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Abstract: Since 50 years copper-silver ores have been extracted from the Lubin-Sieroszowice deposit located on
the border between the Lower and Upper Permian sediments. It is a world class stratoidal type deposit. In the
whole world the Kupferschiefer unit is recognized as a black, clayey organic-rich shale. The Cu-Ag deposit is a
part of the Fore-Sudetic Monocline, and is located on the border of the Lower and Upper Permian strata The
monocline includes three rock complexes. The first is the basement, which comprises Proterozoic crystalline rocks
and Carboniferous sediments. It is overlain by monoclinally dipping Permian and Triassic sedimentary rocks.

In this work, study on ore mineralisation of the red variety of the Kupferschiefer are presented. Oxidation of
the Kupferschiefer as an epigenetic phenomena.The oxidized zones reveal low concentrations of simple copper
sulphides with the dominating chalcopyrite accompanied by bornite, pyrite, covellite, galena, clausthalite, chalco-
cite, digenite, spioncopite, geerite, native Au, electrum, tetraauricupride, naumannite, native Pb, Pd-arsenides and
minerals of mixed composition: Au-Ag-Pb-Bi-Se-Te, Au-Ag-Pb-Te, Bi-Cu, Bi-Pd and Pd-As-O. Most important
are natural alloys of precious metals, Pd-arsenides and oxidized phases (mostly Pd ones), which strongly influence
the effectiveness of froth flotation. Precious metals form several parageneses: i — clausthalite - native Pb - electrum
- AuPby, ii — Pt-native Au - native Pd - sobolevskite - native Pb, iii — native Au - haematite - bornite - minerals of
- selenides - BiPd and CuBi natural alloys - Pd-oxides.

The red Kupferschiefer variety is distinctly lower in carbonates and resembles rather a marl. Average FeO3
content is about 5 times higher than that in the grey Kupferschiefer. The average TOC content 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. Average Cu content is 1,070 ppm at variability coefficient 81% . The grey Kupferschiefer
contains 3 times higher contents of Cu and its variability coefficient is 2 times higher, which points out to
quantitative changes during the leaching of copper when secondary oxidation of deposit proceeded. Thus, low Cu
and TOC values can be indicative for oxidizing environment and, consequently, can be good exploration guides to
zones enriched in precious metals.

Average Au content in the red Kupferschiefer is high 15.419 ppm, is much higher than that for the grey
Kupferschiefer. Comparison of metal contents in samples from the oxidized zones reveal high variability of Au
values in the red, which may change from a few ppm to over 100 ppm. Negative Cu-Au correlation supports the
hypothesis on the introduction of gold into the red Kupferschiefer during the leaching of copper. Au horizon is
continuous and located close to the bottom contour of Cu deposit. It includes the top part of the sandstone and
extends down, even beneath 1 m from the top of the sandstone. The average thickness of the high-Au zones is 0.2
m, and various from 0 up to 1.4 meters. The Au and PGE deposit described in this paper fit well in the world
criteria for economic-grade accumulations.
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INTRODUCTION

The research project carried out in the Lubin—Sieroszo-
wice copper deposit in the years 1995-1997 enabled the au-
thors to conclude the regularities of the occurrence of pre-
cious metals in the study area. It was found that precious
metals are related to secondary oxidation zones of rocks and
are hosted mostly in the sandstones, and in the bottom part
of the Kupferschiefer, but are less common in the carbonate
rocks (Report AGH, 1996, 1997).

Maps and cross-sections produced for that project al-
lowed the authors to estimate the size of oxidized zones, di-
rections of their extension and accumulated reserves of
gold. Basing on these data, the southwestern and western
parts of the mining lease were selected as most promising
for the future exploration for precious metals.

In the late 1990ties the selected parts of the deposit area
were not enough well recognized as intensive development
works were at the stage of planning. The development of the
mining works in this part of copper deposit, that took place
in the following years, enabled the authors to access the new
fields and evaluated the concentrations of precious metals.

Taking into account that several years have passed
since the completion of the early research, the new project
has been proposed, focused on both the basic and applied
studies. Accumulation of such a large amount of gold at the
bottom of the copper ore zone and, commonly, also in the
sandstone beneath the copper zone can be regarded as a
gold deposit proper and, simultaneously, may rise serious
legal problems influencing its economic value.

Studies planned and completed for the following pro-
ject were the continuation of the already completed, early
research. Hence, in the first chapter provides the summary
of previous results, in order to clarify the problem. The
monograph is a set of papers written by various authors un-
der the common title.

Sincere thanks are due to the Staff of the Geological
Department at the Polkowice-Sieroszowice Mine, particu-
larly to Mr. A. Michalik, Mr. R. Leszczynski, Mr. J. Byra
and Mr. R. Rozek for their kind assistance and discussions
during the sampling of the deposit. The authors are indebted
also to Ms. E. Szwed, Mr. H. Czerw, Mr. D. Bembenista
and Mr. P. Lenik for assistance in processing of graphic ma-
terials.

METHODS
SAMPLING

The sampling was accomplished in underground work-
ings of the Polkowice-Sieroszowice Mine. From the area
occuppied by the secondary oxidized copper deposit 35
channel samples were collected from the full heights mine
workings. Sampling procedure was consistent with that ap-
plied by the KGHM Polska Miedz S.A. Company, i.e. each
channel sample was divided into 20-cm-long interval sam-
ples related to copper ore lithology. Such procedure gave
totally 314 interval samples from which 204 samples were
selected for chemical analyses for Au, Pt and Pd. From the
all collected interval samples the polished sections were cut
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for microscopic studies. Additional 200 polished sections
were prepared from samples collected in the zones poten-
tially enriched in noble metals. Next 1,120 interval samples
collected for earlier research projects (Report AGH, 1996,
1997; Pieczonka, 1998) were included into the microscopic
studies as well as into the microprobe WDS and EDS analy-
ses. Total number of samples derived from the noble metal
zone exceeded 1,500. Localization of sampling sites is
shown in Fig. 1.

MICROSCOPIC STUDIES

All microscopic observations were carried on at the De-
partment of Ore and Evaporite Deposits, Faculty of Geol-
ogy, Geophysics and Environment Protection at the
AGH-University of Science and Technology (UST) in
Krakow. Both the NIKON and OPTON microscopes were
used, equipped with the integrated systems of optical pho-
tography and computer imaging using the MULTISCAN
1106 software.

Microscopic observations enabled the selection of sam-
ples for the mircoprobe chemical analyses, which were ap-
plied for identification of grains too small (<5 um across) to
be credibly identified under the microscope. This procedure
led to the discovery of over 20 new minerals and first ap-
pearances of minerals in Poland.

MICROPROBE ANALYSES

Chemical composition of native gold, electrum and ac-
companying minerals was analyzed with the microprobe.
Before the year 2000 analyses were run at the Research In-
stitute of Non-ferrous Metals, Gliwice (eng. L. Kubica)
with the Jeol Superprobe 753 apparatus using the WDS
method. The later analyses were carried on at the Depart-
ment of Ore and Evaporite Deposits, AGH-UST in Krakéw
with the ARL SEMQ probe and at the Institute of Earth Sci-
ences, Jagiellonian University, also with the ARL SEMQ
instrument (EDS method). Despite two different analytical
devices, all analyses were carried out under the identical an-
alytical parameters: acceleration voltage 20 kV, current 20
mA and sample current 10 nA. The following analytical
lines and standards were used: S Ko, Fe Ko (FeS,), Ag Lo
(100%), Au Lo (100%), Hg Lo (HgS), Pd Lo (100%), Bi
Mo (100%), Se Lo (100%), Cu Kot (100%), Pt Lo (100%),
As Ka.

The EDS analyses were carried on at the Laboratory of
Scanning Microscopy for Biological and Geological Sci-
ences, Faculty of Biology and Earth Sciences at the Jagie-
llonian University with the HITACHI S-4700 supplied with
the FESEM and EDS devices. The EDS method was applied
for obtaining the BSE images, element mapping and quanti-
tative analyses.

METHODS OF GEOCHEMICAL ANALYSES

All geochemical analyses were performed at the De-
partment of Environmental Analyses, Cartography and Eco-
nomic Geology, Faculty of Geology, Geophysics and Envi-
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ronmental Protection at the AGH-University of Science and
Technology in Krakow.

The Rock-Eval pyrolysis was developed by the French
Petroleum Institute (Espitalié et al., 1977; 1985). Results of
the Rock-Eval analysis enable to determine the quantity and
tentatively genetic type and maturity of organic matter dis-
persed in the analyzed samples (e.g., Espitalié ef al., 1985;
Peters, 1986). In Poland this method has been applied for
over 20 years in petroleum geochemistry (see e.g., Kotarba
& Szafran, 1985; Wilczek & Merta, 1992).

The sulphate and the pyritic sulphur contents were
determined according to the Polish Standards PN-77/G-
04514.09 and PN-77/G-04514.11, respectively.

In order to determine the contents of bitumens and ele-
mental sulphur, first the bitumens were extracted from rock
samples (20 to 300 g each) in the Soxhlet apparatus with the
azeotropic 93:7 v/v mixture of dichloromethane (DCM) and
methanol (MeOH). The encountered native sulphur crystals
were removed and determined quantitatively by adding me-
tallic copper to the bitumens solution.

The separation of bitumen fractions was carried out
in two stages. First, asphaltenes were removed by precipita-
tion in n-heksane. The resulting maltenes were dissolved in
a few ml of n-hexane and supplied to chromatographic col-
umn filled with silica gel and aluminum oxide (1:2 v/v).
After elution of saturated hydrocarbons with n-heksane the
aromatic hydrocarbons fraction was eluated with benzene.
The remaining resins were eluated with the 1:1 v/v benzene-
methanol mixture. Fraction composition of bitumens was
calculated in relation to the total received mass (including
asphaltenes).

Distribution of n-alkanes and isoprenoids. The satu-
rated hydrocarbons fraction was analyzed with the Hewlett
Packard 5890 Series II gas chromatograph supplied with the
flame ionization detector (FID) and capillary column (25 m
% 0.32 mm internal diameter) coated with the HP-1 phase
(Methyl Silicone Gum, 0.52 pm film thickness), and tem-
perature-programmed from 110 to 310°C.The flow rate of
carrier gas (nitrogen) was 2.7 ml/min.

The distribution of methylphenanthrenes and me-
thyldibenzothiophenes and theirs homologues were deter-
mined on the same instrument equipped with a 50 m x 0.32
mm capillary column coated with HP-5 phase, and tempera-
ture-programmed from 80 to 250°C.

After extraction of bitumens and removal of carbonates
with hydrochloric acid, rock samples selected for stable
carbon isotope analysis of kerogen were combusted in an
on-line system. Preparation of previously extracted bitu-
mens and their fractions was performed by the same proce-
dure. Stable carbon isotope analyses were performed using
a Finnigan Delta Plus mass spectrometer. The stable carbon
isotope data are presented in the &-notation relative to PDB
standard, with an analytical precision estimated to be
+0.2%o.

In order to separate the pure kerogen, the residue left
after bitumens extraction was treated with the concentrated
acids: HCI (18 wt.%, for 2 hours) and HF (50 wt.% for at
least 16 hours). Undissolved residue was separated from the
solution by centrifugation (1,600 1/min., 10 min.) and de-
cantation. Neoformed fluoride phases were removed with
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hot concentrated HCI. Resulted kerogen concentrate was
purified by heavy liquid separation (aqueous ZnBr, solu-
tion, density 2.1 g/ml) and repeat-extracted with the above
mentioned DCM-MeOH mixture. Before elemental analysis
samples were homogenized and analyzed for moisture and
ash according to Polish Standards PN-80/G-04511 and PN-
80/G-04512, respectively. The amount of pyrite contami-
nating kerogen concentrate was determined as total iron
with the Philips PU 1100X spectrophotometer using the
standard AAS procedure provided by the producer. Samples
were combusted at 815°C and ash was dissolved in analyti-
cally pure HCI. Measurements were carried on the obtained
Fe ion solutions diluted in measuring flasks.

The (C, H, N, S) elemental analysis was carried on
with the Carlo Erba EA 1108 analyzer. Combustion prod-
ucts were separated chromatographically and measured
with the TDC detector. The results were processes with the
EAGER 200 software. Oxygen content was calculated to
100% considering the moisture and mineral matter contents.
The organic sulphur contents in kerogen were determined
with the formula:

S =St0T - Spyrite
where: Stor — total sulphur determined with elemental
analyser (Wt.%), Spyrite — content of pyritic sulphur (wt.%),
Spyrite = 64.12-Fero1/55.85, Feor — total iron in kerogen
sample (wt.%).

STATISTICAL AND GEOSTATISTICAL
METHODS

Due to specific character of geostatistical analysis, de-
tails of applied methods were described in chapter “Distri-
bution...”. For the initial description of the variability of de-
posit parameters the classic statistical method was applied,
i.e., preparation of histograms characterizing the probabilis-
tic variability structure of parameters and calculation of
principal variability measures: arithmetic mean and extreme
values, variance, variability coefficients (as measures of di-
spersion) and assymmetry coefficient (as a measure of dis-
tribution skewness). Additionally, the percentage of sam-
ples in particular sampling sites which met the economic
criterion (Au content > 0.5 ppm) was calculated.

Methods of map preparation

In order to draw the contour maps of parameters, the
Surfer 8.0 (Golden Software) program was applied. Values
of parameters calculated in a dense grid (25 % 25 m) were
smoothed with the 5 x 5 matrix in which the central value
obtained the weight 2. Such data processing enabled the
elimination of a substantial part of local variability from the
contour pattern.

Values of specific parameters in nodes of the square
grid were calculated with the point kriging method using the
standardized variograms whereas the empirical variograms
were obtained from the analysis of the whole sample popu-
lation.

The experimental data processing revealed that the best
fitting of empirical variograms was obtained by the combi-
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nation of spherical or linear (range below 500 m) models
with the random model. Analysis of Pt+Pd contents dis-
closed the presence of the ”Hole effect”, i.e. at the range
over 500 m the empirical variograms became regular sinu-
soids of a period about 1,500 m.

Final map and cross-section processing was carried on
with the Microstation J software. Cross-sections were not
localized in the maps due to confidential character of data.

Methods of chemical analyses

Basic chemical analyses for Au, Pt and Pd were carried
out by the ACTLABS (Canada) with the ICP-MS method.
In order to eliminate the nugget effect, 30-gram portions
were prepared from each sample. Analytical precision was 2
ppb for Au, 5 ppb for Pt and 4 ppb for Pd. Bulk analyses for
48 clements were carried on by the ACTLABS, as well,
with the XRF method for main elements and ICP-MS one
for trace elements. From each sample 11-gram portions
were prepared. Analytical precision was 0.01% for 10 main
elements and 0.1 to 10 ppm for the remaining 38 trace ele-
ments.

Analyses of selected metals: PGE, As, Hg, Bi, Re, Sb,
Se, Mo and Te in special samples were carried on with the
ICP-MS method (the Perkin Elmer ELAN 6100 apparatus)
at the Department of Hydrogeology and Engineering Geo-
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logy, Faculty of Geology, Geophysics and Environmental
Protection, AGH-University of Science and Technology in
Krakow. From each sample 1-gram portions were prepared
for analysis. Analytical precision varied from 0.1 to 1.0 ppb,
except for Te.

GEOCHEMISTRY OF Au AND PGE

Jadwiga Pieczonka

INTRODUCTION

Concentrations of Au and PGE in the Earth crust usu-
ally do not exceed 5 ppb (Crocket, 1993), but for chemical
and fine-clastic sediments similar to those encountered in
the Fore-Sudetic Monocline much lower values were
quoted (about 1 ppb, Tab. 1). Table 2 shows Au contents in
various volcanic and igneous complexes, which are gener-
ally less than 2 ppb. Higher values (up to 22.5 ppb) were re-
ported only from rhyolites and ignimbrites from the Okho-
tsk region (Russia), but in most cases contents below 5 ppb
were quoted. Au contents in samples from Lower Permian
igneous and volcanic rocks in the Fore-Sudetic Monocline
are much higher than presented in Tables 1 and 2. For ex-
ploration purposes such contents are regarded as anomalous
and are positive directories for further works.

Table 1

Average Au content in some selected sedimentary rocks [ppb]

. Au

Rock type/localization (Min-max) References
Claystones, sandstones: Tuva, Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,

. . 2.7(0.5-7.0)
Taymyr, Yenisey, Russia 114-124
cclznftlgr?;:?%enséi?icg;?E:Eiaggsin 8.75(0.5-19) Polikarpochkin V.V., Korotajeva 1.Ya., 1976: Distribution of gold in the sedimentary rocks of

Y ) S . ’ ’ ’ the Udino-Dainsk basin (eastern Transbajkalia). Geochem. Int. 13/2, 57-62

Eastern Transbaikalia, Russia
Mudstones and greywackes: Bohe- 4.6(1-19) Moravek P., Pouba Z., 1984: Gold mineralization and granitoides in the Bohemia Massif,
mian Massif, Czechoslovakia (R.C.) : Czechoslovakia. In: Gold'82, Forster ed. Balkema, 713-729
Tuffogenic mudstones (Archean): 1.1(0.1-8.8) Kwong Y.T.J., Crocket J.H., 1978: Background and anomalous gold in rock of an Archean
Superior, Canada T greenstone assemblage, Kakagi Lake area, northwestern Ontario. Econ. Geol. 73, 50-63
Claystones:Kuznetsk, Sayan, Tuva, Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,

. . 2.2(0.1-8.3)
Taymyr, Yenisey, Russia 114-124
Claystones and limestones: Sayan, Korobejnikov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,

. . 6.7(0.1-29)
Tuva, Taymyr, Yenisey, Russia 114-124
Barren schists: Witwatersrand 4.1(0.3-23) Kwong Y.T.J., Crocket J.H., 1978: Background and anomalous gold in rock of an Archean
Basin, South Africa T greenstone assemblage, Kakagi Lake area, northwestern Ontario. Econ. Geol. 73, 50-63
. . Crocket J.H., 1993: Distribution of gold in the Earth's crust. In: Gold metallogeny and

Shales (Paleocene): Gubbio, Italy 1.85(0.4-5.8) exploration Forster R.P. ed., Chapman & Hall., 1-36
Limestones, dolostones, marl slates: .. . . ..
Kuznetsk, Altay, Sayan, Tuva, 2.5(0.2-5.5) Il(lo;f)]bzeimkov A.F., 1986: Gold distribution in black shale association. Geochem. Int. 23,
Russia
Pelagic limestones 1.1(0.3-4.6) Crocket J.H., 1993: Distribution of gold in the Earth's crust. In: Gold metallogeny and
(Turonian-Paleocene): Gubbio, Italy T exploration Forster R.P. ed., Chapman & Hall., 1-36
Limestones (Upper Jurassic): 0.71(0.6-1.0) Popov V.S., 1975: Geochemistry of gold in the Upper Jurassic evaporite formation on the
Central Asia, Russia : o southern part of Soviet Central Asia. Dokl. Acad. Sci. USSR, Earth Sci. Section 224, 204-207
Evaporites, (Jurassic): Central Asia, 1.4(0.4-7.0) Popov V.S., 1975: Geochemistry of gold in the Upper Jurassic evaporite formation on the
Russia A southern part of Soviet Central Asia. Dokl. Acad. Sci. USSR, Earth Sci. Section 224, 204-207
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Table 2

Average Au content in some selected volcanogenic rocks [ppb]

. Au
Rock type/localization (Min-max) References
Rhyolite, dacite (Cainozoic): 1.79 Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
Kuril-Kamchatka Province, Russia ’ the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629
Andesite (Cainozoic): 1.88 Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
Kuril-Kamchatka Province, Russia ’ the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629
Basalt (Cainozoic): 173 Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
Kuril-Kamchatka Province, Russia ' the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629
Rhyolite + ash cover (Cretaceous): 123 Mints, M.V., 1975: Gold in igneous rocks of southwester part of Ulinsk superposed downwrap
Okhotsk-Chukotka complex, Russia ' (Okhotsk - Chukotka volcanic belt). Int. Geol. Rev. 17/5, 604
Granite (Cretaceous): Okhotsk- 0.98 Anoshin G.N., Kepezhinskas V.V., 1972: Petrochemical features related to gold distribution for
Chukotka complex, Russia ' the Cenozoic volcanic rocks of the Kuril-Kamchatka province. Geochim. Int. 9, 618-629
Andesite, basalt (Cretaceous): 1.98 Mints, M.V., 1975: Gold in igneous rocks of southwester part of Ulinsk superposed downwrap
Okhotsk-Chukotka complex, Russia ' (Okhotsk - Chukotka volcanic belt). Int. Geol. Rev. 17/5, 604
Rhyolite (Cretaceous): 147 Mints, M.V., 1975: Gold in igneous rocks of southwester part of Ulinsk superposed downwrap
Okhotsk-Chukotka complex, Russia ' (Okhotsk - Chukotka volcanic belt). Int. Geol. Rev. 17/5, 604
Basalt, andesite (Cretaceous- 39 Yudin S.S., Yudina V.N., Shilin N.L., 1972: Gold concentration in volcanic series in the central
Paleocene): Okhotsk, Russia ’ part of the Okhotsk volcanic belt. Dokl. Acad. Sci. USSR, Earth Science Sec. 207, 39-441
Rhyolite, ignimbrite (Cretaceous- 9.6 Yudin S.S., Yudina V.N., Shilin N.L.,1972: Gold concentration in volcanic series in the central
Paleocene): Okhotsk, Russia (1.5-22.5) part of the Okhotsk volcanic belt. Dokl. Acad. Sci. USSR, Earth Science Sec. 207, 39-441
Basalt, andesite (Miocene, Pleisto- 5.6 Gottfried D., Greenland L.P., 1972: Distribution of gold in igneous rock US. Geol. Surv. Prof.
cene): Cascade Mountains, USA (0.1-19) Pap. 727,42 pp
Basalts and bimodal igneous rocks: 1.8 Gottfried D., Greenland L.P., 1972: Distribution of gold in igneous rock US. Geol. Surv. Prof.
Western USA (0.2-6.1) Pap. 727,42 pp

Average contents of most the PGE in the Earth crust are
lower than those of Au and usually do not exceed 1 ppb for
particular element and 10 ppb for total PGE (Tab. 3, Pasava
et al., 2003). However, in the rocks of exploration potential
for PGE their combined contents are usually 10 times higher
(Tab. 3). In the highest-grade known Ni-Cu deposit —
Norilsk-Talnakh (Russia) — PGE contents in sulphide ores
are over 100 ppm (Distler et al., 1993). Average PGE con-
tents in the layered mafic intrusions are from several to a
dozen of ppm (Zientek, 1993, vide Barrie, 1995) (Tab. 3)
but highest amounts were observed in macroscopically visi-
ble, disseminated sulphides. Most of the PGE-enriched sul-
phide associations hosted in pegmatoidal pyroxenite from
the Bushveld Complex (South Africa) and in chromite de-
posit of the Sopchezeero LMI (Kola Peninsula, Russia) are
of hydrothermal origin. However, some LMIs — e.g. the Du-
luth and the Muskox intrusions — do not host economic-
grade deposits despite the common presence of dissemi-
nated Ni-Cu sulphides (Barns & Francis, 1995).

An untypical, Au-Pt-Pd deposit is the Serra Pelada
(Northern Brasil, Cabral ef al., 2002). Average content of
combined precious metals in this locality is high (about 20
ppm) whereas Cu content is below 0.1% (Tab. 3). Maxi-
mum Au concentrations in the “bonanzas” were up to
13.5%. Ore is hosted in brecciated, haematitized and silici-
fied, carbonate metamudstones containing 10% of amor-
phous carbon. Its origin is related to the low-temperature
hydrothermal processes (Cabral et al., 2002).

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

Table 4 presents gold contents in Lower Permian rocks
from the Fore-Sudetic Monocline. All analyzed core frag-
ments reveal increased amounts of Au whereas PGE con-
tents are below detection limit (5 ppb). The exception is Ir,
which was detected in three samples, although in amounts
below 1 ppb (Tab. 4).

All analyzed Lower Permian rocks originating from
various parts of the Fore-Sudetic Monocline reveal distinct
traces of hydrothermal processes — hematitization of Fe-sili-
cates, zeolitization and carbonatization. It is supported by
the results of petrographic studies, e.g. Siemaszko (1978),
Ryka (1978) and Speczik (1979, 1985). In one of drill cores
abundant sulphide mineralization was found, which also
proves the presence of hydrothermal activity. Typical are
high contents of Au, particularly in the rocks from the Fore-
Sudetic Monocline and from the North-Sudetic Trough
(Tab. 4). The lowest Au contents were found in volcanics
from the Wolsztyn High (Tab. 4).

