.30

Exploration sub-area C1 164 29.9 0.41 0 - 3.92 0.78 190.9 2.33

Sub-economic deposit PP 157 18.5 0.16 0 - 2.87 0.39 247.5 3.46

PB – Au eco nomic-grade de posit, PP – Au sub-eco nomic de posit, N – num ber of data, Nb – per cent age of sam ples with [Pt+Pd]>0.5ppm, z – mean con tent
(arith me tic), s – stan dard de vi a tion, v – vari abil ity co ef fi cient, g1 – asym me try co ef fi cient

Fig. 98. Map of semivariogram sur face of the [Pt+Pd] con tent

Ta ble 59

Mod els of rel a tive semivariograms of Pt+Pd con tents in
the whole study area and in the dis tin guished ex plo ra tion
ar eas. For ex pla na tion of for mu lae no ta tions see chap ter

“Dis tri bu tion....”)

Study area Model equation

Whole study area PB+PP g(h)=0.92+3.25sph(h/940)

Economic-grade deposit PB=A+B+C g(h)=0.88+2.85sph(h/750)

Exploration area A g(h)=0+50sph(h/500)

Exploration area B g(h)=0.4+1.75sph(h/600)

Exploration area C g(h)=0.15+5.35sph(h/1150)

Exploration sub-area C1 g(h)=3.2+0.001325h



 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 267

Fig. 99. Semivariogram (a) and rel a tive semivariogram (b) of the [Pt+Pd] con tent in the eco nomic part of the depositdata (PB+A+B+C)

Ta ble 60

Es ti ma tion of rel a tive stan dard er rors of mean [Pt+Pd] con tents with the kriging method
in cal cu la tion blocks of var i ous sizes

Study area(coordinates of the 
block center)

Block dimensions [m] and
number of samples  (N)

Local model General model Model for PB=A+B+C

Sub economic deposit PP
Y0 = 67000
X0 = 29000

500×500N=5 259% 69.3% nc

1,000×1,000N=16 220% 53.9% nc

2,000×2,000N=49 174% 44.1% nc

Exploration area A
Y0 = 65000
X0 = 24500

500×500N=18 53.5% 63.3% 65.3%

1,000×1,000N=39 37.2% 42.7% 44.6%

2,000×2,000N=64 28.6% 35.7% 35.3%

Exploration area B
Y0 = 67000
X0 = 20600

500×500N=24 35.0% 43.0% 43.9%

1,000×1,000N=50 24.3% 27.2% 27.9%

2,000×2,000N=59 45.7% 41.9% 40.1%

Exploration area C
Y0 = 70800
X0 = 18200

500×500N=23 42.9% 35.7% 36.4%

1,000×1,000N=62 28.4% 25.2% 25.9%

2,000×2,000N=64 30.6% 36.5% 35.5%



sta tis ti cal for mula was ap plied for es ti ma tion of the num ber
of sam ples. How ever, it must be taken into ac count that the
non-ran dom com po nent of vari abil ity is more pro nounced
for Pt+Pd than for Au, which may in flu ence the re sults.
Better re sults can be ex pected if geostatistical method is ap -
plied but this method re quires some ad di tional as sump tions
con cern ing the size of area for which Pt+Pd con tents are es -
ti mated, the de vel op ment mode of the area with mine work -
ings and the an tic i pated lo cal iza tion of sam pling sites. If
these data are lack ing the geostatistical kriging method can -
not be ap plied at the re cent stage of stud ies. Hence, the es ti -
ma tions of re quired num ber of sam ples made with the sta tis -
ti cal method, pre sented in Ta ble 61, should be re garded as
an ap prox i ma tion.

The re sults shown in Tab. 61 re veal enor mous dis per -
sion of prognozed amounts of sam ples – from 97 to 913
(from 97 to 273 for eco nomic de posit PB) for as sess ment
cat e gory C1 and from 54 to 514 (from 54 to 153 for eco -
nomic de posit PB) for as sess ment cat e gory C2. Ex tremely
high num bers of sam ples were es ti mated for the area of low -
est Pt+Pd con tents (sub-eco nomic de posit PP). This low-
grade de posit should not be taken as a ref er ence level for es -
ti ma tion of sam ple num bers as it re quires sev eral times
higher den sity of sam pling grid. If the sub-eco nomic de -
posit PP is ex cluded, the ac cu racy re quired for the as sess -
ment cat e gory C1 im plies the col lec tion of about 160 sam -
ples from the higher-grade parts of the de posit (where mean
Pt+Pd con tents are over 0.1ppm). For the as sess ment cat e -
gory C2 about 90 sam ples should be taken. There fore, the
pro posed num ber of sam ples for Au re serves as sess ment
(100 for as sess ment cat e gory C1) should en sure the proper
es ti ma tion of Pt+Pd re serves in the as sess ment cat e gory C2.