The earlier monographs (Speczik, 1979, 1985) clearly
demonstrated the presence of hydrothermal processes in the
basement of the Fore-Sudetic Monocline. In Carboniferous
rocks hydrothermal mineralization includes: hematite, py-
rite, cobaltite, safflorite, pyrrhotite, arsenopyrite, chalco-
cite, sphalerite, chalcopyrite, cubanite, bornite, marcasite,
native Bi, enargite, galena, tetrahedrite and hypergenic as-
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Table 3
Concentrations of Au and PGM in some selected igneous rocks and selected deposits [ppb]
Rock type/localization Au [p?)um] Os Ir Ru Rh Pt Pd Remarks/references
Tuffs, Bohemian Massif | 42.9 162 0.36 192 | 026 9.81 2052 | Average content
Pasava et al., 2003
s average content
Basalt, Namibia 4.6 179 2.29 9.5 - 80 23 Borg f al., 1987
Felsite rocks, Namibia 74 40 3.61 10 - 57 116 | 2verage content
Borg et al., 1987
Peridotite, Stare Ransko, subeconomic Ni-Cu
Czech Republic 241 874 3.14 28 4.6 372 756 Pasava et al., 2003
Troctolite, Stare Ransko, barren
Czech Republic 33 % 0.16 03 0.1 2.3 1.6 Pasava et al., 2003
Anorthosite, Impla, South BB-A barren, Bushveld
Africa 4.0 2 4 77 47 24.0 157 28 Maier, Barnes 2003
Pyroxenite, Impla, South BB-B barren, Bushveld
Africa 11 22 3 43 22 16.0 23 39 Maier, Barnes, 2003
Basalt, Karoo, South Caroo Formation
Africa 101 0.04 0.3 3 7 Maier et al., 2002
Massive sulphides, Caroo Formation
Ndzongiseni, South 1062.6 Ni- 71.0 6.60 <17 28.7 17390 21169 .
. Maier et al. 2002
Africa
Hartley Pt mine, Geat Dyke, PGE-3 zone,
Zimbabwe 1100 613 46 160 240 359 6540 2350 Oberthiir ef al., 2003
Hartley Pt mine, Great Dyke, PGE-2 zone,
Zimbabwe 260 544 36 120 170 270 2780 3390 Oberthiir ef al., 2003
Pyroxenite, Rustenburg, RPM, Bushveld
South Africa 1476 2479 825 1774 10151 3538 43003 13353 Maier, Barnes, 2003
Stillwater Complex, . ..
Montana, USA 178 372 384 128852-4600 | 217665-8000 | Talkington, Lipin, 1986
Fedorov Pansky, Kola 0.16-0.22 PGE ore (lenses A-B)
Peninsula, Russia 130-140 % B . B 130-140 360-550 2650-2420 Schissel et al., 2002
Sulphide ores, Sudbury, | ¢ 5y | 1975731 3 40 | 0.11-144 | 2225 | 0.16-287 | 413-4719 | 701-5213 | Eckstrand, 1995
Canada %
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, o Australian Ni (2.96%)
Australia 339 0.22 % 110 60 220 50 326 425 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

semblage: malachite, azurite, covellite, chalcocite and teno-
rite (Speczik, 1979). Moreover, silicification, chloritization,
carbonatization, kaolinization and pyritization of these
rocks were noticed (Speczik, 1979). Hydrothermal minerals
formed in a wide range temperatures, from high to low
(Speczik, 1979). Results of studies carried out in the
1980-ties suggested that the Variscan orogenic epoch
played crucial role in the metallogenesis of the Fore-Sudetic
Monocline basement (Speczik, 1985). The mineral assem-
blages newly described from the copper deposit allow the
authors to revise this concept. Chemical analyses of volca-
nics from the basement of the Fore-Sudetic Monocline point

out to their secondary, pulsatory saturation with alkalies,
which resulted in secondary depletion in Fe (Siemaszko,
1978). Hydrothermal activity in the basement rocks pre-
sumably affected the sedimentary cover composed of
clastics and chemical sediments. However, it is difficult to
recognize the chronology of the events. The crucial feature
is the vertical permeability, which was responsible for fluid
transfer from deep basement. Additional, new data on the
structure of consolidated basement of the Fore-Sudetic
Monocline provided by geophysical studies point to the
presence of deep fracture and basic intrusives in this area
(Koblanski, 1996).
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Table 4

Concentration of Au, PGE and Re in selected volcanogenic rocks from drill cores, Lower Permian, Fore-Sudetic
Monocline [ppb]

Sample, . .
borchole 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
Migdzyrzecz 2 23 n.a n.a n.a n.a -5 -4 n.a rhyolite Wolsztyn High
Zbaszynek 1G3 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
Chrzastowo 1 6.1 -2 0.2 -5 -0.2 -5 -2 -5 melaphyre | Wolsztyn High
n.a. —not analyzed
Table 5
Concentrations of precious metals in black shale formations
Hosting formation Au Pt Pd Other elements Age References
[ppm] [ppm] [ppm]
Selwyn Basin,Yukon, . . Hulbert et al., 1992,
Canada 0.086 0.410 0.214 Ni, Zn, Mo, As Devonian SHMS-type deposit
Oklahoma shale, USA 0.019 0.15 Mo Devonian-Mississippian %)9\7 le ney, Nansheng,
Chattanooga Shale, . S Coveney, Nansheng,
Indiana, USA 0.004 0.063 0.16 v Devonian-Mississippian 1991
. . 0.015, 0.067
2(2)::;11 1?: ﬁ?isslf’ ma(i.(fgzla 33 max.-0.025 max.-0.102 Cu, Ni, V, As, Zn Proterozoic Pasava et al., 1990
P e Ru-0.006 Rh-0.0017
. . 0.260 . . Chernyshov,
Timsk, Kursk, Russia 0.106 0s=3.5 0.020 Zn, Cu, piryt Proterozoic Korobkina, 1995
. 0.035, . 0 Proterozoic Loukola-Ruskeeniemi,
Puolanka, Finland max.- 0.170 Pyrite, Cong 7% 2.0-2.1 Ga 1991, black shales
. Loukola-Ruskeeniemi
Black shale, Jormula, 0.016, . 70 Proterozoic L ’
Finland max.-0.180 Max.-0.069 Pyrite Corg-7% 1.96 Ga 1991, ophiolitic
complex
Black shale, . Proterozoic Loukola-Ruskeeniemi,
Talvivaara, Finland 0.015 0.027, 1r-0.042 0.073 Ni, Cu, Zn 1.96-1.97 Ga Heino, 1996
. 0.034-0.12
Eiﬁjz Copperbelt, 0.007-0.046 Ir- 0.0-0.008 | Cu=2.5-33%,Ni| Middle Proterozoic El‘;‘éi‘;’h‘;igsw”
0.00015-0.00103

GEOCHEMISTRY OF PRECIOUS METALS
IN BLACK SHALES

Contents of precious metals in black shales are usually
higher than in other rocks. For Au values from 4 to 180 ppb,
for Pt — 25-410 and for Pd — 0-240 ppb were quoted (Tab.
5). Contents of the remaining PGE typically do not exceed a
few ppb (Tab. 5). Highest contents of both Au and PGE
were noticed in black shales accompanying the massive sul-
phide deposits. Hence, it can be assumed that precious met-
als are present in the dispersion aureoles of these deposits.
Among all studied black shales (Tab. 5 and 6) the most in-
teresting appear the Cambrian black shales from Southern

China where economic-grade accumulations were found of
Ni (2.6-3.6%) and Mo (3.9-5.7%) (Mao et al., 2002). Some
metals: Mo, Ni, Se, Re, Os, As, Hg and Sb are enriched over
1,000 time above the reference value (Tab. 7) (Mao et al.,
2002) whereas Ag, Au, Pt and Pd occur in amounts 100
times higher that the reference value. Contents of organic
carbon and vanadium are similar to those known from the
Kupferschiefer of the Fore-Sudetic Monocline.
Considering black shales of various ages (Tab. 5), con-
tents of Au and PGE in the Zechstein Kupferschiefer from
the Fore-Sudetic Monocline are similar to other world oc-
currences (Tab. 6). Mean Au content is 5.78 ppb for n = 77.
Variability coefficient and standard deviation point out to
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Table 6
Concentrations of precious metals in the black variety of
the Kupferschiefer
(Au = mean content) (after AGH Report, 1996)
Sample [:plll)] Pt Pd Ag n
(min.-max.) [ppb] | [ppb] [ppm]
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 343
s? 11.75
\% 59.31 %

V — variability coefficient; x - an average; s — standard deviation; S? - vari-
ance

moderate variability of Au contents in the Kupferschiefer. It
must be emphasized that in the whole population of analy-
ses only 5 samples showed values over 10 ppb (Tab. 6),
hence, the true content of Au is about 3 ppb. It means that
Au contents in the Kupferschiefer from the Fore-Sudetic
Monocline are only 1.5 times higher that the reference level
whereas the black, metal-bearing shales from China reveal
over 100-times enrichment (see Tab. 7). The higher values
of Au (Tab. 6) can be connected with the high contents of
Ag, as revealed by Salamon (1979). Contents of Pt and Pd
are low, and usually fall below the detection limit in the
population of samples analyzed for exploration project.
Concentrations of these metals are presented in chapter
“Geochemistry of host rocks...”. For comparison, Ag con-
tents in black shales from China exceed 10,000 times the
reference level (Tab. 7) (mean content Ag = 50 ppm) and
those in the Kupferschiefer from the Fore-Sudetic Mono-
cline are 672,000 times higher than the reference level
(maximum Ag content 3,360 ppm, Salamon, 1979). It must
be emphasized that contents of V, Ni, Co and organic car-
bon in these formations are similar and concentrations of U
is 10 times higher in Chinese black shales than in the
Kupferschiefer from the Fore-Sudetic Monocline (see
Piestrzynski, 1990; Mao et al., 2002). Simultaneously, the
Chinese black shales contain only 0.06-0.26% Cu. Obvi-
ously, differences in metal concentrations in the black
shales hosting the economic-grade accumulations are sig-
nificant. It may result from various sources of metals pre-
cipitated with the same process. Sulphur in black-shale-type
deposits from Southern China shows highly diversified 34S,
from +22 to —22%o. According to Mao et al., (2002), such
values indicate biogenic origin of sulphur. Since Collier
(1985) has demonstrated that Mo concentrations in sea wa-
ter are higher than the remaining metals, the presence of this
element in bottom sediments is regarded as diagnostic for
reducing environment in the bottom layer of sea water
(Jacobs et al., 1987).

CONTENTS OF Au AND PGE IN
UNCONVENTIONAL DEPOSITS

Several genetic types of Au deposits and over 2,000 de-
posits themselves are known worldwide. However, there
are only a few PGE deposits (in the LMI- Layered Mafic In-
trusions). In the following paper the authors focused atten-
tion exclusively on unconventional accumulations of pre-
cious metals. Undoubtedly, one of such deposits is located
in the Fore-Sudetic Monocline (Piestrzynski ef al., 2002),
the others are porphyry Cu-Au deposits with PGE (Pie-
strzynski et. al., 1991) and Pt-Pd-Au accumulations in un-
conformity-type uranium deposits (Tab. 7). The latter host
not only the economic-grade U concentrations but also in-
creased contents of Ni, Mo, Pb, Zn, As, Cuand V. An inter-
esting group includes deposits from the Tennant Creek area
in Australia (Skirrow & Walshe, 2002) where 600 occur-
rences of hematite bodies were found from which about
25% contains also Au, Cu or Bi (Skirrow & Walshe, 2002).
The highest-grade body — “Eldorado” — is low in sulphides
but hosts hematite and high amounts of Se, Au and Bi along
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Table 7

Concentrations of precious metals in unconventional deposits [ppm]

Depqsn/ ' Au Pt Pd Accompanying Type (?f Age Remarks/ references
localization [ppm] [ppm] [ppm] elements deposit
Coronation Hill, N. 485 0.19 0.65 U UN Proterozoic | Carville et al., 1990
Territory, Australia
Jabiluka2,N. up to 500 0.1-1.0 U UN Proterozoic | Carville ef al., 1990
Territory, Australia
Eldorado, Tennant 20 - - Se, Bi, Cu REDOX | Proterozoic | Skirrow, Walshe, 2002
Creek, Australia
. 0.149-0.618, 0.091-0.319 Ni, Pb, Zn, As, . black shale
Nick, Canada 0.086 1-0.003 0s-0.015 Mo SHMS Devonian |y ibert er at., 1992
Sukhoi Log, Lena, . 0 Proterozoic- | metasediments, Pt-mine-
Russia 2:45-31.97 1.45-3.0 16 Cupyrite SH? Cambrian | rals Wild et al., 2003
Zunyi Guizhou, 0.3 . . black shale Coveney,
China 0.7 1r-0.03 0.4 Mo, V, Ni, U BS Cambrian | 1, cheng, 1991
Sulphide layer, 0.300 Ru-0.023 . Ni-2.6%, Mo-3.9% Mao
Southern China 0.334 0295 05-0.034 Rh-0.025 BS Cambrian | /01 2002
Hunan, China 2.49 0.3 0.33 Mo, Ni, V SH Cambrian black shale Fan, 1983
Udokan, Siberia, 0.016-3.7 0.03-2.1 0015-325 | S A8 VMo g Proterozoic | U1ack shale Makariev ef
Russia Ni, Zn al., 1999
Monterrosas, Peru 6.0 ? ? Cu-1.0-1.2% 10CG Jurassic- | giiii0. 2003
Ag=20 Cretaceous
Punta del Cobre 0.2-0.6 Jurassic- -
> 9 9 =1.59
Chile Ag=2-8 ? Cu=1.5% 10CG Cretaceous Sillito, 2003
Lupin, Canada 10.75 As, pyrite BIF, Archean 11A9l§(§ma type, Kerswill,
Homstake, USA 8-9 As, pyrite BIF Proterozoic zi\glggma type, Kerswill,
Morro Velho, . . .
Minas Gerais, 10.0 As, pyrl.t < BIF Archaean 1r0n-ca.rbonate formation
. pyrrhotite Kerswill, 1995
Brasil
St. Tomas 11, . . porphyry Cu-Au
Phillippines 1.4 0.045 0.29 Cu, B, Te, Sb PC Tertiary | biotrzytiski ef al., 1994
Rh-0.00006 | reference level
Earth crust 0.002 0.0015 0.0005 1r-0.00002 Ru-0.0001 05-0.00005 | hitp://www.carthref.org

Types of deposits: SH — sediment hosted, UN — unconformity related, IOCG — iron oxide-copper-gold, BIF — banded iron formation, PC — porphyry copper,
BS — black shale, REDOX — redox boundary, SHMS — sediment-hosted massive sulphides

with the lower contents of Cu and Pb. Au accumulations are
related to the latest deformation stage (Skirrow & Walshe,
2002).

GEOLOGICAL SETTING

Jadwiga Pieczonka

LITHOLOGY, STRATIGRAPHY
AND TECTONICS

Lithology, stratigraphy

Geological setting of the Polish copper deposits in
which Au deposit is hosted (Fig. 2) has been described in a
great number of papers. The deposit is part of the Fore-
Sudetic Monocline. The Monocline includes three rock

complexes. The first is the basement, which comprises Pro-
terozoic crystalline rocks and Carboniferous sediments. It is
overlain by monoclinally dipping Permian and Triassic se-
dimentary rocks. In the southeastern part of the Monocline
(Opole region) Upper Cretaceous sediments were discor-
dantly deposited onto Triassic and Permian strata or onto
the older rocks of the Fore-Sudetic Block. The Permian—
Triassic complex is unconformably covered by younger
Paleogene—Neogene and Quaternary sediments (Konstanty-
nowicz, 1971; Ktapcinski et al., 1984; Kiapcinski & Peryt,
1996).

Crystalline basement

This unit includes schists, greywackes, hornfelses, gra-
nodiorites and gneisses (Ktapcinski et al., 1975; Toma-
szewski, 1978; Koblanski, 1996).
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Permian
This unit comprises Rotliegend and Zechstein strata.

Deposition of Rotliegend sediments is related to the final
stage of the Variscan orogeny. Its stratigraphy and sedimen-
tation were described by Klapcinski (1971), Pokorski
(1978, 1981) and Pokorski and Ryka (1978). Two members
were distinguished: lower — Autunian and upper — Saxo-
nian. The Autunian comprises conglomerates, brownish-red
sandstones and shales, quartzitic conglomerates and vol-
canics (Ryka, 1981), the latter represented by rhyolites and
rhyolitic tuffs and breccias (Juroszek et al., 1981; Kiap-
cinski et al., 1988). The Saxonian is a succession of brown-
ish-red sandstones with shales intercalations only locally
underlain by conglomerates. Higher in the sequence, grey
and white greywacke sandstones appear (Klapcinski, 1971;
Pokorski, 1978, 1981).

In the Polkowice deposit the average thickness of red
sandstones is 296.2 m, and that of white sandstones is 6.89
m (after archival data, Geological Dept. of the Polkowice-
Sieroszowice Mine).

Transition from the Rotliegend to the Weissliegend is
usually gradual (Oberc & Tomaszewski, 1963; Jerzykie-
wicz et al., 1976; Nemec & Porgbski, 1977). The age of a
part of the Weissliegend is controversial (Krason & Gro-
dzicki, 1964; Wyzykowski, 1964, 1971; Rydzewski, 1969;
Podemski, 1973; Jerzykiewicz et al., 1976).

Description of the Zechstein was excerpted from Ktap-
cinski (1964, 1971). For practical purposes, the Kupfer-
schiefer is widely accepted as the lowest unit of the Zech-
stein succession (and, simultaneously, of the PZ; cyclo-
them). However, beneath the Kupferschiefer the carbonate
horizon, up to 30 cm thick, is locally developed. This is the

Basal Limestone or its local equivalent — the Boundary Do-

Lithostratigraphic column through copper deposit (modified after Oszczepalski, 1999), gold deposit after Piestrzynski et al.

lomite (Krason, 1964). Thickness of the Kupferschiefer var-
ies usually from 30 to 60 cm (Salski, 1968; Konstantyno-
wicz, 1971). The Kupferschiefer is overlain by the Zech-
stein Limestone (Tomaszewski, 1978), which shows dis-
tinct cyclicity in some localities (Peryt, 1984). Higher in the
sequence, the Lower Anhydrite appears (Ktapcinski, 1966;
Ktapcinski & Peryt, 1996) followed by the Oldest Halite
and/or the Upper Anhydrite strata. Significant thickness of
anhydrite is correlated with low thickness of the Oldest Ha-
lite and vice versa (Ktapcinski, 1966; Ktapcinski & Peryt,
1996).
In the Polkowice area, the Zechstein oldest member is
the Boundary Dolomite of average thickness about 0.03 m.
The Kupferschiefer, of average thickness 0.31 cm, forms
continuous layer in the eastern and northern parts of the
mine. Thickness of overlying carbonates and of the Lower
Anhydrite is 50.73 m each. The Oldest Halite member oc-
curs only in the Sieroszowice area (after archival data, Geo-
logical Dept. of the Polkowice-Sieroszowice Mine and To-
maszewski, 1962b). The PZ, cyclothem begins with the
Main Dolomite member followed by the Basal Anhydrite
and the Older Halite grading up the sequence into the potas-
sium salts (Ktapcinski, 1967, 1991; Ktapcinski & Peryt,
1996). In the southern part of the Monocline the Older Ha-
lite is followed by anhydrites (Ktapcinski, 1991).

In the Polkowice area the Main Dolomite is 6.4 m thick,
whereas the anhydrite series thickness reaches up to 16.8 m
(after archival data, Geological Dept. of the Polkowice-Sie-
roszowice Mine).

Development of the PZ; cyclothem varies in various
parts of the Monocline. In the southern part the succession
includes the Platy Dolomite which contains up to 40% of
anhydrite. The basal part of this member includes clayey
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carbonates (Peryt, 1988). In the northern part of the Mono-
cline the equivalent of the Platy Dolomite is the shale hori-
zon with dolomite layer overlain by the Main Anhydrite
(Ktapcinski, 1967, 1986) and the Younger Halite. In the vi-
cinity of Nowa Sol intercalations of potassium salts appear
(Ktapcinski & Peryt, 1996).

Average thicknesses of the Platy Dolomite and the
Main Anhydrite are 4.3 and 19.7 m, respectively (after ar-
chival data, Geological Dept. of the Polkowice-Sieroszo-
wice Mine).

The PZ; cyclothem begins with brownish-red clayey
shales with gypsum and anhydrite intercalations and lenses,
followed by the Pegmatite Anhydrite. In the northern part of
the Monocline anhydrite member is overlain by the Youn-
gest Halite covered by brownish-red shales (Ktapcinski,
1991; Ktapcinski & Peryt, 1996).

In the Polkowice area thickness of the Pegmatite Anhy-
drite is 0.5 m and that of overlying clayey shales is 17.8 m
(after archival data, Geological Dept. of the Polkowice-Sie-
roszowice Mine).

The Zechstein stratigraphy in the southern part of the
Fore-Sudetic Monocline brings several problems as in this
area the cyclothems are reduced or absent (Fig. 2), (Toma-
szewski, 1978; Wagner et al., 1978). Further to the north,
all four cyclothems appear (Peryt, 1977). Zechstein stratig-
raphy of the Sieroszowice-Lubin area was described by To-
maszewski (1966, 1978, 1981), Ktapcinski (1967), Ktap-
cinski et al. (1984) and Tomaszewski and Kienig (1972).

Triassic

Sequence of this unit includes the Bunter Sandstone,
the Muschelkalk and the Keuper stages (Tomaszewski,
1962a; Deczkowski, 1977; Ktlapcinski et al., 1984). The
Lower Bunter comprises mainly arcosic sandstones, rarely
quartz sandstones with intercalations of shales, gypsum and
sandy limestones (Ktapcinski, 1958). The Middle Bunter
shows similar lithology (Ktapcinski ef al., 1984; Ktapcinski
& Peryt, 1996) whereas the Roethian is developed only in
the northeastern part of the Monocline. Its lower horizon in-
cludes dolomites with anhydrites, marls and limestone inter-
calations whereas the upper horizon embraces marls inter-
bedded with limestones and gypsum (Ktapcinski & Peryt,
1996).

In the Polkowice area the Triassic succession is reduced
to the Lower Bunter of thickness 82.2 m (after archival data,
Geological Dept. of the Polkowice-Sieroszowice Mine).

The Muschelkalk occurs in the vast areas of the Fore-
Sudetic Monocline. The lowest part of the succession in-
cludes platy limestones interbedded with marls, the middle
part consists of dolomites with marls, anhydrites and gyp-
sum interbeds and the upper part comprises platy limestones
and sandy dolomites (Ktapcinski et al., 1984; Ktapcinski &
Peryt, 1996).

The Lower Keuper strata include clays interbedded
with sandstones and dolomites and intercalated with clayey
shales and gypsum. These are overlain by clayey shales
with anhydrite, gypsum, arcosic sandstones and mudstones
of the Upper Keuper. The Roethian strata are clayey shales
interbedded with mudstones, sandstones and dolomites
(Ktapcinski et al., 1984; Ktapcinski & Peryt, 1996).
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Cretaceous

The Cretaceous sediments were found in the Opole
Trough, in the eastern part of the Fore-Sudetic Monocline.
These are mainly sandstones, conglomerates and marls un-
conformably covering the older strata (Ktapcinski & Peryt,
1996).

Paleogene

The Paleogene sequence comprises various sands (cal-
careous, quartz-glauconitic, quartz and micaceous) overlain
by a lignite seam (Dyjor, 1978; Klapcinski et al., 1984;
Ktapcinski & Peryt, 1996).

In the Polkowice area the stratigraphic gap includes
sediments from the Lower Bunter to the Eocene. Thickness
of Oligocene strata (clays, muds, sands and conglomerates)
is significant (48.4 m) (after archival data, Geological Dept.
of the Polkowice-Sieroszowice Mine).

Neogene

The Neogene succession comprises quartz conglomer-
ates, sands, clays and lignite seams (Ktapcinski et al., 1984;
Ktapcinski & Peryt, 1996) of thickness exceeding 300 m
(after archival data, Geological Dept. of the Polkowice-Sie-
roszowice Mine).

Quaternary

The Quaternary deposits reveal high lithological vari-
ability. The sediments are sands and quartz gravels contain-
ing granite and lydite pebbles. These are overlain by clays,
muds, sands, gravels and clays, and rare peats (Ktapcinski et
al., 1984; Ktapcinski & Peryt, 1996).

In the Polkowice area, average thickness of Quaternary
strata (muds, sands, sandy clays) is 37.2 m (after archival
data, Geological Dept. of the Polkowice-Sieroszowice
Mine).