Sum mary and con clu sions

1. The Pt+Pd con tents re veal higher vari abil ity that
those of Au and can be de scribed qual i ta tively as ex tremely
high.

2. Sim i larly to Au, the vari abil ity of Pt+Pd con tents in
the study area is iso tro pic, i.e. the in ten sity of con tent
changes in all di rec tions is sim i lar.

3. The rel a tive mod els of Pt+Pd semivariograms show
higher di ver sity and much stron ger non-ran dom com po nent
than Au semivariograms.

4. Sim i larly to Au, de tailed stud ies (also quan ti ta tive)
should be un der taken on grain size of col lected sam ples and
on the forms of Au oc cur rence. These re sults would en able
us to es ti mate the sam ple prep a ra tion er ror and its im por -

tance for the es ti ma tion ac cu racy of Pt+Pd mean con tents
and re serves.

5. With the sam pling sys tem ap plied in this pro ject the
es ti ma tion ac cu racy of Pt+Pd con tents and re serves in cal -
cu la tion blocks of di men sions 500×500 m, 1,000×1,000 m
and 2,000×2,000 m is ex cep tion ally low and is suf fi cient
only for de posit as sess ment cat e gory D1 (hy po thet i cal re -
sources).

6. The num ber of about 100 sam ples ap prox i mated with 
the sta tis ti cal method should be suf fi cient for gen eral es ti -
ma tion of Pt+Pd con tents and re serves with the ac cu racy re -
quired for as sess ment cat e go ries C2 with per mis si ble er ror
40% at prob a bil ity level P=95% (and for cat e gory C1 for Au 
con tents and re serves with per mis si ble er ror 30% at prob a -
bil ity level P=95%). How ever, these re sults should be ver i -
fied with the geostatistical kriging method when ad di tional
in for ma tion is avail able, i.e. the size of area of es ti ma tion,
the dis tri bu tion of sam pling sites and the num ber of sam ples 
to be col lected.

GE NETIC CON CEPTS ON DE PO SI TION
OF PRE CIOUS MET ALS

Jadwiga Pieczonka & Adam Piestrzyñski

TRANS PORT OF Au AND Pt

The trans port of Au in hy dro ther mal so lu tions has been
dis cussed in many pa pers, e.g., Krupp and Weiser (1992),
Fos ter (1993), Piestrzyñski and Wodzicki (2000). Their
con cepts were re viewed by Pieczonka and Piestrzyñski
(2000) and sup ple mented by au thor’s opin ion.

The be hav ior of PGE and Au in geo log i cal en vi ron -
ments is di ver si fied. In the ultrabasics the con tents of Au
and Pt are sim i lar but only the PGE form eco nomic-grade
ac cu mu la tions (Stenina, 1997). The rea son for such frac -
tion ation is the struc ture of outer elec tron shells of these
met als: Pt has one elec tron less than Au in 5d shell (i.e.
5d96s1 in Pt ver sus 5d106s1 in Au) (Stenina, 1997). Iron is
third most wide spread cat ion af ter Si and Al. In wa ter com -
plexes the re place ment of Al and M+ (multivalence cat ion)
al lows to “save” 23 kcal/mol of en ergy. More over, among
all tran si tional met als Fe (elec tron shell struc ture 3d64s) is
clos est and best part ner for Au in the for ma tion of wa ter
com plexes (Stenina et al., 2001). Such com plexes were dis -
cov ered in hy dro ther mal so lu tions of meta mor phic prov e -
nance. The pres ence of elec tron va cancy in 5d shell of Pt at -
oms re leases pos i tive charge, which se cures the in ter nal
electrovalent bond and ham pers the complexing of Pt with
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Ta ble 61

Min i mum num ber of sam ples nec es sary for es ti ma tion of Pt+Pd mean con tents at the ac cu racy re quired
for de posit as sess ment cat e go ries C1 and C2

Assessment
category

Exploration areas

Whole study area PB=A+B+C A+B PP A B C

C1 198 159 125 913 97 162 273

C2 112 90 71 514 54 92 153

PB – eco nomic-grade de posit, PP – sub-eco nomic de posit



other el e ments (Stenina, 1997). There fore, the joint mi gra -
tion of Au and Fe is very prob a ble and may lead to the ac cu -
mu la tion of both el e ments at the same site. On the con trary
to Au, Pt is more in ert in chem i cal re ac tions. Vol umes of
met als trans ported in wa ter sys tems re quire their uni form
en er getic struc ture in re la tion to other complexing com -
pounds (Stenina, 1997). Among the PGE only Ru, Rh and
Pd show be hav iors sim i lar to Fe. Hence, these met als may
mi grate for much lon ger dis tances than the re main ing PGE.

Ac cord ing to Piestrzyñski et al. (1996a) and Piestrzyñ-
ski and Wodzicki (2000), the most prob a ble is the trans port
of Au in thiosulphate com plexes {Au(S2O3)2

-3}. These
compounds are sta ble at tem per a tures be low 200oC, i.e.,
cor re spond ing to crys tal li za tion tem per a ture of Cu-sulphi-
des in the Fore-Sudetic Monocline de posit. Au can be dis -
solved as thiosulphate com plex ac cord ing the re ac tion
(Krupp & Weiser, 1992):

Au + 2S2O3
-2 + H+ + 1/4O2 = Au(S2O3)2

-3 + 1/2H2O

Ac cord ing to Piestrzyñski et al. (1996a), thiosulphate
com plexes formed close to the sul phide/sul phate equi lib -
rium bound ary and dis solved Au. The sources of Au were
clastic base ment rocks. Metal was then trans ported with as -
cend ing ox i diz ing so lu tions. Bierlein et al. (1997) re ported
that 50% ex trac tion of Au (20 ppb) from clastic rock slab of
size 20x50 km and 10 m thick may lead to de po si tion of 600 
t Au. Due to en er getic sim i lar ity of Au and Fe, trans port of
these met als in thiosulphate com plexes is very prob a ble.
Thus, such a com plex may have for mula (FeAu)(S2O3)2

-1,
which ex plains the joint pre cip i ta tion of Au and he ma tite
va ri ety called “hy dro ther mal he ma tite” by Piestrzyñski et
al., (2002). The chem i cally in ert char ac ter of PGE re sults in
much lim ited ac cu mu la tion of these met als in the en vi ron -
ment of Au pre cip i ta tion. This pre cip i ta tion oc curred when
so lu tion en tered the sta bil ity field of sulphates. The abrupt
change of P and T is nec es sary to break the gold com plexes,
which took place at the con tact with the Cu de posit rep re -
sent ing the re duc ing en vi ron ment. Such re ac tions may re -
lease sul phur, which con trib utes to fur ther break down of the 
com plexes (Stenina, 1997). The re sult of such re ac tions is
the co ex is tence of sulphides, na tive Au and he ma tite. Ox i -
diz ing so lu tion which mi grated through the sand stone and
the Kupferschiefer suc ces sively dis solved Au hosted in
these rocks. There fore, the high est con cen tra tions of Au
should cor re late with the max i mum thick ness of clastic pile. 
Paragenesis of na tive Au with covel lite and he ma tite found
at the bound ary be tween the ox i diz ing and the re duc ing en -
vi ron ments con firms the the ory of Au trans port in thiosul-
phate com plexes (Piestrzyñski et al., 1996a; Piestrzyñski &
Wodzicki, 2000).