Tectonics

The most intensive tectonic movements in the Fore-
Sudetic Monocline took place during the Laramide orog-
eny, at the Cretaceous/Paleogene break. Structural history
of this area includes several phases. The oldest, NW—SE-
trending fault system with accompanying fissures and frac-
tures originated from the Old Cimmerian phase, i.e. at the
Keuper/Rhaetian boundary. Further faulting took place in
the Young Cimmerian phase (Late Jurassic). At the end of
the Late Cretaceous the existing structures were rearranged
and new, mostly continuous deformations developed
(Salski, 1975a, b, 1977, 1996).

The Fore-Sudetic Monocline is bordered from the
southwest by the Fore-Sudetic Block along the Middle Odra
River Fault, which is, in fact, a fault system of lower order
in comparison to the Main Sudetic Thrust and to the Silesia-
Lubusz Deep Fracture (Oberc, 1967, 1995). In the Fore-
Sudetic Monocline the strata dip generally to the northeast
at low angle (2-5°, Preidl, 1967), although higher dip
angles (up to 25°) were locally noticed (Btaszczyk, 1981).

The copper deposit is located in the marginal, south-
western part of the Monocline, close to the boundary with
the Fore-Sudetic Block (Wyzykowski, 1961; Salski, 1996).



THE RED-BED-TYPE PRECIOUS METAL DEPOSIT 163

Three fault sets were identified: NW-SE; W-E and N-S
(Tomaszewski, 1963; Preidl, 1967; Sokotowski, 1967) with
dominating, NW-SE set of roughly parallel faults spaced
from 0.5 to 2 km.

Apart from dip-slip faults, also the strike-slip disloca-
tions were observed. The most common is the NE-SW set.
The lateral displacements of single faults do not exceed 1 m,
however, the cumulative displacements in larger areas may
reach even tens of meters (Salski, 1977, 1996).

Due to diversified lithology of the ore deposit the rocks
reveal intensive fracturing. At the Polkowice Mine three
fracture systems were identified with the dominating
NNW-SSE-trending one (Salski, 1975a, 1975b.).

The presence of large-scale, flat, brachyanticlinal and
brachysynclinal structures of general NW-SE trend is re-
lated to the elevations of the Zechstein basement.

OXIDIZED ZONES

Detailed studies on the occurrence of precious metals in
the copper deposit were carried out in the Lubin-Sieroszo-
wice area in the years 1995-1997 and managed by Profes-
sor Adam Piestrzynski. The results allowed the authors to
develop the concept that the increased contents of precious
metals are related to the oxidized zones. Consequently, the
Polkowice-Sieroszowice area was selected as a potential
site of economic-grade accumulations of precious metals
and the following research projects was focused on these
zones. The oxidized zones, particularly their origin and in-
fluence on the genesis of the whole deposit were always a
matter of highest interest. Selected genetic concepts are pre-
sented below.

Definition of the “Rote Fiule”

The “Rote Faule” facies was defined for the first time
by Gillitzer (1936) as an oxidized facies of the Kupferschie-
fer. According to this author, this is a synsedimentary facies
deposited in a shallow basin. Richter (1941), Kautzch
(1942) and Jung (1960) presented similar opinions. Jung
and Knitzschke (1976) proposed the slopes of paleohighs as
deposition sites of the “Rote Fiule”. Among Polish authors
the syngenetic origin of the “Rote Fiule” was advocated by
Konstantynowicz (1965) and Krason and Grodzicki (1965).

Oszczepalski (1980, 1989, 1999) and Oszczepalski and
Rydzewski (1983) assumed more complex, syngenetic-
early diagenetic formation model of this facies. According
to their idea, hematitization is presumably a secondary fea-
ture except for these red rocks, which origin is related to the
elevations of the Rotliegend basement.

As early as in 1930-ties the epigenetic theory of the
Kupferschiefer oxidation has emerged thanks to, among
others, Schneiderhohn (1926) and Fulda (1928), and was
later continued by Jowett (1986) and more recently by:
Kucha and Pawlikowski (1986) and Piestrzynski et al.
(2002).

The recent papers suggested the existence of more than
one “Rote Faule” facies and related the economic-grade
mineralisation to only a few types of these rocks. Moreover,
strong links between basement structure, mineralisation and

“Rote Faule” facies were underlined (Rentzsch, 1991, 1995;
Kucha, 1995; Piestrzynski, 1995). According to Piestrzyn-
ski (1995), the “Rote Faule” defined as synsedimentary oxi-
dized facies did not affect at all the mineralizing processes.
On the contrary, there is an important relationship between
the mineralizing processes and the oxidizing conditions pre-
vailing beneath the ore zone, in both the Weissliegend and
the Rotliegend sandstones. The Rotliegend molasse might
have been the source of metals, which were mobilized dur-
ing the diagenesis and/or as a result of dynamic stress
caused by halokinetic movements (Kucha & Pawlikowski,
1986).

According to Kucha (1995), the oldest red spots (i.e.,
the “Rote Féule”) were formed during synsedimenary or
early diagenetic events and did not reveal any links to sul-
phide mineralisation. On the contrary, the younger, epige-
netic red spots are closely connected with copper sulphides.
Similarly to Piestrzynski (1995), Kucha (1995) also sug-
gested the presence of the “Rote Féaule” facies beneath the
copper deposit. The existence of two types of red spots:
older (“Rote Faule”) originating from synsedimentary or
early diagenetic processes and younger, epigenetic, related
to the enrichment in precious metals was recently confirmed
by Pieczonka (1998, 2000), Pieczonka and Piestrzynski
(2000), and Piestrzynski et al. (2002).

The occurrence of rocks with red spots
(Poxidized facies™)

The distribution of rocks with red spots was described
by Oszczepalski and Rydzewski (1996, 1997) from six ar-
eas of the Fore-Sudetic Monocline. The largest is the
Gubin-Zielona Goéra area, which extends westward and con-
tinuing up to the Lower Lusatia. To the south this area ap-
proaches the North-Sudetic Trough and its eastern bound-
ary is the Polkowice-Sieroszowice deposit in which the oxi-
dized facies includes the Weissliegend sandstone, the
Kupferschiefer and the bottom part of the Zechstein Lime-
stone. Thickness of the red-spot zone varies from tens of
meters (in the southern part of the Zary Pericline) to some
tens (locally to several) centimeters at the margin of the
zone (Oszczepalski & Rydzewski, 1997). Much smaller ar-
eas were found in the vicinities of OstrzeszoOw, Poznan
(where six zones were distinguished) and in the Western
Pomerania (Kamien Pomorski area) where the oxidized fa-
cies continues westward, towards Germany (Oszczepalski
& Rydzewski, 1996, 1997).

The areas of red spots occurrence in Lower Zechstein
strata in Poland are in various stages of recognition. Kon-
stantynowicz (1965) described rocks (mostly marls) with
red spots underlying the copper deposit in the North-Sude-
tic Trough. Red spots in marls and limestones occurring at
the bottom and in the top of the copper zones were charac-
terized by Skowronek (1968) from the Leszczyniec Trough.

Several authors, e.g.: Rydzewski (1976, 1978), Micha-
lik (1979), Oszczepalski (1989), Jowett et al. (1991),
Wodzicki and Piestrzynski (1994) and Kucha (1995) have
already discussed problems of red spots occurrence in the
rocks from the Fore-Sudetic Monocline. Here, red spots
were observed mostly at the bottom of the copper zone, in
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red- and brownish-grey-colored rocks containing hematite
and Fe-hydroxides. The spots were encountered in all litho-
logic types of rocks. According to Michalik (1979), sand-
stones with red spots occur in almost whole area between
Lubin and Sieroszowice. The range of clayey and carbonate
rocks with red spots is much limited. These rocks form sev-
eral isolated “islands” of diameters from several hundreds
of meters to 2 kilometers, generally overlying the red-spot-
ted sandstones. Detailed distribution of red-spot zones in re-
lation to the copper deposit in the Polkowice-Sieroszowice
area was described by Piestrzynski and Pieczonka (1997a,
b), Pieczonka (2000) and Piestrzynski et al. (2002).

Distribution of red-spot zones in study area,
in relation to the copper deposit

Vertical relationships

In order to determine the mutual relationships between
the red-spot zones and the copper deposit, several geologi-
cal cross-sections were drawn through various parts of the
Polkowice-Sieroszowice area. Contents of Cu and Fe>* to-
gether with macroscopically visible red spots were taken as
indicators of the boundaries between the reducing, the tran-
sitional and the oxidized zones (Pieczonka, 1998, 2000).

One of the cross-sections was drawn through the Polko-
wice Main Field. In all the vertical profiles included into
this cross-section (No. Sz06-1086, Sz06-0714, Sz06-0423
and Sz06-0407) red spots were macroscopically visible in
the sandstones and the carbonates. The upper boundary of
the first oxidized zone located in the sandstones follows the
top surface of this rock whereas the lower boundary is un-
known as it was localized in only a single sequence. The
second oxidized zone includes a fragment of dolomite se-
ries. Between both oxidized zones the two transitional
zones were found: the first in the Kupferschiefer or in the
Kupferschiefer and in a part of the dolomite series and sec-
ond in the dolomite series itself.

In both the oxidized and the transitional zones only
traces of copper mineralisation were found, which is com-
pensated by the presence of precious metals hosted mostly
in the red sandstone as well as in the Kupferschiefer from
transitional zones.

Another cross-section was drawn in the southwestern
part of the Polkowice West Field (profiles No. Pr14-1604,
Pr14-1605, Pr14-1600, Pr14-1606, Pr14-1610, Pr14-1614
and Pr14-1609). Most of these profiles record the copper
deposit which then grades into the transitional zone. The
boundary between the deposit and the transitional zone is
almost vertical. A fragment of oxidized zone was found
only at the bottom of carbonate series where it extends 1.5
m above the Kupferschiefer top surface. Rocks with typical
red spots form a narrow offshoot, which penetrates the tran-
sitional zone.

The most complicated relationships between the zones
are seen in the cross-section drawn through the western part
of the Polkowice West Field (profiles No. Pr04-2527, Pr04-
2528, Pr04-2530, Pr04-2529, Pr04-2532, Pr04-2531). This
cross-section includes both the horizontal and the vertical
boundaries between zones. The first, extended oxidized
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zone is located in the sandstone. The position of the upper
boundary of the overlying transitional zone changes from
horizontal, defined along an extended distance by the sand-
stone-Kupferschiefer lithological interface, to irregular,
vertical one, separating the copper deposit and the oxidized
zone. This zone includes all types of rocks. The second oxi-
dized zone penetrates into the carbonate series form the
southeast, immediately from above the Kupferschiefer.
From the northwest it forms a vertical boundary of the tran-
sitional zone.

The copper deposit includes the Kupferschiefer and the
carbonates. Towards the oxidized zone the copper grade
abruptly decreases and in the oxidized zone itself it does not
exceed 0.5 wt.% Cu. In both the oxidized and the transi-
tional zones high amounts of precious metals appear. In the
area represented by the cross-section the oxidized zone is
dominated by native Au, whereas in the transitional zone
electrum prevails. In the copper deposit native Au is rare
and was encountered usually at the boundary with the tran-
sitional zone (Pieczonka, 1998, 2000).

The cross-sections demonstrate significant variability
of thickness and geometry of particular oxidized zones.
Apart from alternating zones located beneath the copper de-
posit, in which thickness changes are gradual, there are ar-
eas in which the zones extend upward and form additional,
irregular, vertical boundaries as well as other areas in which
the oxidized zone penetrates the copper deposit with nar-
row, irregular offshoots, usually above the top surface of the
sandstone. Differences in geometry of these zones result
from different formation conditions. In the sandstone the
oxidized zone occupies vast area and the prepared cross-
sections did not contour its boundaries. In the Kupfer-
schiefer and in the carbonate series the oxidized zones form
less extended, irregular restricted areas (red-shoot). Due to
limited vertical range of studied sequences, an eventual
presence of oxidized zone above the copper deposit can
only be hypothesized.

Horizontal relationships

The occurrence of red-colored rocks is highly variable.
Distribution of sandstones with red spots was recognized
basing upon data after Nie¢ and Piestrzynski (1996) and that
of the spotted Kupferschiefer and carbonate rocks was con-
cluded from archival materials provided by the Geological
Dept. of the Polkowice-Sieroszowice Mine (Archival mate-
rials, 1998). These materials include results of drillings and
observations made by mining geologists during the devel-
opment of the mine.

The sandstones with red spots occur in almost whole
area of the deposit. These were observed in the southern and
the western parts of the Sieroszowice area, and extend as ir-
regular offshoots to its northern and eastern parts (Fig. 3). In
the Polkowice mine, sandstones free of red spots form irreg-
ular fields in the northern and northeastern parts, and a sin-
gle, isolated restricted red-shoot located closer to the center
of the study area. These sandstones continue towards the
Rudna and the Lubin mines where the spotted sandstones
form only rare, isolated areas.

In both the Kupferschiefer and the carbonates red spots
are less common. In the Polkowice and Sieroszowice mines
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Spatial relationship of oxidized areas and copper deposit (after Pieczonka, 2000). / — limit of mining concession; 2 — limit of the

copper deposit; 3 — limit of the copper deposit based on bore holes; 4 — areas with oxidized Weissliegende sandstone; 5 — range of oxidized
areas within the Kupferschiefer and dolomite; 6 — range of complete oxidized section in the copper zone

the spotted Kupferschiefer and dolomites form highly irreg-
ular, isolated red-shoots of various size. Only for some
red-shoots, the boundaries could be defined accurately, for
others the boundaries are still only approximate, because
lack of mining works. In the Sieroszowice area the red-spot-
ted Kupferschiefer and dolomites occur mostly in its south-
ern and southwestern parts, over the red-spotted sandstones.
In the Polkowice mine, red-shoots of the spotted Kupfer-
schiefer and dolomites form two, locally parallel, NW-SE-
trending belts. Interpretation of drilling data revealed that
the red-spotted rocks occur also in the southwestern part of
the Polkowice area and extend further northward, towards
Radwanice and Sieroszowice. Generally, these rocks occur
above the red-spotted sandstones (Pieczonka, 2000).

Considering the inadequate recognition of the southern
and southwestern parts of the Polkowice-Sieroszowice de-
posit, the contour of red-spotted rocks zone in this part of
the mine still remains unknown.

Similar pattern — i.e., isolated red-shoots of red-spotted

Kupferschiefer and carbonates overlying the widespread
zones of red-spotted sandstones — was described by Micha-
lik (1979), basing upon data from 130 boreholes.

Both the irregular shapes and variable size of red-spot-
ted zones as well as an enrichment in Cu in the areas adja-
cent to transitional zones, reported by mining geologists,
confirmed the epigenetic origin of red spots in relation to
the copper deposit (Pieczonka, 2000; Piestrzynski et al.,
2002).

Distribution of red spots in the rocks from the
Polkowice-Sieroszowice deposit

The studies on the occurrence of the "Rote Féaule” fa-
cies in the Fore-Sudetic Monocline were based mostly on
data from drillings. Thanks to significant depth of bore-
holes, the distribution of red spots in particular rocks and
their position in relation to the copper deposit were recog-
nized.
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Further studies carried out after the year 1995 (see Pie-
strzynski & Pieczonka, 1997a, b; Pieczonka, 2000; Pie-
strzynski et al., 2002) were based upon macro- and micro-
scopic analyses of specimens selected from channel sam-
ples taken in vertical sequences, whose localization fol-
lowed the progressing development of the deposit. The
thickness and the lithologies of sampled rocks depended on
local, geological and mining conditions. In the Polkowice-
Sieroszowice mine the copper deposit is located within the
Kupferschiefer and the hanging wall carbonates. Hence, the
mine workings are driven on the top surface of the sand-
stone. In the sequences sampled during the first stage of the
research project only a single, point sample (sometimes two
point samples, taken from 0 to 20 cm interval beneath the
top of the sandstone) was collected from this rock. Results
of their examinations allowed the authors to recognize the
importance of the sandstone and gave rise to an expensive
program of supplementary drillings down to 1.5 m depth
from the top of the sandstone. Unfortunately, even these
drillings did not provide sufficient data for credible, qualita-
tive and quantitative evaluation of red spots distribution in
the sandstone.

Red spots were observed in the sandstones, in the
Kupferschiefer, and in the dolomites. Carbonates with red
spots were usually encountered above the red-colored sand-
stones. In the Kupferschiefer separating these rocks red
spots were often macroscopically invisible. In most samples
collected from such shale the red internal reflections were
observed under the ore microscope at crossed nicols. Inten-
sive red coloration of the Kupferschiefer or the Boundary
Dolomite was found only in small areas.

The Polkowice East Field

In the Polkowice East Field red spots were found first
of all in the sandstone, in profiles No. Sz07-0012, Sz12-
0238, 95-PW-1 and 95-PW-2 (Pieczonka, 1998) localized
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in the southern part of the field. Supplementary drillings
down to 1.5 m depth from the top of the sandstone did not
penetrate the lower boundary of the red-spots zone. Only in
a single profile (No. 95-PW-8) red spots were encountered
also in the bottom part of the carbonates, immediately over
the spotted sandstone (Pieczonka, 1998, 2000). In 1999—
2000 years several new profiles were sampled during the
development of the new parts of copper deposit: No.
P023-2384, P023-2399, 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 sampled rocks
the red spots were absent.

The Polkowice Main Field

In the Polkowice Main Field most of red spots were
found also in the sandstone, even down to 1 m depth from
its top surface (profiles: 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 supple-
mentary wells were not drilled. In some sequences the
whole top part of the sandstone was red-colored, whereas in
other ones samples free of spots were collected (e.g., profile
No. Po16-1925). In the southern part of the field red spots
appeared above the top of the sandstone, in the Kupfer-
schiefer (profiles: 95-PG-1, 95-PG-2, Pieczonka, 1998,
2000) and in the carbonates (profiles No. Sz06-0407, Sz06-
0423, Sz06-1086, Pieczonka, 1998, 2000). In dolomites the
spots were found immediately above the Kupferschiefer
(profile No. Sz 06-0407) and 20-30 cm above its top sur-
face (sequences No. Sz06-0423, Sz06-0714). Only in a sin-
gle, 95-PG-3 profile red spots were encountered in the bot-
tom part of the Kupferschiefer and in the lowermost interval
sample taken from the dolomite. In the profiles Po17-2125
and Po17-2289 located close to the border with the Polko-
wice East Field red spots were not observed.

8202'3056 Lithology No | Thickness Mi logy
streaky dolomite 107 | 330-350/20 |cc, cv
clay shale 108 | 350-362/12 |cc,cv
boundary dolomite | 109 | 362-372/110 |cc, cv
sandstone 110 | 372-382/10 |cc, cv
111 | 382-402/20
112 | 402-422/20
113 | 422-442/20
114 | 442-462/20
Cu [%] 1.32m
pii] Ptlppb] Pd [ppb]
3.62 107
0.90 : , 108 [ ][] 4
0.05 : 108 | 0
0.05 10 16 ]
0.02 m 8 0
0.10 112 | l | 519 209
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0.01 114 —l r 528 261
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Fig. 4.
114 — no of chip sample, cc — chalcocite, cv — covellite
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100 (x 10 forAu)

Vertical distribution and correlation of copper and precious metals in the profile Sz02-3056 from Polkowice Mine, East Field.
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Sz03-1026 Lithology | No | Thickness Mineralogy
sandstone | 115| 268-288/20 |py
117 | 288-318/30 |py
118| 318-348/30 |cpy, py. gt
120 | 348-378/30
red 121| 378-408/30
sandstone | 122 | 408-428/20
123 | 428-448/20
Cu [%] T80m
0.14 ! 15
f 00i] Ptppb) Pd [ppb]
0.20 17 ] n 0 0
0.10
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Fig. 5.

Vertical distribution and correlation of copper and precious metals in the profile Sz03-1026 from Polkowice Mine, East Field.

123 — no of chip sample, cpy — chalcopyrite, py — pyrite, gt — goethite

Sz07-0027 Lithology | No | Thickness Mineralogy
dolomitic shale | 114 | 266-286/20 |cc, dg, bn
pitchyshale | 115 | 286-296/10
sandstone 116 | 296-306/10
117 | 306-336/20
118 | 336-356/20
119 | 356-376/20
120 | 376-396/20
Cu (%] 1.20m
9.80 14 A fpwti] Ptippb] Pd [ppb]
L4 |
221 : - 115 I TI"| | 7 19
0.18 ¥ 16 | I1]] &+ 164 90
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Fig. 6.

The Polkowice West Field

Red spots from this field revealed highest density and
diversity. However, it must be emphasized that in this field
the largest number of observations could be made due to in-
tensive mining operations.

The sandstone
Apart from profiles: Pr18-0331 and Pr18-0367, in
which red spots were not found, the red-colored sandstone

Vertical distribution and correlation of copper and precious metals in the profile Sz07-0027 from Polkowice Mine, East Field.
120 — no of chip sample, bn — bornite, cc — chalcocite, dg — digenite

was present in all the studied sequences, from which more
than one sample was taken. However, the boundaries of the
red spots zone could not be contoured, despite large number
of samples. The spots occur in both the southern and central
parts of the field, and at the boundary with the Sieroszowice
area. In some sequences the full studied sandstone thickness
contained red spots (profiles: Sr23-0517, Sr 23-0518, Pr10-
2267 and Pr04-2529, Pieczonka, 1998, 2000) whereas in
others the spots appeared at depth from 0 to 40 cm from the
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Sz08-1054 Lithology | No | Thickness Mineralogy
calcareous | 112 |220-240/20
dolomite 113 | 240-260/20
sandstone | 114 |260-280/20
115 |280-300/20 [cpy, en, lu, cv, py, mg
116 | 300-320/20
117 | 320-340/20
Cu [%] 1.20m
0.15 ) 112 b Jpoh] Ptppb] Pd [ppb]
0.15 113 121 73
0.01 114 143 151 1M1
0.03 115 302 192
0.01 116 | 12 9
0.01 117 7 9
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Fig. 7.

Vertical distribution and correlation of copper and precious metals in the profile Sz08-1054 from Polkowice Mine, East Field.

117 — no of chip sample, cpy — chalcopyrite, cv — covellite, en — enargite, lu — luzonite, mg — magnetite, py — pyrite

PZ-0040 No_| Thickness Mineralogy
clay shale 101 | 0-10/10 |cc,dg,cv,gs, E
102 | 10-20/10 |[cc, cg, cv, gs, rm, py

pitchy shale 103

20-28/08

cc, dg, bn, cpy, cv, gs, E

dolomitic shale | 104

28-33/05

cc, dg, bn, cpy, cv, i

red clayshale | 105 | 33-35/02 |cc, dg, cv, gs, rm, li, Au;
J:ed_éatudame_ 106 | 35-45/10 |py, bn, cpy, cc, hm;
sandstone

107 | 45-55/10

cpy-hy, py, ga, bn, Au, Pd?;

108 | 55-65/10

cpY. Py

109 | 65-75/110 |cpy
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Fig. 8.

Vertical distribution of precious metals in the profile PZ-0040 from Polkowice Mine, West Field. 109 — no of chip sample, bn —

bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, cg — castaingite, dg — digenite, ga — galena, gs — gersdorffite, rm —
rammelsbergite, 1i — laitakarite, py — pyrite, hy — haycockite, E — electrum, hm — hematite, Au — native gold, Pd? — palladium arsenides

top surface (profiles: 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). Obviously, it does not mean
that the spots do not occur at greater depths from sandstone
top surface. Moreover, in some sequences, the alternating
zones of grey and red sandstone were found (profile PR
18-0262) or red spots appeared some tens of centimeters
down the top of the sandstone (sequence No. Pr 04-2527).
Observations revealed not only the high variability of red
spots distribution but also their highly irregular shape and
size (Pieczonka, 1998, 2000).

The spots located in the top part of the sandstone, close
to the boundary with the Kupferschiefer as well as those lo-
cated down to 20 cm depth from this lithological interface
reveal cherry-red colour, usually elongated shape and stable

thickness over long distances. A randomly selected sam-
pling site positioned in the central part of such a long spot
may suggest the general, occurrence of syngenetic type of
lamina in the sandstone (Fig. 10A) and consecutive samples
taken from alternating, red and grey sandstone zones may
“confirm” this observation (profile PR18-0262). Com-
monly, such a lamina pinches out or branches after a long
distance (several meters) from the center. The case illus-
trated by PR18-0262 profile may result also from roughly
parallel arrangement of several large spots or from cluster-
ing of smaller spots at various depths from the top surface of
the sandstone. Insufficient recognition of sandstone in the
study area gives rise to various possible interpretations
(Pieczonka, 1998).
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¥ Lithology | No | Thickness Mineralogy
PZ-0043 streaky 101 | 0-20/20

dolomite 102 | 20-40/20 |py, bn, cpy

with red 103 | 40-60/20 |cpy

patches 104 | 60-80/20 |cpy, cc, bn, hm, Au
105 | 80-100/20 |cpy, cc
106 | 100-120/20 |cpy, bn, cc, dg, hm, rm
107 | 120-140/20 |cpy
108 | 140-160/20 |hm
109 | 160-180/20 |cpy, hm, cc
110 | 180-200/20 |cpy, bn, dg, py, hm
111 200-220/20 |bn, dg
112 | 220-233/13 | cpy, bn, cc; hm

clayshale | 113 |233-239/06 |cpy;

red 114 | 239-249/10 |bn, cpy, hm;

sandstone | 115 | 249-259/10 |cpy, bn, cv, hm, cc, Au;
116 | 259-279/20 |cpy;
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Fig. 9.  Vertical distribution of precious metals in the profile PZ-0043 from Polkowice Mine, West Field. 109 — no of chip sample, bn —
bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, dg — digenite, rm — rammelsbergite, py — pyrite, Au — native gold, hm — hema-

tite

In more compact, carbonate-cemented sandstone imme-
diately underlying the Kupferschiefer the other type of spots
was found — brownish-red, more regular in shape and
smaller (Fig. 10B).