Piestrzyñski and Pieczonka (1998) pro posed two other
mod els of Au de po si tion in these zones. The first model in -
cludes se lec tive pre cip i ta tion of Au from sus pen sion which
was in equi lib rium with the en clos ing rocks. Such a pro cess
sup plied collomorph-type Au. The sec ond model com prises 
the trans port of Au as polysulphide com plexes in re duc ing
so lu tions de rived from the over ly ing evaporites. The poly -
sul phides were sub se quently ox i dized dur ing down ward
mi gra tion. Such model is sup ported by the na tive Au-he ma -

tite paragenesis de scribed above from the car bon ate rocks.
The model is cor rect from the point of view of ther mo dy -
nam ics, how ever, no struc tural ev i dence has been found up
to date for such re ac tions. Re duc ing so lu tions car ry ing the
poly sul phides might have been eas ily ox i dized in the zone
of red spots oc cur rence. How ever, the ac cu mu la tion of most 
part of Au (about 75%) in the sand stone in di cates that the
de ci sive role in Au trans port was played by ox i diz ing so lu -
tions as cend ing from the base ment rocks. More over, the
amount of Au in the de posit is too high to be sourced in the
Lower Zechstein sed i ments (Piestrzyñski & Wodzicki,
2000).

RE LA TION SHIPS WITH THE TEC TON ICS

It ap pears dif fi cult to eval u ate the role of tec ton ics in
the for ma tion of Au de posit. Up to now, the south ern
bound ary of Au con cen tra tions has not been rec og nized as
this part of Cu de posit has not been de vel oped, as yet. De -
ter mi na tion of this bound ary may con trib ute to the mod el -
ing of Au source and trans port. It is very prob a ble that the
zones with high Au con cen tra tions ex tend as far as to the
Fore-Sudetic Block.

The min ing sec tors with high con tents of Au form a
NW–SE-trending belt (Fig. 78–80 i 100). The co ex is tence
of these sec tors with the num ber of faults have not been
proven. More over, the ar range ment of Au-bear ing zones in
re la tion to the strikes of fault sys tems is highly vari able and
pre sum ably de pends on the trans fer rate of ox i diz ing so lu -
tion through the rocks sur round ing the fault as well as on
the rate of its grad ual change of so lu tion mi lieu from ox i diz -
ing to re duc ing. Hence, the main role is played by the chem -
is try and the phys i cal prop er ties of rocks. Un doubt edly,
faults were im por tant patches for the trans fer of ox i diz ing
so lu tions from deep base ment but the for ma tion of Au con -
cen tra tions in such sites is rather im prob a ble due to ox i diz -
ing con di tions dom i nat ing in their vi cin ity.

Small faults vis i ble in cross-sec tions (Figs 81–85) did
not in flu ence the for ma tion of pre cious met als con cen tra -
tions as high con tents of these met als oc cur in their vi cin ity
and at large dis tances from the dis lo ca tions. Faults cause
only in sig nif i cant dis place ments of rocks in the Cu de posit
and in the Au-bear ing ho ri zons, which may sug gest the
post-ore char ac ter of these type tec ton ics.

RE LA TION SHIP TO THE Cu DE POSIT

The re sults ob tained up to date led to the ge netic model
of Au con cen tra tion in the ox i dized zones of the Polkowice- 
Sieroszowice de posit (Figs 101, 102). This model is valid
for the cur rent re search stage and will evolve in the fu ture
with the pro gress ing de vel op ment of the de posit. Con sid er -
ing the fact that Au ac cu mu lates at the bot tom of Cu de posit
(Fig. 101), the or i gin of its con cen tra tions is closely re lated
to the spe cific stage of Cu de posit for ma tion. The suc ces -
sion of geo log i cal pro cesses lead ing to the for ma tion of Cu
de posit and to the ac cu mu la tion of Au in the stud ied part of
the mine area is shown in Fig. 102. It is dif fi cult to de ter -
mine un equiv o cally at which stage of Cu de posit for ma tion

 THE RED-BED-TYPE PRE CIOUS METAL DE POSIT 269



270  J. PIECZONKA ET AL.

Fig. 100. Su per po si tion map of rich gold and PGM fields on the back ground of ba sic tec tonics. 1 – area with min i mum con tent of Au = 2
ppm, 2 – area with min i mum con tent of Pt + Pd = 1 ppm, 3 – area with out eco nomic cop per de posit, 4 – area with sub-eco nomic cop per de -
posit, 5 – doc u mented faults