In several profiles only the top part of the sandstone
(some 10 cm thick) was observed, immediately underlying
the Kupferschiefer. This layer commonly hosted the red
spots (profiles: 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 sandstone was not sampled (profile Sz/III, Sz/
IV) or the interval sample taken just beneath the Kupfer-
schiefer represented the white sandstone variety. However,
if red-colored Kupferschiefer or cabonates occurred in such
sequences, it is very probable that red spots were present
also in the sandstone, but at greater depths.

The Kupferschiefer

The red-spotted or brownish-red Kupferschiefer variet-
ies encountered in the Polkowice West Field usually occupy
lowermost position in the full thickness of this member. i.e.,
immediately above the top surface of the cherry-red sand-
stone (Fig. 10C, D). Such shale forms either a homogenous
layer overlain successively by brownish-grey and dark-grey
varieties (profiles: 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 intercalations of brownish-red and brownish-grey
shale overlain by dark-grey variety (profiles: 95-PZ-27 to
95-PZ-38, Pieczonka, 1998). Therefore, in the Kupferschie-
fer layer some tens of centimeters thick one can observe
transition from oxidized zone (red and brownish-red shale)
to transitional zone (brownish-grey shale), to reducing zone
(dark-grey shale with Cu mineralisation). Distribution of
profiles revealed that the red-colored variety of the Kupfer-
schiefer occurs mostly in the central and southern parts of
the West field.

The carbonate rocks

In the cabonate rocks the red spots are rare and were ob-
served in sequences localized along the southwestern
boundary of the Polkowice West Field (profiles: PZ-43,
Pr04-2531, Pr04-2532, Sr23-0517, Pieczonka, 1998, No.
Pr13-7001, Fig. 13, No. Sz/111, Fig. 14 and No. Sz/1V, Fig.
15). In this part of the mining field carbonates are separated
from the sandstone by the Kupferschiefer layer only a dozen
of centimeters thick. Moreover, in some sites the shale does
not contain macroscopically visible red spots. Low thick-
ness of the Kupferschiefer was probably responsible for the
expansion of oxidized zone into the carbonate series. Thick-
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Fig. 10.

Macrophotographs showing position of red patches in vertical sections of Zechstein strata, Polkowice Mine. A — red patches in

the uppermost part of Weissliegende sandstone, profile PZ-G-31; B — red patches and spots random distributed in the uppermost part of
Weissliegende sandstone, profile PZ-G-31; C — red patches at the contact of Weissliegende sandstone and Kupferschiefer, profile
PZ-G-31; D — red patches and spots at the contact of Weissliegende sandstone and Kupferschiefer, profile PZ-G-31; E — secondary oxi-
dized section of the lowermost part of PZ1 limestone, profile PZ-G-31; F — secondary maroon patches showing primary lamination of the

lowermost part of PZ1 limestone, profile PZ-G-31

ness of red-spotted dolomites far exceeds 2 m and red spots
were encountered in all collected interval samples except
for sequences No. Pr04-2531 and Sz/IV where the red spots
disappeared about 1 m above the top surface of the Kupfer-
schiefer.

Size, shape and color of red spots are highly variable. A
common variety includes spots arranged concordantly with
dolomites bedding. These are large, irregular spots or clus-

ters of closely packed, smaller, cherry-red spots arranged in
streaks (Fig. 10E). Such streaks can be formed also by
smaller, more regular, brownish-red spots (Fig. 10F). Inten-
sity of color in specific layers is highly variable.

Apart from the areas where the main direction of spots
arrangement is clear over long distances, there are sites
where spots of various size are randomly scattered within
the dolomite. However, even the large, elongated spots tend
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PZ_001 9 Lithology No | Thickness Mineralogy

claydolomite | 101 ]| 0-10/10 |cpy. py. sf

dolomitic shale | 102 | 10-25M15 |cc, cv. bn, cpy, th,cl, E

|clay shale 103 | 254520 [cc.cv

| pitchy shale 104 | 45-51/06 |bn, cv, cc, Au

clay shale with | 105 | 51-56/05 |bn, cv, cc, Au

red patches 106 | 56-59/03 |cpy, Au, Pd?;

red sandstone | 107 | 59-67/08 [cpy, py, Au;
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Fig. 11.

Vertical distribution and correlation of copper and precious metals in the profile PZ-0019 from Polkowice Mine, West Field.

107 — no of chip sample, bn — bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, sf — sphalerite, cl - calusthalite, py — pyrite, th —
thucholite, E — electrum, Au — native gold, Pd — palladium arsenides

Pz_001 8 Litwology | Mo | Thickness Mineralogy
claydolomite | 101 | 0-10/10 |[cpy.py
dolomitic shale | 102 | 10-30/20 |[bn, cc, ov, ga, dg, Ag
[clay shale 103 | 30-50/20 [cc, v, ol E
|pitchy shale 104 | 50-54/04 [cv.cc
red clayshale | 105| 54-59/05 |cv
106 59-62/03 |cpy. bn, cv;
e 107 | 62-72110 [cpy
Cu [%] 0.72m Au fepisl Ptippb] Pd [ppb!
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26 D L0.5 102 [ 0 0
0.21 103 29 5
- — L) C— g8 &
0.01 0 07| 1 ’ 46
r T T T T T T T T T T T T T T 1
06 05 04 03 02 01 0 0 100 200 300 400 500 600 700 800 900 1000

Fig. 12. Vertical distribution and correlation of copper and precious metals in the profile PZ-0018 from Polkowice Mine, West Field.
107 —no of chip sample, bn — bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, ga — galena, cl — calusthalite, dg — digenite, py —

pyrite, E — electrum, Ag — native silver

to position their longer axes parallelly to the bedding planes.
Red-colored are also diagenetic sulphates encountered in
nest-like structures (Pieczonka, 1998, 2000).

The Sieroszowice area

Before the year 2000, the occurrence of red spots in the
Sieroszowice area was known only from a few profiles lo-
calized in the southeastern part of the mine (e.g., No.
95-S-7, Sr09-0520 and Sr09-0727, Pieczonka, 2000). The
spots were rare and occurred at depths intervals 0—-10 cm,
20-40 cm and 60—80 cm beneath the top of the sandstone.
In the following years sampling was made in profiles local-
ized in various parts of the mine: northwestern (No. Ral4-
0274 and Ral14-0505), central (No. Ra19-0011), southwest-
ern (No. Sr18-617s”, Sr18-1628 and Sr18-7002, Fig. 16),
southern (No. Sr19-0802, Sr19-1186, Sr19-2428, Fig. 17,
No. N/I11, Fig. 18, No. N/IV, Fig. 19 and No. N/V, Fig. 20)
and southeastern (No. Sr20-0822). In the profiles No. Sr18-
1628, N/III, N/IV and N/V, large number of red spots was
observed in all samples collected from the sandstone (even
down to 1.5 m depth, as in No. N/III). Moreover, spots were

observed also in the dolomites, in No. N/III profile (even in
the highest interval sample taken 2.3 m above the top of the
clayey dolomite) and in No. Sr18-7002 profile. In the re-
maining profiles red spots were not encountered. However,
it must be noticed that the Sieroszowice area is poorly rec-
ognized in comparison with other mines, and observations
could be carried out over a small area.

Summary

The spots were observed over long distances at the
sandstone/Kupferschiefer boundary and within the sand-
stone, at depths about 20 cm beneath the top surface as well
as in the bottom part of the carbonate series. Sometimes,
these are clusters of spots locally following the bedding
planes of the sandstone or dolomites, or the lamination of
the Kupferschiefer. The spots may pinch our or branch in
various directions. Usually, the spots reveal cherry-red
color. Such arrangement of spots was a result of activity of
oxidizing solutions flowing in a partly unconsolidated sedi-
ment, along the directions of most favorable physical prop-
erties. Local changes of these properties, if hampered the
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o Lithology Mo | Thickness Mineralogy
Pr1 3 7001 streaky dolomite 101 20
with red patches 102 20
103 20
clay dolomite 104 7 cpy, hm, py
boundary dolomite | 105 3 cpy, cc, ga, py, hm
sandstone with red | 106 20 cpy, py, hm
and grey laminae | 107 20 cpy, py, hm
108 20 cpy, hm
109 20 cpy, hm
Cu [%] 150m A lpti) Ptippb] Pd [ppb]
0.11 101 | M 27 4
i
1
0.14 102 I 127 21
0.14 H 103 Il 2173 176 58
i 194 — > M
0.04 106 0 29
0.01 107 0 23
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Fig. 13. Vertical distribution and correlation of copper and precious metals in the profile Pr13-7001 from Polkowice Mine, West Field.

109 — no of chip sample, cpy — chalcopyrite, cc — chalcocite, ga —

galena, hm — hematite, py — pyrite

Sz/ll Lithology No | Thickness Mineralogy
255 calcareous dolomite 0-33/33
L streaky dolomite 33-83/53
with red patches 101 | 83-103/20 |cpy, bn, cc, hm
102 | 103-123/20 | cpy, bn, cc, hm
103 |123-143/20 |cc, cv, hm, tn, bn, ga
|2 104 | 143-163/20 |cpy
105 | 163-183/20 |cpy, ga, py, bn, tn, cv, hm
106 | 183-203/20 |cpy, bn, cc
107 |203-223/20 | bn, cpy, hm
L 108 [223-243/20 [cpy, bn, cv, ga, Au
102 clay shale 109 [243-255/12 |cpy, cc, Au
103
19 104
w03 Au |pob] Ptppb] Pd [ppb]
106 s 22 4
107 : (LY 17 4
II
108 I M43 113 28
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Fig. 14. Vertical distribution of precious metals in the profile Sz/III from Polkowice Mine, West Field. 109 — no of chip sample, bn —
bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, tn — tennantite, hm — hematite, ga — galena, py — pyrite, Au — native gold

solution transfer, caused the migration of fluids in various
directions and the formation of variously shaped spots. At
sites where solution transfer was highly obstacled by
changes in porosity and permeability of rocks, small, iso-
lated spots were formed. The barriers for free, vertical mi-

gration of solutions were, among others, the topmost,
20-cm-thick, compact, carbonate-cemented sandstone layer
as well as the bottom surface of the Kupferschiefer and the
higher portions of the dolomite series. The single, brick-red
spots seen in the topmost sandstone layer are analogous to
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sz'"V Lithology | No | Thickness Mineralogy
250m calcareous | 101 | 0-180/180 |cpy, py
r dolomite 102 cpy, py, tn, cc, hm
streaky 103 |180-194/14 |cpy, py, tn
dolomite 104 |194-208/14 |cpy. bn, cc
with red 105 |208-222/14 |cpy, cv, hm, bn, py
|2 patches 106 |222-236/14 |cpy, bn, dg, cc, cv, py, hm
107 |236-250/14 |cpy, bn, cv, hm, cc, dg, ga, rm
| 4 101
102
Aw o] Pt fppb] Pd [ppb]
103
104 6 8
105 Vi 13 14
106 |_| o 2 12
“‘u 10? T | T T T !I T T T T I?—ll e 14 18
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Fig. 15. Vertical distribution and correlation of copper and precious metals in the profile Sz-IV from Polkowice Mine, West Field. 107 —
no of chip sample, bn — bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, tn — tennantite, dg — digenite, ga — galena, rm —
rammelsbergite, py — pyrite, hm — hematite

o Lithology | Mo | Thickness Mineralogy
sr18 7002 streaky 106 |130-150/20 |cpy, py, bn
dolomite with | 107 |150-170/20 |cpy, bn, dg, ga, cc, cv, sf
red patches | 108 [170-190/20 |cpy, bn, dg, ga, cc, cv, sf
109 |190-210/20 |cpy, cv, cc, hm, bn, ga, dg, py, Au
110 |210-230/20 | cpy, py, mk

clay dolomite | 111 |230-250/20 |cpy, cc, cv, rm, hm

shale 112 | 250-259/9 |cc, bn, cpy, cv, E

sandstone 113 | 259-268/9 |cpy, hm, bn, cv, py, tn, E, Ta
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Fig. 16. Vertical distribution and correlation of copper and precious metals in the profile Sr18-7002 from Polkowice Mine, West Field.
113 — no of chip sample, bn — bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, tn — tennantite, sf — sphalerite, ga — galena, dg —

digenite, rm — rammelsbergite, py — pyrite, mk — marcasite, E — electrum, Au — native gold, Ta — tetraauricupride, hm — hematite

those observed in the carbonates together with the cherry-
red spots. Their different shape, distribution in the rocks and
color indicate that these spots were formed under conditions
different from those of spots described above.

Basing upon macroscopic observations, two types of
red spots can be distinguished, formed during two different
oxidation stages (Pieczonka, 1998, 2000; Piestrzynski et al.,
2002).

Structures and types of red spots

The sandstone

Spots encountered in the sandstone show highly vari-
able size and shapes, and different shades of red color.
Dominant are brownish-red, occasionally cherry-red spots.
Despite their size, all these spots reveal highly irregular
shapes with numerous offshoots penetrating the host rock in
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Lithology | Mo | Thickness Mineralogy
Sr19-2428 clay dolomite] 107 | 220-226/6 [cc, bn, cv, dg
clay shale 108 | 226-261/35 | cc, bn, dg, cv, cpy
sandstone | 109 |261-271/10 cpy, bn
110 [271-291/20 | cc, cpy. bn, dg, cv
Cu [%] pebl Ptppb] Pd [ppb]
0.71m
3.40 | I [ 107 0 0
9.44 I 0.5 108 0 0
|
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Fig. 17. Vertical distribution and correlation of copper and precious metals in the profile Sr19-2428 from Polkowice Mine, West Field.

110 — no of chip sample, bn — bornite, cpy — chalcopyrite, cc — chalcocite, cv — covellite, dg — digenite

N "" Lithology | No | Thickness Mineralogy
streaky 0-20/20
dolomite 101 | 20-30110 |cpy, hm, gt
with 102 | 30-40/10 |cpy, gt
redpatches 40-60/20
sandstone | 103 | 60-70/10 |cpy, py. hm, gt
with red 104 | 70-80/10 |cpy, py. Au
patches 105 | 80-90/10 |cpy, py, rm, hm, Au
106 | 90-100/10 |cpy, py, hm
100-140/40
107 |140-160/20 | py, cpy, mk
108 | 160-180/20|cpy, py, mk
180-260/80
_260m At |pes| Ptfppb] Pd [ppb]
5 33; =3 ' 5 0
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Fig. 18. Vertical distribution of precious metals in the profile N/III from Polkowice Mine, West Field. 108 — no of chip sample, cpy —
chalcopyrite, gt — goethite, dg — digenite, rm — rammelsbergite, py — pyrite, mk — marcasite, Au — native gold, hm — hematite

various directions. In these spots and in surrounding, unaf-
fected white sandstone, abundant sulphide accumulations
were noticed (Fig. 21A, B, C, D). Changes in color of larger
spots can be caused by various intensity of oxidizing solu-
tions action or variable Fe contents in rocks penetrated by
these solutions. Locally, over short distances, the red-col-
ored, topmost zone of the sandstone resembles a layer. In a
single profile the red sandstones were apparently laminated
(laminae resulted from changes in sandstone color caused
by horizontal solution transfer) and hosted distinct, dark-red
(occasionally cherry-red) spots (Fig. 21E). These laminae
disappeared about 0.5 m beneath the top surface of the sand-
stone.

The second type includes spots of more regular shapes,
several centimeters in diameter, showing brownish-red,
sometimes brick-red color and common dark rims (Fig.
21F, 22A, B). The rims composed of abundant hematite are
distinct barriers between the spots and the enclosing sand-
stone. However, under the ore microscope, at crossed ni-
cols, the rims boundaries are not so sharp. Within the spots
hematite accompanies the coarse-crystalline carbonate ce-
ment, locally entirely replacing carbonate minerals. It also
fills the cracks in various detrital grains up to complete re-
placement of the clastics. Hematite accumulations occur
also outside the spots, within the carbonate cement of sur-
rounding white sandstone (Pieczonka, 1998). Within the
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N "V Lithology | No | Thickness Mineralogy
streaky 0-130/130
dolomite 101 | 130-140/10 |ev, cc, py
_2.50m 102 | 140-150/10 [cv, cc, dg
103 | 150-16010 |cc, cv, dg. cpy, bn. py
104 | 160-170/10 |cc, cv, bn, cpy
sandstone | 105 | 170-180/10 |mk, cpy, py, cv, bn, sf, hm, st, ga, Au, E, Ag
with red 106 | 180-190/10 |cpy, py. gt, hm, bn, cv
| 2 patches 107 | 190-200/10 | py. cpy. cc, gt
108 | 200-210/10 |cpy, py. bn
210-240/40
A [petl Ptippb] Pd [ppb!
101
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Fig. 19. Vertical distribution of precious metals in the profile N/IV from Polkowice Mine, West Field. 108 — no of chip sample, bn —
bornite, cpy — chalcopyrite, gt — goethite, cc — chalcocite, cv — covellite, dg — digenite, ga — galena, sf — sphalerite, py — pyrite, mk —
marcasite, Au — native gold, E — electrum, Ag — native silver, st — stromeyerite, hm — hematite

NV

Lithology | No | Thickness Mineralogy
P streaky 0-120/120
= dolomite 101 |120-130/10 |cpy, py, bn, cv, gt
130-150/20
sandstone | 102 |150-160/10 {mk, cpy
with red 103 [160-170/10 [cpy, py, mk, gt
patches 104 [170-180/10 [cpy, py. mk
105 | 180-190/10 |cpy, py, gt, Au
190-
300/110
-2
A [pat] Ptppb] Pd [ppb]
101 ) 0 0
| 102 I__|| Wee 22 23
103 | un 15 23
104 2 0 0
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Fig. 20. Vertical distribution of precious metals in the profile N/V from Polkowice Mine, West Field. 105 — no of chip sample, bn —

bornite, cpy — chalcopyrite, gt — goethite, cv — covellite, py — pyrite, mk — marcasite, Au — native gold

spots chalcopyrite and pyrite were observed as aggregates
in sandstone cement and in cracks cutting the detrital grains.
Outside the red spots sulphides are rare.

The two types of spots are secondary and were formed
shortly after deposition of the sandstone (Pieczonka, 1998,

2000). For the first type of spots it is documented by their ir-
regular shapes, arrangement in relation to sandstone bed-
ding and the presence of sulphides. In many earlier papers
(Piestrzynski, 1995; Kucha, 1995) the lack of relationships
between the sulphide mineralisation and the syngenetic sed-
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Fig. 21.

Macrophotographs showing different shape of red patches in the Weissliegende sandstone, Polkowice Mine. A — red patches in

the uppermost part of Weissliegende sandstone, solid red line is a shear plane, profile SW-G-=53; B — lens of sulphides (black) within the
red patches and spots random distributed in the uppermost part of Weissliegende sandstone, profile SW-G-53; C — irregular red patches
and nests of sulphides at the contact of Weissliegende sandstone and Kupferschiefer, profile SW-G-53; D — secondary oxidized section of
the uppermost part of Weissligende sandstone and random distributed sulphide nests (dark blue), profile SW-G-53; E — red bed related
maroon patches in Weissliegende sandstone, profile Pr13-7001/108; F — maroon patches regular in shape in Weissliegende sandstone,

profile N/I11/4

iments was advocated. The epigenetic origin of the second
spot type is confirmed by the presence of sulphides and rel-
ics of white sandstones within the spots, and by the exis-
tence of coarse-crystalline carbonate cement unreplaced by
hematite, well visible under the microscope. Hematite ac-
companies carbonates in sandstone cement and forms rims
around the clastic grains, which are not closely packed.
Hence, it has appeared in the rock after deposition of the
sandstone (Pieczonka, 1998). A similar concept was pre-
sented earlier by Michalik (1979).

The Boundary Dolomite

The red-colored Boundary Dolomite was found only in
the Polkowice West Field (profile PZ-G-31/2). It was de-
scribed several times by Piestrzynski and Pieczonka (1997a,
b), Pieczonka (1998, 2000) and Piestrzynski et al. (2002).
Spots visible at the surface of specimens show a variety of
shapes and shades of red color. Dolomite itself is light- to
dark-grey. Distribution and shapes of red spots suggest their
epigenetic character (Fig. 22C, D, E, F). The presence of
two types of spots can be assumed, formed during the two
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Fig. 22. Macrophotographs showing different shape and relationship of red patches in the secondary oxidized Permian strata, Polkowice
Mine. A —regular red and maroon spots in the uppermost part of Weissliegende sandstone, profile N/I11/6; B — random distributed red and
maroon spots in Weissliegende sandstone, profile Sr18-1628; C — structurally controlled red spots in the boundary dolomite, profile
PZ-G-31; D —two stages of oxidation: the older stage is characterized by red color, the youngest is structurally control and is represented
by dark red (maroon), profile PZ-G-31; E — two stages of development of secondary oxidation systems in the boundary dolomite, profile
Sr18-7002; F — peneconcordant red patches in the boundary dolomite, profile Sr18-7002

stages of oxidation. The first type includes spots of clearly
lighter color and diffused boundaries. The second type com-
prises spots intensively colored, from brick-red to red with
brownish shade. Microscopic observations revealed that
some spots evolve from a narrow chimney located beneath
the bottom surface of the Boundary Dolomite (Fig. 22C).
Up the sequence the spots become wider and branch into
bush-like structures. It can be assumed that these spots were
sourced from beneath the Boundary Dolomite. The overly-

ing Kupferschiefer provided a distinct barrier for solutions
circulating within the Boundary Dolomite and, thus, forced
the distribution of resulting red spots along the Dolo-
mite/Kupferschiefer interface (Fig. 22C, D). In many sites
spots of intensive red color cut the bright-red ones.

Results of microscopic studies supported the conclu-
sions obtained from macroscopic observations. Under the
reflected light a variety of structures and textures of Bound-
ary Dolomite was recognized. Most part of rock is a micro-
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spar of bright-red or dark-grey colors at crossed nicols. The
dark-grey microspar hosts single spots of red internal reflec-
tions. Apart from pure microspar, the zones of microspar
were observed full of nests and veinlets of sparite. Under
the crossed nicols this zone was intensively red. Colors ob-
served under the microscope and those seen macroscopi-
cally in specimens are identical. The bright-red spots
formed presumably during the first oxidation stage of the
Boundary Dolomite. At this stage most part of the rock re-
mained unaffected, probably due to physical properties, e.g.
permeability or porosity, which were among the factors de-
cisive for the transfer of oxidizing solutions and, conse-
quently, for the shapes of the spots. In the second oxidation
stage intensively red spots were produced. Such intensive
color may be an effect of either repeated oxidation of the
same zones or the invasion of solutions showing much
stronger oxidation potential. In these spots nests of unco-
lored carbonate sparite can be observed at crossed nicols
(Pieczonka, 1998, 2000).

In all the zones the Boundary Dolomite hosts sulphides.
The highest-grade, secondary mineralisation is related to
veinlets and nests of carbonate sparite cutting these zones.

The Kupferschiefer

Morphology and color of red spots encountered in the
Kupferschiefer also suggest their two-stage formation (Pie-
strzynski & Pieczonka, 1997a, b; Pieczonka, 1998, 2000).
The red Kupferschiefer was found in profiles from the Pol-
kowice West Field. Red-colored is mostly the dolomitic va-
riety, rarely the clayey one.

Studies of small specimens may sometimes suggest the
presence of red laminae, as described by Michalik (1979),
(Fig. 23A, B). However, more detailed observations re-
vealed that, when observed over longer distances, such
”laminae” pinch out into lenses or branch out into two or
more streaks pointing in various directions and enclosed in
unchanged, grey Kupferschiefer. Boundaries of the streaks
are irregular and discordant in relation to the Kupferschiefer
lamination. Numerous spots show various morphologies of
lower and upper boundaries. The lower boundary is roughly
concordant with the shale lamination whereas the upper
boundary is irregular and repeatedly cuts discordantly the
shale lamination (Fig. 23C). Locally, relics of grey,
spot-free Kupferschiefer can be observed between the red
spot and the overlying, dark-grey shale (Fig. 23C). Proba-
bly, the oxidizing solutions migrating along the lamination
interfaces of the Kupferschiefer left unaffected the zones
which physical properties hampered the solution transfer.

Various shades of red color are visible not only in adja-
cent spots but also within a single spot (Fig. 23C). Colors of
neighboring spots may change from light, reddish-grey to
brownish-red. Changes in shade within the individual spot
are usually less pronounced and can be caused by local vari-
ations of chemical composition of the rock, e.g. changes in
the initial Fe contents. The presence of adjacent spots of dif-
ferent colors and variable shapes together with the presence
of sulphides allow the authors to conclude that these spots
are epigenetic and were presumably produced from two so-
lutions of different properties (Piestrzynski & Pieczonka,
1997a, b; Pieczonka, 1998, 2000).
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In both the grey and dark-grey Kupferschiefer varieties
accompanying the red shales and in the grey Kupferschiefer
from sequences with red spots in the sandstones and carbon-
ates, red internal reflexes are visible under the microscope —
an effect of dispersed hematite.

The dolomite

Spots encountered in the dolomite can be intensively
red, sometimes with a brick-red (Fig. 23D) and cherry-red
(Fig. 23E, F) shades. Locally, both types of spots occur to-
gether or overlap each other. Cherry-red spots reveal diver-
sified shapes and size, and rarely occur individually. Clus-
ters of larger spots commonly form streaks parallel to the
bedding planes (Fig. 10E).

Intensively red spots are often more regular and are ran-
domly distributed in relation to the bedding, sometimes
forming larger clusters. Some spots show darker rims which
provide distinct boundaries between the spot and the enclos-
ing, grey dolomite. Intensity of red color in various parts of
a spot depends on the content of hematite, which concen-
trates particularly at the margins, forming macroscopically
visible rims (Pieczonka, 1998).

In many sequences the dolomite hosts irregular, cherry-
red spots of common diffused boundaries, which are ac-
companied by a network of fine, multidirectional, cherry-
red veinlets. These are overlapped by red and brownish-red
spots, and red veinlets. More intense red color appears also
in the vicinity of nests filled with coarse-crystalline carbon-
ates, which probably contain ankerite. In all the samples
collected from the spotted dolomites traces of sulphides
were found.

The color, shape and distribution of red spots in dolo-
mites confirm genetic concept resulting from the analysis of
the remaining types of spotted rocks. The spots are epige-
netic and were formed in more than one stage of oxidation
(Piestrzynski & Pieczonka, 1997a, b; Pieczonka, 1998,
2000).

Summary

Analysis of shapes, colors and distribution of red spots
in various rocks was based upon macro- and microscopic
observations. In the sandstone, in the Kupferschiefer and in
the dolomites spots of similar structures were identified.
These are: (i) spots resembling laminae, which cover vast
areas, (ii) spots of variable size, very irregular in shape and
showing diffused boundaries and (iii) spots of more regular,
elliptical or lensoidal shapes, 1-2 cm in diameter. First two
types usually show cherry-red shade whereas the latter type
includes dark-red, sometimes brick-red spots. Assuming
that the red “laminae” are only fragments of larger, irregular
spots, the first two types can be united into one class. Fi-
nally, two types of spots were proposed, basing upon their
structure and color (Pieczonka, 1998, 2000).

Skowronek (1968), Michalik (1979) and Kucha (1995)
distinguished many more types of spots. The first two au-
thors based their classification mostly on color and shape of
spots, the latter — upon microscopic observations.

The results of studies summarized in the following pa-
per do not allow to distinguish more than two types of red
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Fig. 23. Macrophotographs showing different shape and relationship of red patches in the secondary oxidized Permian strata, Polkowice
Mine. A —regular contact of maroon shale with gray shale, profile PZ-G-31; B — regular maroon patches within the dark gray shale, profile
PZ-22; C — irregular, secondary maroon patches in Kupferschiefer, profile PZ-41, D — maroon patches in dolomite (PZ1), profile
Sr18-7002/108; E — random distributed maroon spots in dolomite (PZ1), profile PZ-G-2; F — big maroon spot on the edge of diagenetic

gypsum nest, profile PZ-G-31

spots. Detailed studies support the field observations, from
which the presence of two types of spots is evident, formed
during two oxidation stages.

Assuming that in the undeveloped parts of the sand-
stone the red spots may occur, which were formed during
synsedimenatry processes (marked “I”), the spots described
in this paper and classified as epigenetic were marked “I1”.
Two types of these spots were distinguished, formed proba-
bly in two stages:

II a — cherry-red spots of irregular shapes, variable size
and commonly diffused boundaries,

IT b — red or brick-red spots, more regular, several cm
across, of sharp boundaries.

Analysis of red spots distribution in the host rocks re-
vealed their clustering in the vicinity of various fractures
and cracks or, at least, the distinct increase in number of
spots at such sites. This feature is evident in the sandstones,
but is rather rare in the carbonates (Fig. 23D). Moreover,
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Fig. 24.

Microphotographs in reflected light and crossed polars showing position of precious metals mineral assemblage from

Polkowice Mine, West Field. A — structurally controlled oxidation of chalcopyrite (black), red is goethite, sample PZ-J-18; B — nest of
chalcocite (black) and electrum in oxidized (red) boundary dolomite, sample PZ-G-31; C — nest of secondary sulphides in oxidized dolo-
mite, sample Sz/I11/2; D — intergrowth of bornite (black) and electrum (grey) in oxidized boundary dolomite (red), sample PZ-G-31/11

red spots expanding along the shear surfaces were observed
(Fig. 21A).

Relationships between the mineralisation
and the presence of red spots

Microscopic observations of sections cut from samples
with red spots and samples taken from the vicinity of oxi-
dized zones revealed that Cu sulphides generally occur in
trace amounts. Larger accumulations of sulphides and their
intergrowths appear rather in grey and brownish-grey rocks
from these zones. Under the reflected light and at crossed
nicols numerous, red internal reflexions can be observed,
caused by the presence of Fe oxides (Fig. 24), first of all he-
matite.

Apart from ore minerals typical of the Polkowice-Sie-
roszowice deposit, aggregates and single crystals of native
Au and electrum were observed in rocks with red spots. Mi-
croscopic studies under the reflected light at crossed nicols
revealed that native phases of precious metals appear in in-
tensively red-colored rocks (Fig. 24B, D). Most commonly
native Au and electrum were noticed in the red sandstone, in
the Boundary Dolomite and in the Kupferschiefer. In the
spotted carbonates these phases (especially native Au) are
rare.

GEOCHEMISTRY OF HOST-ROCKS
FROM THE SECONDARY OXIDIZED
ZONES
Jadwiga Pieczonka, Adam Piestrzynski,
Maciej Kotarba & Dariusz Wiectaw

Geochemical studies were based upon the results of
chemical analyses of 36 samples collected from the second-
ary oxidized zone of Cu deposit in the Polkowice-Sieroszo-
wice area. For comparative purposes the analyzed set in-
cluded also 3 samples of typical Kupferschiefer (No. RG-1
and RG-2 from the Rudna Mine and No. L-PS/89 from the
Lubin Mine). Additionally, were analyzed also 2 samples of
the Boundary Dolomite from the Polkowice West Field, 5
samples from the sandstones, 14 samples from the grey
Kupferschiefer variety collected in the transitional zone and
12 samples of the red Kupferchiefer. All these samples (to-
tally 33) represent the Au-bearing zone.

GEOCHEMISTRY OF THE SANDSTONES

Chemical composition of the sandstones together with
basic statistical parameters was listed in Table 8. Analyzed
samples were collected from the top of the sandstone, but
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Table 8
Chemical composition of sandstone from SOS zone (pulp rock analyses)

Unit N/IL/S N/I11/6 N/II1/6 N/IV/6 SZ 1121-53 8 Average c v W M
Si0; % 74.58 69.31 70.19 64.63 52.56 66.25 8.43 12.73 71.079 69.31
AlLO3 % 2.98 3.30 2.89 4.08 2.80 3.21 0.52 16.25 0.272 2.98
Fe 03 % 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
Na,O % 0.16 0.15 0.18 0.31 0.03 0.17 0.10 60.03 0.010 0.16
K,O % 1.12 1.15 1.06 1.63 0.68 1.13 0.34 29.99 0.114 1.12
TiO, % 0.07 0.07 0.07 0.12 0.11 0.09 0.02 27.64 0.001 0.07
P05 % 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 22 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 4422 | 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 7731
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

o — standard deviation, V- coefficient of variability [%], W — variance, M — median, SOS — secondary oxidized system
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only the last two samples from this list show typical compo-
sition: high and diversified CaO content (up to 16.32 wt.%)
and high content of MgO (in one sample, 6.50 wt.%). In the
remaining samples MgO contents are lower that those from
the typical sandstone and correspond rather to values
known from the unchanged Rotliegend sandstones (Mayer
& Piestrzynski, 1982).

The analyzed sandstones are characterized by low or-
ganic carbon (TOC) and high Au contents (the latter up to
7.24 ppm, Tab. 8). Only two samples derived from the top
layer of the sandstone contain traces of organic carbon.
Typical Cu-bearing sandstone contains 0.40 wt.% TOC in
average whereas the barren sandstone shows only 0.08
wt.% TOC (for n = 80 and 16, respectively) (Mayer & Pie-
strzynski, 1982). On the contrary, in samples from the top-
most sandstone layer much higher values of the TOC were
detected (up to even several wt.%). High contents of Au
and, simultaneously, low contents of Ag indicate high pu-
rity of gold, typical of the zone of secondary oxidation
(Piestrzynski et al., 2002).

Three analyzed samples contain significant amounts of
total sulphur (S.), which is presumably the sulphate sul-
phur, as sulphides were not observed. Contents of FeO are
similar to those of the Cu-bearing sandstones whereas
Fe, O3 ones are lower than those analyzed in the typical red
sandstone (except for a single sample) (Piestrzynski et al.,
2002). Contents of trace elements: Cu, Ni, Co, Mo, Sb, As,
U, Th, Pb and Zn are low and comparable with those typical
of the barren sandstones (Tab. 8) (Mayer & Piestrzynski,
1982) whereas Ba and Sr contents are high (average values:
464 and 351 ppm, respectively) (Tab. 8). Such contents are
much higher than those observed in both the grey and the
red Kupferschiefer varieties (see Tab. 9, 10). Among the
REE only La and Ce occur in higher amounts.

GEOCHEMISTRY OF THE GREY AND THE
TYPICAL KUPFERSCHIEFER VARIETIES

Chemical composition of the Kupferschiefer samples is
shown in Table 9. Average values of main components —
SiO, and Al,O5 are higher than those for the typical
Kupferschiefer (36.04 and 12.34 wt.%, respectively).

Average contents of Fe,O3 and FeO are 0.74 and 1.30
wt.%, respectively (Tab. 9). FeO values in the studied sam-
ples are more than two times higher than those for typical
Kupferschiefer, for which average FeO content is 0.55 wt.%
whereas Fe,O values are somewhat lower than average for
the black Kupferschiefer variety from the Rudna Mine (0.98
wt.% for dla n = 82) (Mayer & Piestrzynski, 1982). Vari-
ability coefficients for these values are also high (Tab. 9)
and reflect the true variability (see Fig. 25).

Contents of two components: MgO and CaO, which
represent the carbonatization degree of the rocks are diver-
sified. Samples from the transitional oxidation zone reveal
CaO values about 2 wt.% higher and MgO values about 0.7
wt.% lower than average (see Tab. 9 and Tab. 6 in Mayer &
Piestrzynski, 1982).

The TOC content is low (4.33 wt.%) even if typical, or-
ganic-carbon-rich Kupferschiefer samples were included.
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For comparison, the average TOC content in the Kupfer-
schiefer from the Rudna Mine is 7.32 wt.% (Mayer &
Piestrzynski, 1982). In the cumulative diagram (Fig. 26) the
TOC values for the black Kupferschiefer variety clearly
shift from those representing the samples from secondary
oxidation zone.

Average Cu content in the grey Kupferschiefer variety
is 2.36 wt.% (Tab. 9) but this value is affected by three sam-
ples originating from the Cu deposit where metal contents
exceed 10 wt.%. If peak samples are excluded, average Cu
content in the grey Kupferschiefer is 0.72 wt.%, which cor-
responds to values encountered in the Kupferschiefer from
the transitional zone (Piestrzynski et al., 2002).

Au contents in analyzed samples are lower than those
found in typical grey Kupferschiefer described by Pie-
strzynski et al. (2002). It can be explained by the obvious
influence of three negative samples with Au contents below
the detection limit (Tab. 9). If these results are eliminated
the average Au content is 2.43 ppm, i.e. it is about 1,000
times higher than those found in the typical Kupferschiefer
(see chapter “Geochemistry of Au and PGE”) (Fig. 27). On
the contrary, Ag content in the grey Kupferschiefer is only 4
times lower than that of typical Kupferschiefer, which
clearly indicates geochemical fractionation of these metals
in the copper zone and in the secondary oxidation zone (Fig.
28).

Contents of U and Th (Tab. 9) correspond to those cited
by Piestrzynski (1990), except for a single sample which
rises the average value by 10 times as U content in it is
1,630 ppm (Tab. 9). This sample shows also high Se value
(1,660 ppm, Tab. 9). Coexistence of these two elements in
hydrothermal deposits is a normal feature.

Average Ba and Sr contents are 227 and 139 ppm, re-
spectively, being distinctly lower than those quoted from
the red sandstones (Tab. 8) and somewhat lower than found
in the red Kupferschiefer variety (Tab. 10).

The REE contents exceed 2—4 times those in the sand-
stone. This difference results from both the depositional en-
vironment and qualitative composition of main minerals.
Average La and Ce contents (34.55 and 44.82 ppm, respec-
tively) (Tab. 9) are higher than those presented by Janczy-
szyn et al. (1986).

Contents of main metals is shown in Figs 29-31.

GEOCHEMISTRY OF THE RED
KUPFERSCHIEFER VARIETY

Chemical composition of the red Kupferschiefer shown
in Tab. 10 demonstrates differences in contents of both the
main components and the trace elements in comparison with
the grey Kupferschiefer (see Tab. 9 and 10). The red Kup-
ferscheifer shows lower contents of SiO,, Al,O3, TOC, Cu,
Ag and S, as well as apparently higher contents of Au (see
Fig. 27), MgO, CaO and Fe,Oj5 (Fig. 25).

Variability of main components results from differ-
ences in mineralogical composition. The red Kupferschiefer
variety is distinctly lower in carbonates and resembles
rather a marl. Average Fe,O3 content is about 5 times
higher than that in the grey Kupferschiefer (Fig. 25).
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Table 11
Contents of main trace elements in selected samples from the zone of secondary oxidation [in ppm]
(samples No. PZ/G-31-1 to -3 after Piestrzynski et al., 2002)
N-11I/6 P-Z-J6 G-125.d Pz/G-31/1 Pz/G-31/2 Pz/G-31/3
red sandstone red Kupferschiefer | red Kupferschiefer red sandstone red Kupferschiefer | 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

\Y 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 na n.a na

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 analyzed

The average TOC content in the red Kupferschiefer is
about 10 times lower than that in the black Kupferschiefer
(Mayer & Piestrzynski, 1982) and about 5 times lower than
that in the grey Kupferschiefer (see Tabs. 9 and 10). Such
differences are an effect of secondary oxidation of the or-
ganic matter. In the central parts of oxidized zones, which
represent extreme conditions, the TOC contents drop down
to even below 0.01 wt.% (Piestrzynski ez al. 2002). It is con-
firmed by negative TOC/Au correlation observed in all
sample populations (Tab. 12). The oxidation of organic
matter is described in details in the following chapter as, in
author’s opinion, this is the key to the understanding of pro-
cesses operating in the oxidized zones.

Average Cu content is 1,070 ppm at variability coeffi-
cient 81% (Tab. 10). The grey Kupferschiefer contains 3
times higher contents of Cu and its variability coefficient is
2 times higher, which points out to quantitative changes
during the leaching of copper when secondary oxidation of
deposit proceeded (Pieczonka 1998; Piestrzynski et. al.,
2002). Thus, low Cu and TOC values can be indicative for
oxidizing environment and, consequently, can be good ex-
ploration guides to zones enriched in precious metals.

Average Au content in the red Kupferschiefer (15.419
ppm, Tab. 10) is much higher than that for the grey Kupfer-
schiefer (Tab. 9). Comparison of metal contents in samples
from the oxidized zones reveal high variability of Au values
in the red Kupferschiefer (e.g., samples No P-Z-J6 and
G-125 d; Tab. 11), which may change from a few ppm to
over 100 ppm (Piestrzynski et al., 2002). Sample No. G-125
d (G-125 exploratory well, No. G-12 mining sector, the
Polkowice West Field) was collected in the barren (Cu-free)

zone. Negative Cu-Au correlation supports the hypothesis
on the introduction of gold into the red Kupferschiefer dur-
ing the leaching of copper (Piestrzynski & Pieczonka,
1998).

Average U and Th contents in the red Kupferschiefer
remain at the same level as are the average values for the
whole deposit (see Piestrzynski, 1990). Therefore, it is con-
cluded that uranium and its radiation do not influence the
enrichment in precious metals. Catalytical role of U was de-
scribed in many papers (e.g., Kucha & Przybylowicz,
1999). In authors opinion, U may play only a marginal role

Table 12

Linear correlation coefficients of Au with selected
compounds and elements

Full pcﬁ)ulation Red Kupferschiefer gﬁ%:rr;i}]:i?fce l;
n=36 n=14 n=17
Au Au Au

Cu -0.1528
Ag -0.1292 0.1367 -0.2553
FeO 0.05809 -0.0010 0.0035
Fey03 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
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Fig. 26. Total organic matter content in the investigated samples

in Au accumulation in the transitional zone and at the con-
tact with the Cu deposit (from the side of Cu orebody). The
important U-Au correlation was found in only a few sam-
ples from the grey Kupferschiefer variety (Tab. 12). In the
oxidized zone U forms the uranyl ion, which is extremely
mobile compound.

Average Ba and Sr contents in the red Kupferschiefer
variety are comparable with those from the grey one. It is
suggested that both elements, which are presumably con-
centrated in two minerals: barite and strontianite (as demon-

PZ-IBZ0

PZATES
PZ172C
FZ-1825 ]
PZ-182C 1
PZ-211
PZ.241 ]
Pr-244 |
FZ-3108
PZ-310C
PZ-3403
FZ-101
PZ-102
RG-1
RG-2
95582
ER-2A818M15
E26-10861 18
S212-23801
SZ12238116

sample

strated by the EDS analyses) either do not participated in
hydrothermal processes or have crystallized as early phases.

The studied red Kupferschiefer samples contain in-
creased amounts of La and Ce in comparison to the grey
Kupferschiefer (Tab. 10). The presence of REE can be at-
tributed to diagenetic phosphates.

Average contents of Pt and Pd in the economic-grade
Au-bearing zone (cut-off grade 0.5 ppm, Piestrzynski et. al.,
2002) are 0.132 and 0.056 ppm, respectively. However, in a
few samples Pt values up to 6 ppm were noticed. Contents
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Fig. 27. Gold content in the investigated samples

of all PGE and Au were referred to concentrations of other
elements (see Tab. 11). The obtained values differ signifi-
cantly from those quoted for the so called “precious-met-
als-rich Kupferschiefer” (see Kucha, 1982a, b). The studied
samples originate exclusively from the zone of secondary
oxidation of the deposit. It is evident that concentrations of
precious metals are related to the top part of the sandstone
and to the red Kupferschiefer (see also chapter “Distribu-
tion...”). The Pd minerals (mostly arsenides) were identified
and described in details by Kucha (1982a, b) and in chapter
“Mineralogy and geochemistry...” of this paper. These dis-
seminated minerals are presumably responsible for Pd con-
centration. On the contrary, Pt form mostly substitutions in
other minerals whereas its own phases are rare (see chapter
“Mineralogy and geochemistry...””). However, Pt contents
are higher than Pd ones, which may suggest that the main Pt
carriers have not been identified, as yet (e.g. hydroxides,
Oberthiir et al., 2003).

GEOCHEMICAL CHARACTERIZATION
OF ORGANIC MATTER
FROM THE KUPFERSCHIEFER

Organic geochemical studies were carried out on 45
samples (Tab. 13) in order to determine content, genetic
type and maturity of dispersed organic matter as well as to
identify secondary processes operating in sampled horizons
(oxidation, water washing, biodegradation, etc.). Results of
wide-range applied analyses are presented in Tables 13 to

sample

18. The values of geochemical indices from routine
Rock-Eval pyrolysis vary as follows (Tab. 13): total organic
carbon (TOC) from 0.00 to 12.7 wt.%, S,/S5 ratio from 0.1
to 103, production index (PI) from 0.05 to 0.67, hydrogen
index (HI) from 4 to 408 mg HC/g TOC, oxygen index (OI)
from 4 to 462 mg CO,/g TOC, T ,.x temperature from 434
to 488°C. These values show to a large variability of dis-
persed organic matter properties in the investigated strata.
Samples were classified to the three oxidation zones based
on criteria proposed by Wigctaw et al. (2007): reduced (7

Table 14

Content of inorganic sulphur forms

Sulphur content (wt. %)

Sa:lnp e Lithology Zone

code elemental | sulphate | pyritic

SYPGVT black shale R 0.0 0.1 0.5
drawer-type

PZ-1sz/3 shale (black) T 0.0 0.04 traces

RG-2 pitch T 0.0 0.5 0.7

JB-3tcz red shale 0.0 traces 0.06

JB-31 sz| grey shale (0] 0.0 0.07 traces

PZ-Isz/ drawer-type

1 APS shale (red) o 0.0 0.07 0.06
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Fig. 28. Histograms showing distribution of Au (A) and Ag (B)
in black shales and red shales and red boundary dolomites, respec-
tively

samples), transitional (12 samples) and oxidized (26 sam-
ples) (Tab. 13).

The studied Kupferschiefer strata reveal variable con-
tents of the TOC — from horizons lean in organic carbon to
those containing up to 12.7 wt.% (sample No. RG-2, Tab.