the con cen tra tion of Au has com menced. In the Au-bear ing
zones the pro cesses of sed i men ta tion, diagenesis and for ma -
tion of eco nomic-grade Cu ac cu mu la tion were iden ti cal as
in the other parts of the Fore-Sudetic Monocline de posit.
Af ter for ma tion of Cu de posit the ox i da tion pro cesses have
com menced, which were main fac tors lead ing to the for ma -
tion of Au ac cu mu la tions. Com par i son of mac ro scopic
phys i cal prop er ties, min er al og i cal and chem i cal com po si -
tion of rocks from the ox i dized and the Cu-bear ing zones
en abled the au thors to re con struct the pro cesses lead ing to
con cen tra tion of Au. Af ter crys tal li za tion of Au min er als
the fi nal crys tal li za tion of sulphides from re sid ual so lu tion
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Fig. 101. 3-D model of gold de posit. Li thol ogy is as shown in Fig. 2. Sz 06-0407 – po si tion of chan nel sam pling, pale green – cop per de -
posit (Cu), dark green – sec ond ary en rich ment in cop per, white – tran si tion zone (TZ), yel low – gold de posit (Au), red – ox i da tion en vi -
ron ment, SOS – sec ond ary ox i diz ing sys tem, RF (rote Fäule) – pri mary ox i diz ing sys tem (af ter Pieczonka & Piestrzyñski, 2000)

Fig. 102. Trans for ma tion of host rocks in the Lubin – Sieroszo-
wice min ing area

Fig. 103. Mi cro pho to graphs in re flected light and crossed nicols
show ing fi nal ef fect of the SOS ac tiv ity. A – young, colloform ar -
agon ite col ored in red by fine dis persed hy dro ther mal he ma tite,
sam ple PZ-J-7; B – en larged frag ment of phot. A



in the tran si tional zone and in the youn gest sys tems of
cracks took place. The fi nal stage of ox i da tion zone evo lu -
tion was crys tal li za tion of collomorph cal cites with small
ad mix tures of Mg and with fine in clu sions of he ma tite (Fig.
103).

ECO NOMIC VALUE OF GOLD DE POSIT
IN THE FORE-SUDETIC MONOCLINE

Adam Piestrzyñski

The pre lim i nary eco nomic eval u a tion of Au de posit
was pre sented in the re port from the re search pro ject run at
the AGH-Uni ver sity of Sci ence and Tech nol ogy in 1997.
This eval u a tion in cluded the re sults of stud ies car ried on in
the years 1995–1996 and 1997. Re sults of the fol low ing
pro ject con firmed the ex ten sion of the zone en riched in pre -
cious met als into the newly de vel oped min ing fields (see
chap ter “Dis tri bu tion...”). All col lected data in di cate the
presence of the zone sec ond ary en riched in pre cious met als
be neath the Cu de posit and in its vi cin ity. The av er age
thick ness of this de posit is 0.23 m (Re port AGH, 1997; Pie-
strzyñski & Pieczonka, 1997a; Piestrzyñski et al., 2002) and 
av er age grade is 2.37 g Au/Mg (Re port AGH, 1997; Pie-
strzyñski & Pieczonka, 1997a). The mea sured Au re serves
are 34.328 Mg (wor thy 442.9 mln USD at Au price 400
USD/oz, Feb ru ary 2004). The in ferred Au re serves are
51.56 Mg (wor thy 665.124 mln USD) and the in ferred
Pt+Pd re serves amount 12.18 Mg (wor thy 196.45 mln
USD) (Re port AGH, 1997; Piestrzyñski & Pieczonka,
1997a). Tak ing into ac count 50% re cov ery of PGE min er -
als, the in dus trial value of ac cu mu lated Pt+Pd is about 98
mln USD. Hence, the cu mu la tive value of pre cious met als
hosted in cal cu la tion blocks (i.e. in the part of po ten tial area
of Au de posit, Tab. 62) amounts 442.9+98.0 = 540.9 mln
USD. Ac cord ing to bank ex perts, Au prices will rise due to
in sta bil ity of the mar ket and gen eral in crease in de mand for
min eral raw-ma te ri als. At the end of 2005 the prices of pre -
cious met als raised for next 20%. In 2008 it is al ready clear,
that prog no ses for 2005 was cor rect, and we ob server fur -
ther in crease of pre cious met als prices. The wor thy of gold
re serves for the price 959.8 USD/oz (29.02.2008) is
1062.284 mln USD and 1596.360 mln USD re spec tively.
The wor thy of Pt+Pd re sources in creases in 2008 up to
264.030 mln USD.

All the re sults ob tained up to date con firm the ex ten sion 
of the pre cious met als zone out side the re cently de vel oped
Cu de posit. The north ern con tour of the zone has al ready
been de fined (Re port AGH, 1996, 1997; Piestrzyñski &
Pieczonka, 1997a) whereas the south ern con tour still re -
mains un known. Ex am i na tion of sam ples col lected from the 
south ern part of Cu de posit (close to the Fore-Sudetic
Block) re vealed Au con tents above 0.5 g/Mg. How ever,
avail able data do not al low the au thors to de fine pre cisely
the south ern bound ary of pre cious metal de posit, close to
the south ern range of Lower Zechstein strata.

In or der to de ter mine the dress ing prop er ties of pre -
cious met als, the pi lot con cen tra tion test has been car ried on 
for 1 Mg sam ples us ing grav ity sep a ra tion and froth flo ta -
tion meth ods (Re port AGH, 1997; Piestrzyñski & Pie-

czonka, 1997a). It was fol lowed by the in dus trial-scale froth 
flo ta tion test made on 12,882 Mg sam ple (known as “The
Easter Test”, run on April 12–13, 1998) (Wieniewski et al.,
1998). Sim i lar dress ing tests were made at the Wroc³aw
Tech ni cal Uni ver sity (£uszczkiewicz, 1998). The re sults
demonstra- ted that good and very good Au con cen trates
can be ob tained with tra di tional meth ods (grav ity sep a ra -
tion, froth flo ta tion) (£uszczkiewicz, 1998). How ever, the
same meth ods ap plied for Pt and Pd con cen tra tion gave
poor re sults (£uszczkiewicz, 1998). On the con trary, very
promissing ef fects for all pre cious met als were ob tained
with the pres sure cy a nide leach ing pro cess (up to 98–99%
re cov ery, Chmielewski, 1998).

Both the mi cro scopic stud ies and the chem i cal anal y ses
re vealed the pres ence of Au in the eco nomic-grade cop per
ore. Here, gold should be re garded as a trace el e ment ac -
com pa ny ing the main com mod ity, i.e. cop per. How ever,
gold forms also a dis per sion au re ole around the zone of pre -
cious met als ac cu mu la tion, which is lo cated be neath the
cop per de posit. Hence, the pre cious met als (mainly Au)
must be ac cepted as ac com pa ny ing com mod i ties in re la tion
to cop per. The re sults dem on strated that out side the cur -
rently mined cop per orebody the zones ex ist, which en rich -
ment in pre cious met als per mits their clas si fi ca tion as Au
de posit. The Cu grade in these zones is low (<0.2 wt.%).

The stud ies on the ef fec tive ness of Au ore dress ing
(based on in dus trial-scale pi lot test) dem on strated that eco -
nom i cally ef fec tive re cov ery of Au re quires the ”ore” grade
over 1.627 g Au/Mgore (Wieniewski et al., 1998). How -
ever, this value is valid only for the ore which grades 1.007
g Au/Mg and 0.67 wt.% Cu. The ore pro cessed dur ing the
in dus trial-scale pi lot test was not that con tain ing the in -
creased amounts of Au but was a mix ture of Cu ore (about
30% by mass) and rocks grad ing 1.6 g Au/Mg and <0.1
wt.% Cu. Tak ing into ac count the as sump tions made by
Wieniewski et al., (1998), and the gold price at the level of
9 mln USD/Mg Au, the grade of such ore should be 2.47 g
Au/Mg in or der to en sure the eco nomic ef fec tive ness of its
ex trac tion. Un der the same as sump tions (Wieniewski et al.,
1998) and the gold price 1,136,1290 USD/Mg (at the ex -
change rate 1 USD = 3.74 PLN) the eco nom i cally ef fec tive
ore grade should be 2.1 g/Mg. Ac cord ing to the AGH Re -
port (1997), 50% of ore re serves in cal cu la tion blocks, i.e.,
17,537 Mg Au wor thy 199,237 mln USD, shows av er age
grade over 2.47 g Au/Mg. Thuds, even at this ap praisal of
av er age Au con tent, the stud ied zone should be re garded as
an eco nomic-grade gold de posit. Tak ing into ac count, that
ex change rate of USD dropt down to the level of 2.48 PLN,
and high prices of pre cious met als in crease roughly 3 times,
the grade of gold ore could be lower, as es ti mated above, to
re ceive good re sults.