Fig. 29. Histograms showing distribution of Cu (A) and Mo (B)
in black shales and red shales and red boundary dolomites, respec-
tively

13, Figs 32 and 33). Generally, the low values prevail (be-
low 1 wt.%). The low TOC values are characteristic of sec-
ondary oxidized copper-bearing rocks and red-colored
strata indicative of the oxidizing environment (Wigclaw et
al., 2007; Piestrzynski et al., 2002). Free hydrocarbons
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Fig. 30. Histograms showing distribution of Co (A) and Ni (B)
in black shales and red shales and red boundary dolomites, respec-
tively

present in the rock are syngenetic with the kerogen, al-
though samples W/IV/6 and DgI-R contain some of epige-
netic hydrocarbons (Fig. 32) which is confirmed by a high
value of production index (Fig. 33A). Correlation of the hy-
drogen index HI versus the TOC content (Fig. 34A) indi-

red shale and boundary dolomite

: = 3 & 1 1

Pb [ppm]

Fig. 31. Histograms showing distribution of Zn (A) and Pb (B)
in black shales and red shales and red boundary dolomites, respec-
tively

cates that the highest HI values (over 200 mg HC/g TOC)
correspond to the highest TOC values (samples Nos. Dgl-R,
L-PS/89, 95/PG-1/4, RG-1 and 95/PW-1/2), whereas the
lowest HI values are connected with the samples poor in or-
ganic carbon. The samples cited above (Dgl-R, L-PS/89,
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Table 15

Distribution of n-alkanes and isoprenoids
Sample code | 95/PG-1/4 | R1%77001/ PZ-17/2s | PZIsz/3 | RG-2 JB2 | IB3<cz | JB-3<sz | PZ-101 | PZ-17/2¢ PIZ:PS?
Zone R T T T T (0] (6] (0] (6] (0] (6]
n-Cj3 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Cyy 2.55 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00
n-Cis 8.18 0.06 0.09 0.11 2.10 0.03 0.04 0.77 0.21 0.05 0.02
n-Cyg 10.53 1.12 0.11 0.09 7.04 0.16 0.05 3.95 3.80 0.09 0.84
n-Cy7 11.39 6.08 2.53 0.29 10.77 1.03 0.09 6.40 10.59 2.44 5.23
n-Cig 9.33 14.58 16.28 2.59 10.94 3.35 1.04 8.87 14.76 15.48 8.84
n-Cig 7.32 9.70 13.11 6.46 9.73 6.97 3.75 8.77 10.55 13.20 8.29
n-Cpo 5.13 10.04 8.91 9.44 6.85 7.98 8.56 6.67 5.42 6.95 6.93
n-Cy 3.68 7.28 7.31 12.07 5.25 9.46 11.73 5.45 2.89 5.64 6.73
n-Co 3.17 5.30 5.08 11.05 4.53 8.27 8.76 5.07 3.32 4.42 542
n-Cp3 2.64 4.61 4.11 9.44 3.62 6.75 7.59 5.43 4.71 4.11 4.55
n-Coy 2.21 3.82 3.63 7.14 2.67 5.60 6.86 4.90 3.16 4.25 3.74
n-Cops 1.80 3.30 3.28 4.69 2.20 6.27 6.04 4.36 4.06 4.25 3.32
n-Cyg 1.67 3.93 4.53 6.14 2.14 6.70 6.54 4.11 3.02 5.20 3.49
n-Cy7 1.61 3.19 5.13 8.03 1.66 6.71 9.83 2.39 1.93 6.09 4.34
n-Cog 1.37 3.67 2.43 3.97 1.26 4.83 5.21 2.78 2.52 3.68 3.36
n-Cpg 1.01 4.62 5.13 7.92 0.97 6.06 8.09 2.03 2.41 5.02 4.69
n-Czg 0.95 2.21 1.70 1.89 0.75 4.94 3.18 4.32 1.35 2.19 3.61
n-Cs 1.22 4.38 3.73 5.55 1.62 6.71 7.06 5.58 3.78 3.06 5.17
n-Czp 1.36 0.67 1.45 1.44 0.47 2.19 2.10 5.02 1.83 1.00 2.84
n-Cs3 0.38 1.01 0.00 0.00 0.39 343 3.09 1.20 0.86 1.38 3.58
n-Csy 0.61 0.00 0.00 0.00 0.26 0.00 0.00 1.58 0.00 0.00 3.53
n-Css 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00 0.00 1.37
n-Czg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.85
n-Cz7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.52
i-Cys 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Cig 2.42 0.00 0.00 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00
E\%ﬁprisme) 4.96 0.00 0.00 0.00 5.77 0.00 0.00 1.62 2.17 0.00 0.52
i-C1g (Pristane) 8.48 2.64 1.97 0.16 11.56 0.42 0.04 3.48 5.95 2.15 2.25
i-Cy0 (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
CPl25.31) 1.04 1.19 1.59 1.75 1.10 1.17 1.64 0.84 1.20 1.33 1.27
i-C9/i-Cyo 1.53 0.34 0.21 0.11 1.72 0.20 0.11 0.66 0.55 0.23 0.57
i-C1o/n-Cy7 0.74 0.43 0.78 0.56 1.07 0.41 0.42 0.54 0.56 0.88 0.43
i-Coo/n-Cyg 0.59 0.53 0.58 0.58 0.62 0.64 0.36 0.60 0.73 0.60 0.45

R —reduced; T — transitional; O — oxidized;

CPI(Total) = [(n-C17+n-C19+..4n-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-C2 1+n-C23)]/2*(n-C 18+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)
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Table 16
Elemental composition of kerogen
S Total | Fe Total Elemental composition (wt. %, daf) Atomic ratios
Sample code Zone N o
(Wt. %) | (wt. %) C H 0 N S H/C o/C N/C s/C
PZ-1sz/3 T 33 0.5 77.7 3.4 8.1 7.3 35 0.53 0.08 0.080 0.017
RG-2 T 54 0.1 79.6 5.4 7.7 1.4 5.9 0.82 0.07 0.015 0.028
PZ-1sz/1 AP5 (6] 6.6 2.1 77.4 32 11.7 3.1 4.7 0.50 0.11 0.034 0.023
daf - dry ash-free basis, T - transitional, O - oxidized
Table 17
Maturity of bitumens calculated from distribution of methylphenantrenes
P ‘ 3-MP ‘ 2-MP ‘ 9-MP ‘ 1-MP MPI 1 MPR | Rcal.(MPI)
Sample code Lithology Zone
(sum = 100%) (%)
95/PG-1/4 black shale 33.8 11.1 16.0 232 15.9 0.6 1.0 0.7
PR14/7001/107 | dark brown shale 56.5 20.0 12.5 6.0 5.0 0.7 2.5 0.8
PZ-17/2s dolomitic shale | . 31.4 10.0 214 212 16.0 0.7 13 0.8
(grey)
PZ-Isz/3 drawer-type shale | 41.9 13.8 234 11.0 9.9 0.9 2.4 0.9
(black)
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 (6] 39.0 31.5 14.6 9.2 5.6 1.3 2.6 1.1
JB-3<cz red shale (6] 61.0 12.9 13.1 7.3 5.8 0.5 2.3 0.7
JB-3<sz grey shale (6] 69.0 11.4 10.3 4.9 43 0.4 2.4 0.6
PZ-101 red pitch shale (6] 62.9 7.3 13.0 9.6 7.1 0.4 1.8 0.6
PZ-17/2¢ d""’“(‘r‘gg)Shale 0 28.8 12.1 213 213 16.5 0.8 13 0.8
drawer-type shale
PZ-Isz/1 AP5 (red) (6] 74.0 54 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 Index 1) = 1.5(2-MP+3-MP)/(P+1-MP+9-MP); MPR (Metylphenantrene Ratio) = 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 — reduced; T — transitional; O — oxidized
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95/PG-1/4, RG-1 and 95/PW-1/2) represent the reduced
zone and should be regarded as reference samples for iden-
tification of the genetic type of dispersed organic matter of
Kupferschiefer strata in the study area, as this organic mat-
ter remained there unaffected by any secondary processes.
Low values of indices obtained for majority of analyzed
samples result from oxidation processes or from high matu-
rity of the organic matter. It is supported by Fig. 34B, where
the highest values of oxygen index OI (reflecting the oxi-
dized organic matter) correspond to samples with the lowest
TOC contents. Of particular importance is sample No.
RG-2, in which very high TOC coincides with the low HI

<
<

Fig. 37. Hydrogen index vs. oxygen index. Maturation paths for
kerogens after Espitali¢ e al. (1985)
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Table 18
Maturity of bitumens calculated from distribution of methyldibenzotiophenes
DBT 4-MDBT | 2+3-MDBT | 1-MDBT
Sample code Lithology Zone MDR Rca](;(DBT) Tma;‘(DBT)
(sum = 100 %) (%) Q)
95/PG-1/4 black shale R 479 30.7 9.9 115 27 0.7 437
PR14/7001/107 da”g‘hzzwn T 69.5 17.7 44 8.4 2.1 0.7 434
PZ-17/2s dolomitic T 28.0 319 234 16.7 1.9 0.6 433
shale (grey)
drawer-type
PZ-Isz/3 shale (black) | T 36.3 24.6 19.3 19.8 12 0.6 429
RG-2 pitch shale T 75.6 115 48 8.0 1.4 0.6 430
JB-2 grey shale 0 471 28.8 13.6 10.6 27 0.7 437
JB-3<cz red shale 0 65.5 159 5.1 13.5 12 0.6 429
JB-3<sz grey shale 0 88.6 6.1 1.8 34 1.8 0.6 432
PZ-101 red pitch shale| O 428 30.0 12.2 15.0 2.0 0.7 433
PZ-17/2¢ dolomitic 0 338 26.4 18.9 208 13 0.6 429
shale (red)
pz-Isz/1 Aps | drawer-type 0 86.7 7.1 3.7 25 2.8 0.7 437
shale (red)

DBT - dibenzotiophene; 4-MDBT — 4-methyldibenzotiophene; 1-MDBT — 1-methyldibenzotiphene; 2+3-MDBT — 2-methyldibenzotiophene + 3-methyl-

dibenzotiophene; MDR=4-MDBT/I-MDBT; Reqppr) = 0.51 +0.073*MDR (Radke 1988); TaxopT) = 423+5.1*MDR (Radke 1988); R — reduced; T —

transitional; O — oxidized

value (HI = 166 mg HC/g TOC, Tab. 13, Fig. 34A). The low
HI value is likely caused by partial oxidation of organic
matter, as confirmed by high content of oxide compounds
reflected in the high OI value (Fig. 34B) and high content of
sulphate sulphur (Tab. 14). The highest oxidation degree of
organic matter (Ol over 200 mg CO,/g TOC) was found in
samples Nos. PZ-22/1, PZ-18/2c, N/IV/6, PZ-24/1,
PZ-18/2s and DglI-R (Fig. 34B). Moreover, apart from the
decrease of the TOC content, the oxidation process causes
an increase of TE/TOC values (Tab. 13, Fig. 33B). The ex-
tracted bitumens show the dominance of resins and
asphaltenes (Tab. 13, Fig. 35).

The Kupferschiefer strata from the reduced zone con-
tain type II kerogen (marine, oil-prone), as revealed by the
Rock-Eval data (Tab. 13, Figs 36-38), distribution of n- al-
kanes and isoprenoids (Tab. 15, Fig. 39) and stable carbon
isotope composition of bitumens, their fractions and kero-
gen (Tab. 13, Figs 40-42). These results correspond with
the published data (e.g., Speczik & Piittmann, 1987; Ros-
pondek et al., 1993, Sawlowicz et al., 2000; Nowak et al.,
2001; Kotarba et al., 2006; Wigctaw et al., 2007). Determi-
nation of the genetic type of organic matter from elemental
composition (Tab. 16, Figs 43, 44) may lead to erroneous
conclusions due to the oxidation processes affecting the or-
ganic matter in the studied samples. Kerogen in all analyzed
samples presumably originated from transformation of the
same type of marine kerogen, as indicated by narrow range
of its isotopic composition (Figs 40, 41). Significant differ-
ences in isotopic composition of saturated hydrocarbons
(Fig. 41) result from secondary processes (e.g., oxidation,
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Fig. 38. Hydrogen index vs. T ,,x temperature for Kupferschie-
fer shales. Maturation paths for kerogens after Espitalie et al.
(1985)
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Fig. 39. continued

water washing). This phenomenon was earlier noted by
Kotarba et al. (2006).

The maturity of organic matter dispersed in the studied
rocks determined by the Rock-Eval pyrolysis (Tab. 13), the
distribution of methylphenanthrenes (Tab. 17) and methyl-
dibenzothiophenes (Tab. 18) is highly variable. The results
of kerogen elemental analysis (Tab. 16, Fig. 43) cannot be
trusted due to reasons mentioned above. Most of the studied
samples reveal organic matter maturity at the initial phase of
the low-temperature thermogenic process (“oil-window”),
corresponding to the vitrinite reflectance level of R, =
0.6-0.8% (Tabs 13, 17, 18, Fig. 38). The increased maturity

(1.1-1.2% in vitrinite reflectance scale) was observed in
samples Nos. PZ-Isz/2(a), Sz12-238/115 and 95/S-8/2 (Tab.
13, Fig. 38). The highest maturity (T,,,x = 488°C; corre-
sponding to R, over 1.5%) was observed in the sample No.
SR-23-518/115 (Tab. 13, Fig. 38). A very low T, value
(360°C) for the sample No. DgI-R suggests a very low ma-
turity (R, about 0.4%). It can be also explained by a higher
content of epigenetic hydrocarbons component (Fig. 32).

Summary
The study results clearly demonstrate the variable con-
tents of most analyzed elements, particularly precious met-
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Fig. 42. Correlation of stable carbon isotope composition in: A —
saturated hydrocarbons; B —aromatic hydrocarbons; C — resins; D
— asphaltenes; E — kerogen, with hydrogen index for Kupfer-
schiefer shales
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Stable carbon isotope composition of bitumens, their individual fractions and kerogen from Kupferschiefer shales
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als (Fig. 28) and main metals (Figs 29, 30, 31). Contents of
all these elements reveal random distributions. Metal con-
centrations 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 640 times for Pb. The lowest differences were
found for Ni (1-3 times, Fig. 30). These figures point out to
the presence of secondary, hydrothermal processes leaching
the metals from the system.

The results of organic geochemical studies revealed
that the organic matter — one of the major components of the
Kupferschiefer — was oxidized in zones where hot brines
migrated from sandstone complex. It is documented by vari-
able organic carbon content from 0 to 12.7 wt.%, quantity of
organic oxygen compounds (OI vary from 4 to 462 mg
CO,/g TOC) and maturity which suggests local overheating
of the system (up to 1.5% in vitrinite reflectance scale).
Variable isotopic composition of saturated hydrocarbons,
may suggest leaching of organic matter components by wa-
ter. All these arguments advocate the contribution of active
hydrothermal processes causing oxidation and simultaneous
water washing of hydrocarbons.

MINERALOGY AND GEOCHEMISTRY
OF ORE MINERALS FROM SECONDARY
OXIDIZED ZONES
Jadwiga Pieczonka & Adam Piestrzynski

MINERALOGICAL STUDIES

In previous years over 140 ore minerals have been de-
scribed from the Cu deposits in the Fore-Sudetic Mono-
cline. The earliest identified minerals were those forming
the bulk of mineralization: chalcocite, digenite, bornite,
chalcopyrite, covellite and accompanying pyrite, marcasite,
sphalerite, galena, tenorite, cuprite, native Ag and native
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Fig. 44. Genetic characteristics of organic matter of Kupfer-
schiefer shales. Maturation paths for kerogens after Hunt (1996)

Cu. Additionally, a large group of trace-element minerals of
Ag, Au, Pt, Pd, Ni, Re, Co, Mo, Zn, Pb, Se, Sb, Bi and V
was described, from which only a few metals are recovered
(Ag, Au, Pt, Pd, Ni, Re). Detailed list of minerals encoun-
tered in the deposit together with the names of authors who
made the first discoveries can be found in Piestrzynski
(1996a).

Distribution of ore minerals in the deposit is diversified.
Cu sulphides are hosted in three rocks, forming three litho-
logic types of ore: sandstone, shale (Kupferschiefer) and
carbonates. In particular parts of the deposit metals concen-
trations in specific rocks are variable. In the Lubin area, the
ore zone includes the sandstones, the Kupferschiefer and
the carbonates. In the Rudna area, copper deposit is hosted
mostly in the sandstone and the Kupferschiefer whereas in
the Polkowice-Sieroszowice area ore-bearing are the Kup-
ferschiefer and the carbonates.

Mineralogical studies on the selected parts of the Pol-
kowice-Sieroszowice area, which are reported on in this
chapter, could have commenced not earlier than in 1990-ties
when the company has started the development of this part
of copper deposit (Report AGH 1996, 1997; Piestrzynski et
al., 1996a; Piestrzynski & Pieczonka, 1997a, b).

At the first stage of the research project, the sampling
sites for mineralogical and geochemical studies were lo-
cated in all the operating mining sectors. The results of ini-
tial examinations led to the second stage of the project when
sampling grid was densified chiefly in the Polkowice West
Field, which appeared to be the most perspective for the oc-
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currence of precious metals. Moreover, samples were col-
lected also from poorly recognized zones in the Polkowice
East Field and in the Sieroszowice Field.

General characterization of ore mineralization

Mineralogical studies were carried on 202 samples de-
rived from 35 sequences. Microscopic observations under
the reflected light enabled the authors to identify ore miner-
als and their structures. Results of observations were plotted
separately for each sequence. This led to the distinguishing
of several types of ore mineralization, representing various
distributions of ore minerals:

Type 1 — copper mineralization is hosted in the Kupfer-
schiefer and in the carbonates or only in the Kupferschiefer,
whereas the top part of the sandstone contains only traces of
ore minerals. This type was found in the sequences 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, Ral4-0505 and Ral9-
0011 (Sieroszowice Field). In some sequences, mostly col-
lected from the southern part of the Sieroszowice Field, na-
tive Au was encountered in the topmost part of the sand-
stone with red spots (sequences No. N/III, Fig. 18, N/IV,
Fig. 19, N/V, Fig. 20, Sr20-0822, Ral4-0274). In No.
Sz08-0936 sequences (Polkowice East Field) native gold
was found in the Kupferschiefer.

Type 2 — copper mineralization occurs in the Kupfer-
schiefer and in the carbonates, but the lower boundary of
ore zone is located in the upper part of the Kupferschiefer
layer or at the bottom of the carbonates, whereas the lower
part of the Kupferschiefer hosts precious metals association.
Such distribution was found in sequences No. Sz02-2700
(Polkowice East Field) and Pr18-0367 (Polkowice West
Field).

Type 3 — copper mineralization is hosted only in the
carbonates whereas the Kupferschiefer is barren (sequence
No. Sr18-0061"’s” from the Sieroszowice Field).

Type 4 — copper mineralization is located in the sand-
stone, in the Boundary Dolomite and, occasionally, in the
Kupferschiefer, as found in the sequences No. P023-2399
and P023-2384 (Polkowice East Field).

Type 5 — copper mineralization includes the sandstone
(down to 1.5 m depth from the top) and the carbonates
whereas the Kupferschiefer is absent. This was observed in
the sequences No. Sz03-2028 and Sz03-2051 (Polkowice
East Field).

Type 6 — low-grade copper mineralisation. Red spots
appear in each sequence, in one or more samples. Native Au
and electrum are present in the top part of the sandstone, in
the Kupferschiefer and in the carbonates, as illustrated in
the sequences No. Sr18-7002 (Fig. 16) (Sieroszowice Field)
and Sz/I1I (Fig. 14) (Polkowice West Field).

Characterization of ore mineralization
in the oxidized zones

The oxidized zones reveal low concentrations of simple
copper sulphides with the dominating chalcopyrite accom-
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panied by bornite, pyrite, covellite, galena, clausthalite,
chalcocite, digenite, spioncopite, geerite, native Au, clec-
trum, tetraauricupride, naumannite, native Pb, Pd-arsenides
and minerals of mixed composition: Au-Ag-Pb-Bi-Se-Te,
Au-Ag-Pb-Te, Bi-Cu, Bi-Pd and Pd-As-O. Most of these
minerals was indentified under the ore microscope whereas
natural alloys were disclosed with the EDS (see next chap-
ter). Most important are natural alloys of precious metals,
Pd-arsenides and oxidized phases (mostly Pd ones) which
strongly influence the effectiveness of froth flotation. Dis-
tribution of ore minerals is highly diversified. High-purity
native gold of intensive yellow colour occupies the central
part of the oxidized zone whereas electrum dominates in the
transitional and peripherial zones.

Native gold in the sandstone

In the study area, the sandstone is rarely sufficiently ex-
posed to ensure detailed recognition of its character and
forms of red spots. In many cases the red spots coalesce in
its topmost layer, sometimes forming vein-like structures or
the whole thickness of the sandstone is red-coloured. Such
rocks host the largest accumulations of native Au.

Native Au is located mostly in the carbonate cement of
the sandstone. In No. N/III/6 sequence it is even marcosco-
pically visible (Fig. 45). The common structures are indi-
vidual aggregates of various size and shape (Figs 46—48) or
intergrowths with electrum, sulphides (mostly chalcopyrite)
and Pd-arsenides (Fig. 49A, B) sometimes accompanied by
Bi minerals (Fig. 49C, D, E). In numerous individual native
Au aggregates fine inclusions of Pd-arsenides and nauma-
nnite were found (Fig. 50). More complicated intergrowts
were observed of native Au and electrum with Cu sulphides
(mostly chalcopyrite, bornite and covellite), naumannite
and Pd-arsenides (Fig. 51). In the intensively red-coloured
rocks native Au is accompanied by haematite (Figs 52,
53A). At crossed nicols its red internal reflections are seen
(Fig. 53A). If intergrown with Cu sulphides, native Au
shows bright-yellow colour and usually lower content of Au
whereas individual grains or intergrowths with haematite
are intensively yellow and show higher purity. The occur-
rence of native gold was described in several papers (see
e.g., Piestrzynski et al. (1996a, 2002), Piestrzynski and Pie-
czonka (1997a, b), Pieczonka (1998, 2000), Piestrzynski
and Wodzicki (2000).

Native gold in the Boundary Dolomite

In the areas of the Polkowice West and Main Fields the
Boundary Dolomite occurs only locally but it is more com-
mon in the Polkowice East Field. Three lithological variet-
ies of this rock are known. The Boundary Dolomite encoun-
tered in the Polkowice West Field is red-coloured (Pie-
czonka, 1998). Samples collected for this project did not
contain native Au whereas electrum was found in only a sin-
gle sample (No. Pr18-0367 from the Polkowice West Field).

Studies completed up to date (Report AGH 1996, 1997;
Piestrzynski & Pieczonka, 1997b; Pieczonka, 1998, 2000)
revealed that native Au and electrum occur in most exam-
ined sections from the Boundary Dolomite. Both minerals
form disseminated structures in the whole rock, in epige-
netic sparite veinlets cutting the dolomite, at dolomite/
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Fig. 45. Video picture of native gold from the secondary oxi-
dized Weissliegende sandstone, Polkowice Mine, West Field

Fig. 47. A-B. Gold aggregates in sandstone matrix, nest type of
structure, reflected light, sample N/III/S, Polkowice Mine

Fig. 46. Gold aggregates in sandstone matrix, reflected light,
Polkowice Mine. A — nest type structure, sample N/III/5; B —
veinlets type of structure, sample N/III/5

»
»

Fig. 48. Gold aggregates in sandstone matrix, reflected light,
Polkowice Mine. A — nest type structure, internal reflection in the
sandstone matrix show much bigger size of the gold nugget, sam-
ple N/III/5; B — nest type of structure, sample N/II1/5
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Fig. 49. Gold aggregates and their intergrowths in sandstone matrix, reflected light, Polkowice Mine. A — intergrowth of electrum
(white-yellow) with Pd-arsenides (pale grey) and chalcopyrite (yellow), sample N/IV/6; B — intergrowth of electrum (white-yellow) with
Pd-arsenides (pale grey), chalcopyrite (yellow) and sphalerite (dark grey), sample N/IV/6; C — intergrowth of electrum (white-yellow), Bi
and Pd minerals (grey), sample N/IV/5; D — intergrowth of electrum with Pd-arsenides and Bi-alloys (pale grey), sample N/IV/6; E — inter-
growth of electrum (white) and Pd-arsenides (pale grey), sample N/IV/5
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Fig. 50. Gold aggregates and their intergrowths with other ore
minerals in sandstone matrix, reflected light, Polkowice Mine. A —
inclusions of naumannite (pale grey) and Pd-arsenides (dark
brown) in gold grain (yellow), sample N/III/5; B — small inclu-
sions of selenides and Pd-arsenides in high purity of gold grain
(yellow), sample N/III/5

Fig. 52. A-B. Intergrowths of gold (yellow) with hematite
(grey) in sandstone matrix, reflected light, sample N/III/6,
Polkowice Mine

Fig. 51. Intergrowth of electrum (white) with naumannite (pale
grey), bornite (dark orange) and covellite (blue) in sandstone ma-
trix. Reflected light, sample N/IV/6, Polkowice Mine

Fig. 53. A — position of gold aggregate (green) and hematite
showing maroon tint of internal reflection in sandstone matrix, re-
flected light, XN, sample N/I11/6, Polkowice mine; B — reach con-
centration of native gold (pale yellow) and intergrowth of Pd-arse-
nides and Cu-sulphides in lowermost part of Kupferschiefer, re-
flected light, sample PG-1/3, Polkowice Mine
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Kupferschiefer boundary and in the underlying shale. Na-
tive Au forms intergrowths with and inclusions in Cu
sulphides (mostly chalcocite, bornite and digenite) as well
as individual grains in the vicinity of Cu sulphides. Dissem-
inated native Au grains were noticed in carbonate nests and
veinlets of usually less intensive red colour than the Bound-
ary Dolomite itself. The size of native Au crystals varies
from 0.1 to 0.3 mm but some grains are macroscopically
visible (Report AGH 1996, 1997; Piestrzynski et al., 1996a,
2002; Pieczonka, 1998, 2000).

Native gold in the Kupferschiefer

Native Au accumulates in both the red and grey Kupfer-
schiefer varieties observed in the southern part of the Polko-
wice Mine and in the Radwanice area. Usually, the grey
Kupferschiefer is Cu-barren.

Microscopic observations under crossed nicols re-
vealed the presence of red internal reflections and various
shades of red colour in the rocks. Red colour results from
the occurrence of fine hematite disseminated in rock matrix
and from coarse-crystalline hematite intergrown with native
Au, bornite and chalcopyrite (Piestrzynski & Pieczonka,
1997a, b; Pieczonka, 1998, 2000; Piestrzynski et al., 2002).