At the cur rent Au price (about 12.9 mln USD/Mg) and
at USD/PLN ex change rate sim i lar to that quoted above, ex -
ploi ta tion of ore grad ing over 1.72 g Au/Mg will be prof it -
able. Piestrzyñski and Pieczonka (1997a) re vealed that 80% 
of re serves cal cu la tion blocks show higher grades. Eco -
nomic re serves ac cu mu lated in these blocks are about 27.4
Mg Au, which is an equiv a lent of 354 mln USD. This value
can be even higher if PGE are re cov ered. The es ti ma tion of
PGE value brings some prob lems as an un equiv o cal con cept 
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of their con cen tra tion has not been pro posed, as yet. The
prin ci pal as sump tion made for all these cal cu la tions is the
elim i na tion of cap i tal costs of cop per mines con struc tion
but, from the other side, to tal amount of Au al ready re cov -
ered in cop per met al lurgy is about 20 Mg. More over, there
are sig nif i cant Au re serves left in the sand stone, which has
not been mined due to low Cu grade and which, un for tu -
nately, will never be mined in the fu ture as its reexploatation 
is im pos si ble. The re main ing re serves can be clas si fied as
technogenic de posit.

Ac cord ing to the BRGM clas si fi ca tion (http://www.gl.
rhulac.uk/ge ode/dbase1.html), gold ac cu mu la tions are re -
garded as de pos its if min i mum to tal re serves of Au amount
1.0 Mg (class D). The Au de posit hosted in the sec ond ary
ox i da tion zones of the Fore-Sudetic Monocline Cu de posit
fall into the class C (50–10 Mg Au). The mod ern world
min ing in dus try ex tracts Au de pos its of min i mum grade 1 g
Au/Mg of ore. This cri te rion is con trolled by many fac tors
and is usu ally de pend ent on the re serves – the larger re -
serves, the lower grade at which min ing is prof it able. The
Au and PGE de posit de scribed in this pa per meet the world
cri te ria for eco nomic-grade ac cu mu la tions.

DIS CUS SION AND CON CLU SIONS
Jadwiga Pieczonka & Adam Piestrzyñski

In the cop per de posit of the Fore-Sudetic Monocline the 
sec ond ary ox i da tion zones lo cally host eco nomic-grade
gold min er ali za tion with ac com pa ny ing plat i num and pal la -
dium. Due to their eco nomic im por tance, these zones were
sub jected to com pre hen sive stud ies. The re sults are sum ma -
rized be low.
• Both the spa tial dis tri bu tion and the vari able shapes of ox -
i dized zones in the Polkowice-Sieroszowice area ad vo cate
their epigenetic or i gin.
• The red spots – the in di ca tors of ox i diz ing en vi ron ment –
are of epigenetic or i gin and were formed by re ac tion of ox i -
diz ing so lu tions as cend ing from the base ment with the sur -
round ing rocks,
• Both the char ac ter and spa tial ar range ment of red spots
sug gest at least two stages of red spots for ma tion,

• Ox i diz ing so lu tions pen e trated the rock com plex af ter the
for ma tion of eco nomic-grade cop per min er ali sa tion, as re -
vealed by dis tri bu tion of sul phide min er ali sa tion in re la tion
to the red spots,
• Gold was trans ported in ox i diz ing so lu tions mostly as
thiosulphate com plexes. Thiosulphates were iden ti fied in
sev eral sam ples. The pre cious met als min er ali sa tion oc curs
ex clu sively in the ox i dized zones, which are char ac ter ized
by the lack of cop per and other trace met als, typ i cal of the
cop per de posit,
• The ox i diz ing so lu tions dis solved the al ready formed
sulphides. Other met als were then trans ported to gether with
gold. A part of sulphides and he ma tite crys tal lized con tem -
po ra ne ously with the gold, as in di cated by the pres ence of
Au in min er als from which na tive Au forms inter growths,
• High est-pu rity na tive Au crys tal lized in the sand stone and 
in the bot tom part of the Kupferschiefer. Up the se quence
electrum usu ally ap pears, a min eral char ac ter is tic for tran si -
tional zones,
• When the ox i dized zone is more ex tended ver ti cally, the
higher is thick ness of gold min er al ized ho ri zon, that also
hits car bon ates. Con tents of sulphides in the ox i dized zone
usu ally does not ex ceed 0.5 wt.%.
• Be tween the ox i dized zone and the cop per de posit a nar -
row tran si tional zone ex ists, char ac ter ized by low con tent of 
sulphides and the pres ence of pre cious met als,
• Recrystallization of sulphides dis placed by ox i diz ing so -
lu tions took place above the tran si tional zone. Par tic u larly
high con cen tra tions of sulphides are ob served along the
bound ary of tran si tional zone with the cop per de posit,
• In the all stud ied zones veinlets and nests of coarse- crys -
tal lize car bon ates with sul phide min er als ap pear, rep re sent -
ing the lat est min er ali sa tion stage,
• Or ganic geo chem i cal stud ies clearly in di cated its sec ond -
ary ox i da tion. The amount of or ganic mat ter in the ox i dized
zones de creased over 20 times, which sup ports the con cept
of sec ond ary ox i da tion of cop per de posit. Car bon di ox ide
was fixed by the for ma tion of new gen er a tion of car bon ates, 
in clud ing collomorph va ri et ies with he ma tite,
• Min er al og i cal stud ies re vealed the pres ence of di ver si fied 
as sem blage of pre cious met als min er als, which in cludes
many phases de scribed for the first time from this de pos its
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Ta ble 62

Gold re serves in se lected cal cu la tion blocks (af ter Piestrzyñski & Pieczonka, 1997a)

Calculation block
Grade

[g Au/Mg]

Reserves:
geostatistical method

[kg]

Error
[%]

Reserves: average
values method

[kg]
Difference

Estimation error
[%]

A 0.901 2,388.54 64.0 2,256.085 132.455 5.54

B 1.887 1,197.92 32.8 1,257.817 59.897 5.00

C 2.449 566.50 18.0 531.151 35.349 6.23

D 1.829 1,248.75 88.9 2,301.863 1,053.113 84.33

E 3.581 1,743.04 55.9 1,905.276 162.236 9.30

H 5.246 6,612.27 48.5 4,362.048 1,250.222 22.27

I 2.196 2,158.65 165.0 4,167.634 2,008.984 93.06

L 2.078 1,178.445

M 2.962 4,390.25 57.6 4,801.177 410.927 9.35



and many other, poorly known min er als which re quire fur -
ther stud ies.
• Microporobe anal y ses dem on strated the pres ence of:

– sev eral selenides from which the most com mon are:
naumannite and clausthalite, and less fre quent min er als of
com po si tions: Pb3Se2 and AgSe2, 

– nine Te min er als. Traces of Te in the ore are con -
firmed by the bulk chem i cal anal y ses (ICP),

– four teen Pd-ar sen ides from which only five were al -
ready de scribed in the lit er a ture,

– one Pt min eral only of ap prox i mate com po si tion
Pd11Pt(AuAg)3As2, which con tains 11 wt.% Pt,

– two un known nat u ral al loys of ap prox i mate com po si -
tions BiCu and Bi2Cu,

– seven new Pd-As-O phases of vari able pro por tions
be tween el e ments,

– two selenides con tain ing up to 1.3 wt.% Rh. This is
the only one rea son able ac cu mu la tion of PGE mem bers
other than Pd and Pt,

– im por tant ad mix tures of pre cious met als in ac com pa -
ny ing Cu-sulphides, selenides, nat u ral al loys and he ma tite.

All the re sults sup port the con cept of the pres ence of
sec ond ary, hy dro ther mal pre cious met als de posit, which
can be re garded as a new type: the red-bed-re lated pre cious
met als de posit. Char ac ter is tic fea tures of this new type are:
dis cor dant po si tion of ore body in re la tion to li thol ogy, di -
ver si fied min er al og i cal and chem i cal com po si tions, lo cal -
iza tion close to the re dox bound ary and close to the deep
frac ture of the Odra River tec tonic zone.
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