Both the native Au and electrum were found in all vari-
eties of the Kupferschiefer. In the pitchy variety elongated
intergrowths of native Au with chalcocite and Pd-arsenides
were found, arranged parallelly to lamination (Figs 53B,
54A). In the clayey variety native Au was encountered in
only a few specimens, as fine inclusions in chalcopyrite ac-
companied by clausthalite (Fig. 54B). Numerous native Au
grains were observed at the boundary between clayey and
dolomitic Kupferschiefer varieties where it forms individ-
ual grains as well as intergrowths with chalcopyrite (Fig.
55A, B) and digenite (Fig. 55C, D, E). In some crystals in-
clusions of Pd-arsenides were noticed. In the dolomitic
Kupferschiefer variety structures of native Au are more di-
versified. It forms: (i) very fine, individual crystals dissemi-
nated in the host-rock; (ii) larger, also disseminated crystals
(Figs 55F, 56A, B, C) or clusters of several smaller, densly
packed individuals (Figs 55F, 56A, B, C) or larger crystals
(Fig. 56D); (iii) numerous, closely packed crystals forming
“veinlets” (Fig. 56E and F), sporadically intergrown with
Pd-arsenides; (iv) veinlets 57A, B). Common are inter-
growths of native Au with: (i) Pd-arsenides (Fig. 57C, D,
E); (ii) chalcocite and digenite (Figs 57F, 58A); (iii)
chalcocite and covellite (Fig. 58B, C, E); (iv) chalcocite,
covellite, bornite and haematite (Fig. 58 D); (v) chalcopy-
rite (Fig. 58F).

Native Au in the carbonates

Native Au occurs in carbonates which host red spots
and in which Cu mineralization is uneconomic. Under the
microscope samples from such rocks revealed the presence
of chalcocite, half-bornite, covellite, tennantite, gersdor-
ffite, rammelsbergite, clausthalite and hematite (Report
AGH 1996, 1997; Piestrzynski et al., 1996a, b, 2002; Pie-
czonka, 1998).

In dolomite samples collected for the following project,
native Au was found only in the Streaky Dolomite with nu-
merous red spots. In one of the studied sequences inter-
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Fig. 54. A — intergrowths of native gold (pale yellow) with
Pd-arsenides (grey) and chalcocite (blue) in lowermost part of
Kupferschiefer, reflected light, sample PG-1/3, Polkowice Mine;
B — inclusions of gold (pale yellow) at chalcopyrite (yellow) in
pitchy shale, reflected light, sample Sz/III/1, Polkowice Mine

growths of native Au with bornite and clausthalite were no-
ticed (Fig. 59A) and in another one intergrowths with dige-
nite, clausthalite and haematite were found (Fig. 59B).

Size distribution of native gold and electrum crystals
During the studies run in the years 1995-1998 size dis-
tribution of native Au and electrum crystals was analyzed.
Data obtained in the years 1997-1998 enabled to draw his-
tograms of size distribution separately for the sandstone
(Fig. 60A), the Boundary Dolomite and the Kupferschiefer
(Fig. 60B) and the carbonates (Fig. 60C). At that stage of re-
search samples were collected also from the sandstone,
down to 1 m depth from the top surface. Hence, the histo-
grams representing various lithologic types of rocks could
be compared. The last histogram (Fig. 60D) illustrates the
overall native Au and electrum crystal size distribution in
gold-bearing rocks, despite their lithology. It was based
upon the grain-size measurements made in the years 1995—
1998 for both the individual minerals and their intergrowths
with various accompanying phases (Pieczonka, 1998).
Analysis of histograms clearly demonstrates that, de-
spite the lithology of the host-rocks, the relative percentage
of size classes <50 um exceeds 90%. Dominating are small
crystals (05 pm) for which the relative percentage is
50.3%, as demonstrated by the cumulative histogram. Also
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Fig. 55. Gold aggregates and their intergrowths in Kupferschiefer, reflected light, Polkowice Mine. A — intergrowth of gold and chalco-
pyrite in pitchy shale, sample PZ-J-5; B — the same picture like on phot. A, but showing structural position of gold-chalcopyrite aggregate
in the relation to the boundary dolomite; C—E — intergrowths of gold and digenite (pale blue), sample PZ-J-3; F — different textures of gold

grain in the calcareous shale, sample PZ-J-7

percentages of the next two classes: 5-10 and 10—15 pm are
high (20.6 and 11.2%, respectively), whereas the percent-
ages of larger crystals are apparently lower and decrease to
below 1% for the class 40-45 um. Large (over 80 pum) na-
tive Au and electrum crystals are rare.

Percentage of fine fractions is very high but the impor-
tance of this observation must be analyzed with criticism.
Although large crystals of native Au are rare, each crystal is
a spatial form and, thus, a single crystal of size above 50 pm
may have larger mass than a number of small crystals of size

0-5 pm. The economic importance of particular crystal-size
class of gold minerals will depend on its successful benefi-
ciation, i.e., on ore processing technology (Pieczonka,
1998).

GEOCHEMISTRY OF Au IN THE SECONDARY
OXIDATION ZONE

The world literature provides immense information on
Au and PGE minerals. Gold mostly forms native phases,
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Fig. 56. Gold aggregates and their intergrowths in calcareous variety of Kupferschiefer, reflected light, Polkowice Mine. A — nest type
structure of native gold, sample PZ-J-7; B —nest type structure of native gold, sample PZ-J-6; C —nest type structure of native gold on the
edge of diagenetic calcite nest, sample PZ-J-7; D — big aggregate of native gold, sample PZ-J-7; E-F — vein type of native gold structure,

sample PZ-J-6

natural alloys with Bi, Cu, Pd and Pb, tellurides, Cu-Au-
thiosulphates (Kucha et al., 1997) and silicates (Kucha &
Plimer, 2001). The number of Au minerals approved by the
International Mimeralogical Association (IMA) reaches
several tens. The number of PGE minerals approved by the
IMA exceeds 90 (Daltry & Wilson, 1997) but over 500 un-
identified and unnamed phases were reported in the litera-
ture, which demonstrates the importance of further mineral-
ogical studies. The PGE minerals form two principal ge-

netic types of deposits: (i) layered mafic intrusions (LMI)
and (ii) massive sulphides hosted in these intrusions. In last
years the rising interest has been observed in studies on un-
conventional precious metals deposits. The new research
projects brought data on new compounds, e.g. Pt-Pd-ox-
ides/hydroxides (Oberthiir et al., 2003). The new phases
were found also in the secondary oxidation zone of Cu de-
posit in the Fore-Sudetic Monocline. This zone covers the
area of about 40 km? between the Polkowice East Field and
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Fig. 57. Gold aggregates and their intergrowths in calcareous variety of the Kupferschiefer, reflected light, Polkowice Mine. A-B — vein
type of native gold structure, sample PZ-J-6; C — nest type structure of native gold (yellow) forming intergrowth with Pd-arsenides (pale
grey), sample PZ-J-6; D — intergrowth of native gold and chalcopyrite (yellow), sample PZ-J-6; E — nest type structure of native gold (yel-
low) forming intergrowth with Pd-arsenides (pale grey), sample PZ-J-6; F — inclusions of native gold (white yellow) in digenite (blue) and

chalcocite (pale blue), sample PZ-31/3

the Sieroszowice Mine. The results of 10-years-long studies
revealed the zonality of metals distribution: in the marginal
zone electrum dominates over high-purity native Au. Min-
erals from the marginal zone were described e.g., by Kucha
(1981) although his genetic model did not relate the Au
mineralization to the vast, secondary oxidation zones, as de-
scribed in later publications (Piestrzynski et al., 1996a,
2002; Pieczonka, 1998, 2000; Piestrzynski & Pieczonka,
1998, 2000; Piestrzynski & Wodzicki, 2000; Pieczonka &
Piestrzynski, 2000).

Native gold and electrum

Both the native Au and electrum are rare phases in the
Cu deposit. Before the end of the 1990-ties high concentra-
tions of precious metals were encountered only at the Lubin
Mine, in so-called “Kupferschiefer with noble metals”
(Kucha, 1976a, b, 1982a, b). In 1993, native Au and elec-
trum were identified in samples collected from the Polko-
wice West Field, from zones of subeconomic copper ore
(Report AGH 1996, 1997; Piestrzynski 1996a; Piestrzynski
et al., 1996a; Piestrzynski & Pieczonka, 1997a, b).
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Fig. 58. Gold aggregates and their intergrowths in calcareous variety of the Kupferschiefer, reflected light, Polkowice Mine. A — inter-
growths of native gold (white-yellow) with chalcocite (pale blue), sample PZ-31/3; B — intergrowth of native gold (white-yellow) with
chalcocite (pale blue) and covellite (blue), sample PZ-31/3; C — nest structure and intergrowth of native gold (white-yellow) with
chalcocite (pale blue), and covellite (blue), sample PZ-34/2; D — intergrowths of native gold (white-yellow) with chalcocite (pale blue),
covellite (blue), and hematite (grey), sample PZ-34/2; E — intergrowth of native gold (white-yellow) with chalcocite (pale blue) and covel-
lite (blue), sample PZ-31/3; F — intergrowth of native gold (white-yellow) with chalcopyrite (pale yellow), sample PZ-J-17

Precious metals form several parageneses: lite-chalcocite group (Piestrzynski, 1996a; Piestrzynski et
1. clausthalite — native Pb — electrum — AuPb, (Kucha,  al., 1996a),

1982a, b), 4. electrum — tetraauricupride — chalcocite (Piestrzynski
2. Pt-native Au — native Pd — sobolevskite — native Pb & Pieczonka, 1998),

(Kucha, 1981; Kucha & Poche¢, 1983), 5. electrum — Pd-arsenides — tellurides — selenides —

3. native Au — hematite — bornite — minerals of covel-  BiPd and CuBi natural alloys — Pd-oxides.
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Fig.59. A — intergrowth of native gold (pale yellow) with
bornite (orange-brown) and chalcopyrite (grey-yellow) in streaky
dolomite, reflected light, sample Sz/III/2, Polkowice Mine; B —
intergrowths of native gold (pale yellow) with clausthalite (white),
digenite (pale blue), covellite (blue) and hematite (grey) in calcite
nest, streaky dolomite, reflected light, sample Sz/I1l/2, Polkowice
Mine
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The native Au and electrum described in this paper be-
long to parageneses presented by Piestrzynski (1996a) and
Piestrzynski et al. (1996a), as well as the native Au —
electrum — chalcopyrite — bornite — Pd-arsenides — selenides
— natural alloys — oxides paragenesis.

In samples collected from the zones of red spots occur-
rence a diversified assemblage of ore minerals was found.
These zones are out of economic value due to low Cu grade,
but precious metals phases, particularly native Au and
electrum, form accumulations which may be of industrial
interest. Therefore, the further studies (also geochemical)
ones were focused on these elements.

Analyses of native Au revealed diversified chemical
composition, which depends on the position of particular
sample in vertical sequence and in relation to red spots. Na-
tive Au from the secondary oxidation zones reveals highest
Au contents whereas in the peripheries of these zones and in
the areas adjacent to the copper deposit electrum predomi-
nates. Chemical analyses allowed the authors distinguish:

— native Au containing over 85 wt.% Au (Tabs 19, 20,
21),

— electrum containing from 50 to 85 wt.% Au (Tabs
21-26),

— tetraauricupride (AuCu) containing from 71 to 76
wt.% Au (Tabs 26, 27).

High-purity native Au forms intergrowths mostly with
chalcopyrite, covellite and hematite in the Kupferschiefer
and in the sandstones. Electrum usually coexists with Pd-ar-
senides, selenides, tellurides, chalcocite and digenite, rarely
with tetraauricupride in the Kupferschiefer and in the car-
bonates.

High-purity native Au was encountered in brownish-
red Kupferschiefer from the southern part of the Polkowice
West Field. From 46 microprobe analyses 39 revealed Au
contents over 90 wt.% (90.22-98.2 wt.%), (Tabs 19, 20). In
the remaining grains Au contents varied from 86.05 to
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Fig. 60. Histograms showing size of gold and electrum grains. A — in sandstone; B — in the boundary dolomite and maroon shale; C — in

dolomite; D — in the ore
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Table 19

Microprobe composition of native gold and electrum from the Kupferschiefer, mining section G-31, Polkowice West Field

(after Piestrzynski & Pieczonka. 1997a) (upper figure — wt.%; lower figure — atomic proportions)

Sample Au Ag Bi Hg Cu Fe Pt Pd As S Total
Lo Lo Lo Lo Ko Ko Lo Lo Ko Ko

96.72 3.62 0.24 1.28 0.95 0.17 <0.08 0.13 <0.10 <0.10 103.11
283471 0.4910 0.0336 0.0011 0.0064 0.0149 0.0030 0.0012

94.52 4.15 <0.08 1.63 0.68 0.12 <0.08 0.14 0.13 <0.10 101.37
28382 0.4799 0.0385 0.0081 0.0107 0.0021 0.0013 0.0017

97.84 2.72 <0.08 0.92 0.53 0.06 <0.08 <0.08 0.14 <0.10 102.21
2IAS3 0.4967 0.0252 0.0046 0.0083 0.0011 0.0019

98.52 2.12 <0.08 1.09 0.57 <0.05 <0.08 <0.08 0.21 <0.10 102.51
2IAM 0.5002 0.0197 0.0054 0.0090 0.0028

95.79 2.43 0.52 1.28 0.58 <0.05 <0.08 0.15 0.16 <0.10 100.91
2HIASS 0.4863 0.0225 0.0025 0.0064 0.0091 0.0014 0.0021

96.95 2.89 0.09 0.96 0.54 <0.05 0.10 0.12 0.11 <0.10 102.76
283416 0.4922 0.0268 0.0004 0.0048 0.0085 0.0005 0.0011 0.0015

97.87 2.76 <0.08 1.12 0.66 <0.05 <0.08 <0.08 0.11 <0.10 102.52
38T 0.4969 0.0256 0.0056 0.0104 0.0015

95.34 2.86 <0.08 0.84 0.33 <0.05 0.10 <0.08 <0.10 <0.10 99.47
2HIA% 0.4840 0.0265 0.0042 0.0052 0.0005

97.71 3.07 <0.08 1.41 0.39 <0.05 <0.08 0.10 0.13 <0.10 102.81
2389 0.4961 0.0285 0.0070 0.0061 0.0009 0.0017

93.68 3.19 <0.08 1.02 0.45 <0.05 <0.08 0.21 0.15 <0.10 98.70
2834710 0.4756 0.0296 0.0051 0.0071 0.0020 0.0020

96.94 3.42 0.49 1.34 0.41 <0.05 <0.08 0.17 0.13 <0.10 102.90
283A7 0.4922 0.0317 0.0023 0.0067 0.0065 0.0016 0.0017

97.24 3.21 <0.08 1.11 0.32 <0.05 0.19 0.23 0.19 <0.10 102.49
283A/12 0.4937 0.0298 0.0055 0.0050 0.0010 0.0022 0.0025

92.79 5.64 <0.08 1.82 0.39 <0.05 <0.08 <0.08 0.18 <0.10 100.82
2833 0.4711 0.0523 0.0091 0.0061 0.0024

96.83 3.52 <0.08 1.01 0.35 <0.05 <0.08 0.10 0.11 <0.10 101.92
23S 0.4916 0.0326 0.0050 0.0055 0.0009 0.0015

94.75 4.75 <0.08 1.01 0.08 0.19 <0.08 0.13 0.11 <0.10 101.02
283B/1 0.4810 0.0440 0.0050 0.0013 0.0034 0.0012 0.0015

96.97 2.58 <0.08 1.20 <0.07 0.06 <0.08 <0.08 0.14 <0.10 100.95
283872 0.4923 0.0239 0.0060 0.0011 0.0019

96.70 4.10 0.38 0.92 0.15 <0.05 <0.08 <0.08 0.13 <0.10 102.38
283873 0.4909 0.0380 0.0018 0.0046 0.0024 0.0017

95.52 4.30 0.12 1.28 0.13 <0.05 <0.08 <0.08 0.13 <0.10 101.48
283874 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

96.30 4.57 <0.08 1.20 <0.07 0.07 <0.08 0.08 0.11 <0.10 102.18
283816 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
28301 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
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Table 19 continued
smple | Lo | te | Le | 16 | ke | Re | ta | ta | ke | ke | Tou

93.94 6.47 <0.08 0.71 0.08 <0.05 0.09 <0.08 <0.10 0.15 101.44
#3672 0.4769 | 0.0600 0.0035 0.0013 0.0005 0.0047

90.22 6.50 <0.08 1.31 <0.07 <0.05 <0.08 <0.08 0.15 <0.10 98.18
#3673 0.4580 | 0.0603 0.0065 0.0020

93.60 424 <0.08 0.99 0.08 0.08 <0.08 <0.08 0.14 <0.10 99.13
283c/ 04752 | 0.0393 0.0049 | 0.0013 0.0014 0.0019
8305 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

93.27 5.89 <0.08 1.43 <0.07 0.08 <0.08 <0.08 <0.10 <0.10 100.67
2836 0.4735 | 0.0546 0.0071 0.0014

86.90 9.74 <0.08 1.58 0.07 0.10 <0.08 <0.08 0.18 0.15 98.72
#3C7 04412 | 0.0903 0.0079 | 0.0011 0.0018 0.0024 | 0.0047

95.57 4.84 <0.08 1.49 0.12 0.06 <0.08 0.23 <0.10 <0.10 102.31
HICH 04852 | 0.4487 0.0074 | 0.0019 | 0.0011 0.0022

96.07 3.60 <0.08 1.13 0.75 0.06 0.13 0.18 0.16 <0.10 102.08
2#3CH 0.4877 | 0.0334 0.0056 | 0.0118 | 0.0011 0.0007 | 0.0017 | 0.0021

97.23 3.75 0.12 1.05 0.29 0.06 <0.08 <0.08 0.21 <0.10 102.71
23C/0 0.4936 | 0.0348 | 0.0006 | 0.0052 | 0.0046 | 0.0011 0.0028

92.48 5.79 <0.08 1.39 0.23 0.38 <0.08 0.08 0.13 <0.10 100.48
283D71 0.4695 | 0.0537 0.0069 | 0.0036 | 0.0068 0.0008 0.0017

96.61 3.12 0.10 1.03 0.25 0.19 <0.08 0.44 0.12 0.11 101.97
283D72 0.4905 | 0.0289 | 0.0005 0.0051 0.0039 | 0.0034 0.0041 0.0016 | 0.0034

97.25 2.76 <0.08 1.33 0.11 0.28 <0.08 <0.08 0.10 <0.10 101.83
283D73 0.4937 | 0.0256 0.0066 | 0.0017 | 0.0050 0.0013

94.43 3.64 <0.08 1.33 0.25 0.57 <0.08 <0.08 0.18 <0.10 100.40
283D 0.4794 | 0.0337 0.0066 | 0.0039 | 0.0102 0.0024

92.45 7.84 <0.08 1.37 0.39 0.45 0.19 <0.08 0.13 <0.10 102.82
283075 0.4694 | 0.0727 0.0068 | 0.0061 0.0081 0.0010 0.0017

88.67 wt.%. Only a single grain of electrum was found, of
composition 78.70 wt.% Au and 18.61 wt.% Ag. Even this
grain showed Au content close to the upper limit of weight
proportions. High-purity native Au contains admixtures of
Ag (usually below 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 variety of native Au was identified also in the red-col-
oured sandstone from the same area. Preliminary results of
analyses were published by Piestrzynski et al. (1996a).
These analyses document the presence of native Au con-
taining over 90 wt.% of metal (90.15-94.79 wt.%). Other
analyzed crystals contained from 81.26 to 88.6 wt.% Au.
Native Au from the red-spotted sandstone contains from
5.08 to 15.93 wt.% Ag and from 0.21 to 1.08 wt.% Hg.
Analyses of native Au originating from the grey
Kupferschiefer revealed the presence of Au in only its
dolomitic variety. Accompanying electrum usually contains
over 80 wt.% Au (Tab. 21). The presence of high-purity Au
phases in grey and black Kupferschiefer is a rarity although
it should be noticed that the sandstone at the bottom and the

dolomite at the top of this Kupferschiefer were red-col-
oured. Native Au has the admixtures 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 contains the same admixtures
in similar quantities: 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 analyses indicated the presence of two
groups of natural alloys in the clayey and dolomitic varieties
of the grey Kupferschiefer. In the first group Ag contents
are low (1622 wt.%, Tab. 21). Such electrum usually
forms paragenesis with native Au. The second group in-
cludes alloys containing up to 63 wt.% Ag. These minerals
can be regarded as members of kiistelite group (15-50 wt.%
Au), (Tab. 22-26). Highest variability in electrum composi-
tion was observed in the transitional zone of oxidized area
(TZ) which is usually located in the grey Kupferschiefer.
Contents of both Ag and Au cover the full range of values
possible in this mineral (Tabs 22, 23). The most common
admixtures 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 detected (Tab. 22).
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Table 20

Microprobe composition of native gold and electrum from the Kupferschiefer (clayey variety), mining section G-31,
Polkowice West Field (after Pieczonka 1998), sequence No. PZ-21/1, (upper figure — wt.%; lower figure — atomic

proportions)
sople | g Ly | te | te | ke | ke | Lo | Ko | ta | L | T
. 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
o 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
.- 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
>86/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/BS <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
86/AG 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
86/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
- 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

Electrum from the grey, clayey Kupferschiefer sampled
at the Polkowice West Field shows significant variability of
Au (49.80-80.14 wt.%) and Ag (19.01-46.57 wt.%) con-
tents. Moreover, admixtures of Hg (1.10-3.69 wt.%), Cu
(0.13-1.03wt.%) and As (0.09-0.23 wt.%) were detected.
The results point out to the presence of kiistelite, which may
contain 40.18-49.48 wt.% Au and 47.97-55.66 wt.% Ag,
and high admixtures of Hg (2.53-4.38 wt.%) as well as
traces of Cu and As (Tab. 23). In a similar Kupferschiefer
variety from the Polkowice Main Field electrum of more
stable chemical composition 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 kiistelite were found also in the grey
Kupferschiefer (Tab. 25). Electrum contains from 50.86 to
71.17 wt.% Au and from 26.39 do 46.73 wt.% Ag as well as
admixtures of Hg (1.23-3.60 wt.%), Cu (0.52—-1.21 wt.%)
and As (0.06-0.19 wt.%). Au contents in kiistelite vary
from 25.98 to 48.59 wt.% and Ag from 48.19 to 67.51 wt.%
Characteristic are high admixtures of Hg — from 3.91 to 6.34
wt.%.

In the red-colored Boundary Dolomite from the Polko-
wice West Field (Tab. 26), kiistelite is the main Au phase.
Its contents change from 36.49 to 46.66 wt.% whereas those
of Ag — from 45.80 to 54.80 wt.%. Most important trace ele-
ments are: Hg (5.34-7.36 wt.%), Cu (0.09-3.96 wt.%) and
As (0.05-0.26 wt.%). Electrum from this Boundary Dolo-
mite has from 58.49 to 77.66 wt.% Au and from 21.45 to
35.89 wt.% Ag. Contents of Hg are much lower than in
kiistelite: from 1.02 to 2.03 wt.%. Other admixtures are Cu

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

Three results (Tab. 26) indicate the presence of high-
Au/high-Cu variety of electrum of composition: 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-
culated chemical formulae of this mineral are: Auj p413
Cuy gooo for measurement point A/10, Auy 163Cuy o900 for
measurement point A/11 (Piestrzynski & Pieczonka, 1998)
and Auy ;734Cuj gggo for the third point. This phase was
identified as tetraauricupride. It was described for the first
time from the Fore-Sudetic Monocline deposit by Pie-
strzynski and Pieczonka (1998). Tetraauricupride forms
intergrowths with high-Hg electrum (Tab. 26) and Cu-sul-
phides, Pd-arsenides and selenides. The presence of tetra-
auricupride in this deposit is very interesting as it has al-
ready been known mostly from ultramafic intrusions (Pie-
strzynski & Pieczonka, 1998).

Chemical composition of studied tetraauricupride is
close to that described by Tarkian et al. (1992) from the
Skyros Island: 73.3-75.1 wt.% Au, 23.7-24.2 wt.% Cu and
0.4-1.6 wt.% Fe. The difference between tetraauricupride
from ophiolitic and ultramafic complexes, and from reduc-
ing sediments (i.e. from the Polkowice deposit) appears in
trace elements set.

The results of microprobe analyses support the micro-
scopic observations that Au minerals from the central part
of secondary oxidation zone differ in parageneses from
those described from the so-called “Kupferschiefer with no-
ble metals” (Kucha, 1975, 1982a, b; Salamon, 1979; Pie-
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Table 21

Microprobe composition of native gold and electrum from the Kupferschiefer (dolomitic variety), mining section G-31,
Polkowice West Field (after Piestrzynski & Pieczonka, 1997a), sequence No. PR 18-0188, (upper figure — wt.%; lower
figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Lo Lo Lo Ko Ko Lo Ko Lo Lo
s 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
Uish 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
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
120 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
11 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
122 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
123 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
_ 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
0.19 <0.05 0.50 80.01 1.75 0.76 0.10 <0.05 <0.05 17.25 100.56
1749 0.0025 0.0025 0.4062 0.0275 0.0136 0.0005 0.1599
150 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
st 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
0.06 <0.05 0.68 82.07 1.44 0.56 <0.03 <0.05 <0.05 16.10 100.91
33 0.0008 0.0034 0.4167 0.0227 0.0100 0.1493
0.16 0.25 0.21 83.98 1.62 0.63 <0.03 <0.05 <0.05 16.94 103.79
/54 0.0021 0.0012 0.0010 0.4264 0.0256 0.0113 0.1570
0.14 <0.05 0.35 80.30 0.83 0.37 <0.03 <0.05 <0.05 17.07 99.06
H3s 0.0019 0.0017 0.4077 0.0131 0.0066 0.1582
0.15 <0.05 0.83 78.03 1.21 0.63 <0.03 0.44 <0.05 17.61 98.90
36 0.0020 0.0041 0.3962 0.0190 0.0113 0.0137 0.1633
_ 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
0.32 <0.05 0.80 85.50 0.63 <0.03 <0.03 <0.05 <0.05 14.94 102.19
v 0.0043 0.0040 0.4341 0.0099 0.1385
0.14 <0.05 0.31 83.94 0.15 0.04 <0.03 <0.05 <0.05 18.10 102.68
Vs 0.0019 0.0015 0.4262 0.0024 0.0007 0.1678
0.29 <0.05 1.28 86.77 0.80 <0.03 0.16 <0.05 <0.05 12.36 101.66
e 0.0039 0.0064 0.4405 0.0126 0.0008 0.1146
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
_ 0.23 0.86 85.53 0.69 14.55
* 0.0031 0.0043 0.4342 0.0108 0.13 0.1353
0.23 <0.005 1.15 84.79 0.99 0.0023 <0.03 0.05 <0.05 15.37 102.71
i 0.0031 0.0057 0.4305 0.0156 0.24 0.0016 0.1425
e 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
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Table 21 continued

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Lo Lo Lo Ko Ko Lo Ko Lo Lo
- 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
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
1S 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
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
0.08 <0.05 1.07 83.12 0.95 0.29 0.05 <0.05 <0.05 16.25 101.81
17 0.0011 0.0053 0.4220 0.0149 0.0052 0.0003 0.1506
_ 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
Table 22
EDS composition of electrum from the Kupferschiefer (dolomitic variety), Polkowice West Field [wt.%]
Sample Ag Au Pb Se Pd Pt As Te Fe Total
Lo Lo Lo Ko Lo Lo Ko Lo Ko
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-17-4/2 62.79 36.86 0.35 n.a. <0.05 <0.15 <0.2 <0.1 n.a. 100.00
PZ-17-4/3 25.62 74.38 <0.3 n.a. <0.05 <0.15 <0.2 <0.1 n.a. 100.00
PZ-)7-4/4 28.87 71.13 <0.3 n.a. <0.05 <0.15 <0.2 <0.1 n.a. 100.00
PZ-17-2/2 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-17-14/1 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-17-14/3 61.06 38.94 <0.3 n.a. <0.05 <0.15 <0.2 <0.1 n.a. 100.00
PZ-17-14/4 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
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Table 22 continued

Sample Ag Au Pb Se Pt As Te Fe Total
Lo Lo Lo Ko Lo Lo Ko Lo Ko

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. 100.00
P2J7-5-2 27.28 72.66 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. 100.00

strzynski, 1996a). Phases described by Kucha (1982a, b)
contain usually from 50 to 75 wt.% Au and are enriched in
Hg (up to 6.30 wt.%) as well as in Pt and Pd, rarely in Pb
(Kucha & Mayer, 1996). Phases described in the following
paper, particularly originating from the brownish-red
Kupferschiefer and sandstone commonly show over 85
wt.% Au (Tabs 19-21). On the other hand, electrum reveals

lower amounts of Au (50-85 wt.%) and much lower admix-
tures of Hg (maximum about 3 wt.%) in comparison with
results published by Kucha (1976a, b). Higher contents of
Hg (over 6 wt.%) appear in kiistelite. Analyses did not show
significant contents of Pt and Pd as well as did not detected
Pb.

Table 23

Microprobe composition of electrum from the Kupferschiefer (clayey variety), mining section G-31, Polkowice West Field
(after Pieczonka, 1998), sequence No. PZ-25/2 (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Lo Lo Lo Ko Ko Lo Ko Lo Lo
0.11 0.11 1.10 77.36 0.72 <0.05 <0.05 <0.15 <0.05 19.82 99.22
287/c1 0.0015 0.0005 0.0055 0.3928 0.0113 0.1837
0.18 <0.10 1.68 61.29 0.13 <0.05 <0.05 <0.15 0.07 34.95 98.30
287/C2 0.0024 0.0084 0.3112 0.0020 0.0007 0.3240
0.14 <0.10 2.70 53.88 0.42 <0.05 <0.05 <0.15 <0.05 41.52 98.66
287163 0.0019 0.0135 0.2735 0.0066 0.3849
0.19 0.43 4.38 42.07 0.10 <0.05 <0.05 <0.15 <0.05 52.82 99.99
287/A4 0.0025 0.0021 0.0218 0.2136 0.0016 0.4897
0.17 <0.10 2.53 49.48 0.12 <0.05 <0.05 <0.15 0.15 47.97 100.42
2BTIAS 0.0023 0.0126 0.2512 0.0019 0.0014 0.4447
STIAG 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
87/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
87/AS 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
Py 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
»87/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
87/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
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Table 24

EDS composition of electrum, pitchy Kupferchiefer variety, mining section PG-1/3, Polkowice Main Field
(after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Lo Lo Lo Ko Ko Lo Ko Lo Lo
0.14 <0.10 1.96 62.05 0.35 <0.05 <0.07 <0.15 <0.5 35.41 99.91
29VA2 0.0019 0.0098 0.3150 0.0055 0.3283
201/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
0.19 0.30 1.29 67.10 0.50 <0.05 <0.07 <0.15 <0.05 31.18 100.56
29VA 0.0025 0.0014 0.0064 0.3407 0.0079 0.2891
201/AS 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
0.14 <0.10 1.46 68.61 0.55 <0.05 0.16 <0.15 <0.05 27.49 98.41
29VAS 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

The results of microprobe analyses point out to the
presence of natural alloys of very diversified compositions
(Tab. 27). The main admixture is Pb. Its atomic proportions
preclude the presence of clausthalite inclusion in electrum
whereas the presence of Te suggests the existence of mixed
phases for which atomic proportions are difficult to be de-
termined (Tab. 27). Such alloys form intergrowths with

many minerals, usually with electrum and naumannite. The
crystal size (5—10 um) and the presence of bright fields in
the BSE images (indicating the heavy elements e.g., Pb)
confirm the correctness of obtained results. Atomic propor-
tions suggest the presence of the following phases:
Auy(AgPbSeTe);, Agz(AuPbSeTe); and Au,(AgPbSeAs
Te)s (Tab. 27). Such minerals can be identified as Pb-Se-

Table 25

Microprobe composition of electrum from the Kupferschiefer (dolomitic variety), mining section G-31, Polkowice West
Field (after Pieczonka, 1998) , sequence PZ-20/3, (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe S Pd Ag Total
Ko Lo Lo Lo Ko Ko Ko Lo Lo
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
0.09 <0.10 5.41 35.01 0.39 <0.05 <0.15 <0.05 57.49 98.39
288/B3 0.0012 0.0270 0.1777 0.0061 0.5330
0.21 <0.10 6.34 25.98 0.61 <0.05 <0.15 <0.05 67.51 100.65
288/B4 0.0028 0.0316 0.1319 0.0096 0.6259
0.08 <0.10 2.79 54.37 0.38 <0.05 <0.15 0.09 42.37 100.08
288/C10 0.0011 0.0139 0.2760 0.0060 0.0008 0.3928
0.11 0.14 4.41 41.59 0.72 0.10 <0.15 <0.05 52.57 99.64
ass/ctl 0.0015 0.0007 0.0220 0.2112 0.0113 0.0018 0.4874
0.13 0.10 3.60 50.86 0.43 <0.05 <0.15 0.21 46.73 102.06
288/D13 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
0.12 <0.10 391 48.59 0.14 <0.05 <0.15 <0.05 48.19 100.95
2BEALS 0.0016 0.0195 0.2467 0.0022 0.4467
0.19 <0.10 1.23 71.17 0.35 <0.05 <0.15 0.06 27.30 100.30
2BEIALG 0.0025 0.0061 0.3613 0.0055 0.0006 0.2531
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Table 26

Microprobe composition of tetrauricupride and electrum from the Kupferschiefer, mining section G-31, Polkowice West
Field, sequence G-31/294 A (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Lo Lo Lo Ko Ko Lo Ko Lo Lo
AN 0.16 <0.05 541 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
0.17 <0.05 1.02 77.51 0.42 <0.04 <0.03 <0.05 0.05 22.88 102.10
A2 0.0023 0.0051 0.3935 0.0066 0.0005 0.2121
0.16 <0.05 5.82 44.53 0.09 <0.04 <0.03 <0.05 <0.05 50.58 100.98
A3 0.0021 0.0290 0.2261 0.0014 0.4689
0.24 <0.05 2.03 58.49 0.16 <0.04 0.04 0.06 0.09 35.89 97.00
A 0.0032 0.0101 0.2970 0.0025 0.0002 0.0019 0.0008 0.3327
Al5 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
Al6 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
AT 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
A8 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
0.26 0.19 6.60 41.02 0.14 <0.04 <0.03 <0.05 <0.05 53.63 101.84
A9 0.0035 0.0009 0.0329 0.2083 0.0022 0.4972
A10 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 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.17-16/4 <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
A2 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
A3 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
ANl4 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
A5 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
Table 27
EDS composition of native alloys from the Kupferschiefer, mining section G-31, Polkowice West Field
(upper figure — wt.%; lower figure — atomic proportions)
Sample Ag Au Pb Se Pd Pt As Te Composition
Lo Lo Lo Ko Lo Lo Ko Lo
13.56 69.96 10.24 3.53 <0.05 <0.15 0.39 233 AU10000AZ0 3530Pb 1456
PZ-J7-10/14
0.3539 1.0000 0.1486 0.1258 0.0146 0.0515 Seo.033Teo 0515
11 58.39 25.02 9.33 1.41 <0.05 <0.15 0.79 5.07 Ag10000AU0 2346Pb0 0531
1.0000 0.2346 0.0831 0.0033 0.0194 0.0733 Seo.0033Te0.0733
24.88 53.66 12.30 226 <0.05 <0.15 3.28 3.62 Au10000AZ0 s460Pb0 2151
PZ-J7-11/11
0.8469 1.0000 0.2181 0.1377 0.1949 0.1043 Se0.1377A50.1949T€0.1043
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Te-electrum, as Se, Pb and Te are permanent and important
components.

TELLURIDES

Microscopic observations revealed the presence of sev-
eral phases which optical properties did not provide
undoubtful identification. Unfortunately, microprobe analy-
ses did not resolve identification doubts as most of these
phases showed diversified compositions (por. Tabs 28, 29).
The most common mineral was identified as naumannite
(see also next chapter “Selenides”). Its crystals are usually
rimmed by a grey zone of similar reflectance (probably re-
action zone). The BSE images clearly demonstrate the pres-
ence of a new phase of distinctly different chemical compo-
sition because, apart from Se, significant amounts of Te
(6.43-14.42 wt.%) and Bi (up to 20.30 wt.%) were detected
(Tab. 28). Such composition points out to the presence of
two phases showing different Te and Se proportions, pre-
cisely, the highest contents of Te correspond to high con-
tents of Se and to low ones of Te (Tab. 28). Atomic propor-
tions indicate the new minerals of compositions: Me;Se,
(TeAs);, Mey(SeTe), MesSey(TeAs);, Mey(SeTeAs); and
Me;(SeTeAs),, where Me = Ag+Au+Pb+Bi (Tab. 28, 29).
Moreover, a small amounts of Pt was detected (up to 2.7
wt.%, Tab. 28). The new phases require further studies as
minerals of such compositions have not been described in
the literature. Analyses for Te can be affected by analytical
error (see chapter “Geochemistry of Au and PGE”). De-
tailed microprobe analyses (Figs 61, 62), particularly the
BSE images, revealed the presence of grey fields of various
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intensity, which is an effect different mass numbers of ele-
ments. Intensive, white dots in Te map located outside the
contours of ore minerals (Fig. 61) originate from CaKa line
whereas white dots within the ore minerals reflect TeLoL.

Paragenesis of high-Te and high-Se minerals includes
phases of compositions close to (Pby 3371Ag0 9591AU( 3651)
Teg.s8965¢€0.4104 and  (Pdo.48220A80.3100A10.0949Pb0.0231)
AsgggrsTeg 1175 (Tab. 29). Hence, the general formula
roughly corresponds to Mes(TeSe), and Me(AsTe). The lat-
ter phase can be proposed as a new, uknown PdAs mineral
with high admixtures of Au, Ag and Te. Similar phase, al-
though Te-free, was described by Kucha (1975) in parage-
nesis with other arsenides. Its formula can also be calculated
as Pbs 348B12.0828AU1,0638A20.8335€2.18361€2.0000 (Tab.
28, analysis PZ-J7-11/10).

Tellurium was detected in many other minerals from
the precious metals association. Highest contents were
found in naumannite (up to 9.19 wt.%, Tab. 30, analysis
Pz-J7-11/7, i.e. 1/2 content of Se). This phase can also be a
new mineral. Significant amounts of Te (up to 5.07 wt.%)
were detected in Pb-native Au (Tab. 27). Diadochous sub-
stitutions of Te were found in nonstoichiometric Pb-sele-
nides (Tab. 31).

SELENIDES

Clausthalite is a common mineral in the Cu deposit of
the Fore-Sudetic Monocline. It was identified quite early in
the Cu-bearing zone (Haranczyk, 1972) as well as in the
“Kupferschiefer with noble metals” (Kucha, 1981, 1982a,

Table 28
EDS composition of Ag-Au-Pb-Bi-Te-Se minerals, Polkowice West Field
(upper figure — wt.%; lower figure — atomic proportions)
Sample Ag Au Pb Se Pd Pt As Te Bi
P Lo Lo Mo Ko Lo Lo Ko Lo Mo
2.28 1.79 58.73 18.77 <0.3 2.32 0.83 14.38 1.27
PZ-J7-11/4
0.0888 0.0383 1.1923 1.0000 0.0500 0.0467 0.4741 0.0256
1.23 1.21 58.47 21.22 <0.3 0.79 0.13 7.38 9.51
PZ-J7-11/3
0.0424 0.0227 1.0502 1.0000 0.0149 0.0063 0.2151 0.1693
16.58 <0.2 49.73 13.29 <0.3 <0.3 0.93 6.83 12.65
PZ-17-11/2
0.6563 1.0248 0.7186 0.0529 0.2284 0.2583
5.11 0.24 51.51 14.16 <0.3 0.34 0.58 7.76 20.30
PZ-17-11/1
0.1913 0.0048 1.0032 0.7236 0.0069 0.0311 0.2453 0.3918
4.01 9.32 46.98 7.70 0.19 0.95 11.40 19.45
PZ-J7-11/10
0.1995 0.2536 1.2155 0.5227 0.0009 0.0676 0.4772 0.4986
4.10 4.97 53.83 18.39 <0.3 2.73 1.57 14.42 <0.3
PZ-J7-11/12
0.1632 0.1082 1.1155 1.0000 0.0601 0.0902 0.4852
6.47 14.01 44.72 8.04 <0.3 <0.3 0.27 6.43 20.06
PZ-J7-11/13
0.3851 0.4564 1.3851 0.6534 0.0231 0.3235 0.6162
18.48 12.84 49.47 5.79 <0.3 <0.3 <0.3 13.43 <0.3
PZ-J7-19/2
0.9591 0.3651 1.3371 0.4104 0.5896
17.70 9.87 2.53 <0.2 27.08 <0.3 34.90 791 <0.3
PZ-17-19/7
0.3109 0.0949 0.0231 0.4822 0.8825 0.1175
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Table 29
Atomic proportions calculated for chemical compositions given in Table 28
Sample Total/atomic proportions Formula
P11 (P b2A3846A80.1776Au0A0766Bi0.05lZ)SeZ.OOOOTeO.9482A15(:)%9(jtZ MesSex(TeAs):
PLATLS (Pba.2008Bi0.6772P10.0596AU0.0908AL0.1 696)534.0000T60,8604/3‘15(3)%;2 MesSeq(TeAs),
PZAT-112 (Pbl.0248Bi0,2583Ag0.6563)SeO.7186TeO.2285A15(())%502(; Mex(SeTeAs):
P2 (Pb1.0032Bi0.3918Ag0.191 3Au0.oo4spt0.0069)560.7236Teo,2453/\15?)%301(1) Mes(SeTeAs),
PZIT-11/10 (Pbl.2155Bi0,4986Au0.2536Ag0A1995)(S60A5227Ti(());)7.?2(: Mex(SeTe):
P71 (Pb2.23 10Au0.2164Ag0.3264Pt0.|202)562.0000T60.9704A15?)(.)1‘£)2 MesSex(TeAs)
PZAT-TIS (Pb1,385lBiOAél62AU0,4564Ag0.3851)550.6534T30.4852A15(())%9(:)(2) Mes(SeTeAs):
PZ-1T-1912 (Pbl.3371AgO.9591Au0.365I)TGO.SS%SIG?)(.::S)? Mes(TeSe)
PZAT9 (PdOASZZAgO,S1O9AU0.0949Pb0.0231)A50.8825Tle(:)?1‘107(5) Me(AsTe)

b) and in the zone of secondary oxidation of the copper de-
posit (Pieczonka, 1998; Piestrzynski et al., 2002).

In the secondary oxidation zone, clausthalite was ob-
served in almost all polished sections containing electrum
and, less commonly, in samples with high-purity native Au.
It forms intergrowths with precious metals alloys, native Pb,
Pd-arsenides, Cu-sulphides and other selenides (nauma-
nnite) including those containing Te.

In the zone of secondary oxidation, naumannite occurs
in paragenesis with native Au, electrum and native Pb. Opti-
cal properties indicate high-temperature variety of pseudo-
fluorite structure (Schrocke & Weiner, 1981), which crys-
tallizes above 135°C, although Karakaya and Thompson
(1990) suggest lower transformation temperature, i.e.
130°C.

Microscopic observations of fine intergrowths are less
accurate than the SEM studies. The BSE images enable the
authors to distinguish specific phases and demonstrate the
differences in mineral composition in terms of grey scale
dependent on atomic weights of elements (Figs 63-71). Re-
sults of these studies also indicate the presence of minerals
of approximated Pb3Se, composition (Tab. 31), which con-
tain significant admixtures of other metals: Ag—up to 16.17
wt.%, Au — up to 11.16 wt.% and Pt — up to 0.71 wt.%.
(Tab. 31). Some grains contained also Te — up to 4.81 wt.%
(Tab. 31) and, rarely, small amounts of sulphur (Tab. 30).
High contents of Ag correlate with low contents of Au and
vice versa (see Tab. 31). Therefore, these are not physical
mixtures of selenides and electrum but reaction zones of
these minerals, of variable chemical composition. Such re-
action zones are visible in the BSE images (Figs 63, 66 and
68). Microprobe analyses revealed significant admixtures of
Ag and Au in clausthalites, even up to 20 wt.% (see Tab.
30).

Detailed studies on naumannites indicate the presence
of several varieties (Tab. 30). Most common are phases with

up to 10 wt.% Pb and several wt.% Au (Tab. 30). However,
many analyzed grains contain too much Ag and Au to be
classified as Au-Ag-naumannites (see Tab. 30). These are
presumably new minerals of Me,Se composition containing
up to 40 wt.% Au and up to 49 wt.% Ag (Tab. 30). Emission
spectra of selenides demonstrated various intensities of Se,
Ag and Pb lines, which points to variable composition of
these minerals, as supported by quantitative analyses (Tab.
30, 31). The minerals show admixtures 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 admixtures of other PGE were detected: Rh
up to 1.3 wt.% (Tab. 30).

Microprobe analyses revealed the presence of a sele-
nide of AgSe, composition (Tab. 30). Minerals containing
two Se anions are: bohdanowiczite (AgBiSe;), krutaite
(CuSe,) and some Fe-, Co- and NiSe, phases but AgSe; is
unknown (Karakaya & Thompson, 1990).

Pd AND Pt MINERALS

The presence of Pd minerals in the copper deposit of the
Fore-Sudetic Monocline has been known since the early pa-
per by Kucha (1975). Further publications (Kucha, 1981,
1982a, b; Kucha & Pocheé, 1983; Kucha & Przybytowicz,
1999) brought new data on other Pd minerals and com-
pounds. Up to date the following Pd phases were inden-
tified: PdAs, PdASz, Pd3AS§, szAS_?,, PdsAs,, PdgASzS,
Pd;As  (vincentite), (NiPd);As;, PdCu(As,S)s and
PdgAsgS; (Kucha, 1975, 1984).

In the secondary oxidation zone somewhat different
Pd-arsenides assemblage was discovered. Their chemical
compositions are listed in Table 32. Apart from already
known vincentite, 14 new minerals were identified: PdAs,
Pd,As, Pd4As, PdgAs,, PdsAs, Mej3As, (Where Me = Pd,
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Pt, Au and Ag), MegAs; (where Me = Pd, Ag and Pt),
Pd(NiFe)zAS:;‘SSO.S or M€4AS7S, (PdPtNl)AS7, (Ple)AS7,
(PdAuNi);As and PdAsjy (Tab. 32, Figs 72—76). The most
interesting is the mineral of composition Pdg 1583Pt] 102
(Au2.2148Ag0‘5694)A52.00005 which contains 11.70 wt.% Pt
(Tab. 32), which is the highest concentration of this metal in
all phases indentified up to date. Such mineral has not been
found even in a comprehensive list of 600 Pt-bearing phases
published by Daltry and Wilson (1997). In metallurgical lit-
erature (e.g., Okamoto, 1990) 18 high-temperature phases
were mentioned of various atomic proportions and crystal
structures. Five minerals identified in the Fore-Sudetic
Monocline deposit: PdyAs, PdAs,, PdsAs, PdgAs; and
Pd;As reveal stoichiometries similar to those described by
Okamoto (1990). The noticable difference is the presence of

Single element scans and BSE image (bottom right), red circles show position of quantitative measurements, sample PZ-J7-11

numerous and significant substitutions of trace elements in
natural phases.

The atomic proportions of MegAs; phase resemble
PdgAs,S mineral described by Kucha (1984) but other
phases (excluding five Pd-arsenides mentioned above) have
no equivalents in the literature (Daltry & Wilson, 1997;
Okamoto, 1990). Analyzed arsenides occasionally contain
significant admixtures 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 several crystals contents of Cu (up to 0.9 wt.%) and Pb
(up to 7.09 wt.%) were detected. In a single analytical point
7.32 wt.% Bi was found and in another one 0.32 wt.% Fe
and 2.24 wt.% S were indicated (Tab. 32).

Less common Pd mineral is sobolevskite, PdBi (Fig.
77) described for the first time by Kucha (1975). It coexists
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Fig. 62. EDS spectra of Pb-Ag-Au-Te-Se minerals, sample
PZ-J7-11

usually with Pd-arsenides (Fig. 75, sample 291-3/1-1), na-
tive Pb, Cu-sulphides, Bi-sulphides, electrum and Bi-Cu al-
loys. Its composition is listed in Table 33. Apart from small
amounts of Hg, sobolevskite contains also significant ad-
mixtures of Au. New data revealed the presence of nauma-
nnite (Tab. 30) and Bi-Cu alloys (Tab. 34) in this para-ge
nesis. The o-BiPd phase is stable up to 210°C and B-BiPd
is stable in temperature range 210-380°C (Okamoto, 1990).
Phases of other atomic proportions formed in other temper-
ature ranges may also exist (Okamoto, 1990).

J. PIECZONKA ET AL.

Microprobe analyses demonstrated the presence of two
new minerals of compositions: BiCu and Bi,Cu (Tab. 34),
which contain 18.37 and 13.68 wt.% Cu, respectively. Im-
portant admixtures are Pd, Au and S. Such minerals have
not been known from the Fore-Sudetic deposit. In the avail-
able literature metastable phase of CusBi, composition is
mentioned, which exists at temperature below 300°C
(Chakrabarti & Laughlin, 1990). However, phases from the
Fore-Sudetic deposit contain much higher admixtures of Bi.

OXIDIZED As COMPOUNDS

The presence of oxidized As compounds was commu-
nicated by Kucha and Przybytowicz (1999) who found
PdyAsOy, in clay-organic matrix of the Kupferschiefer, in
paragenesis with castaingite, electrum, covellite, Pd-arse-
nide (Pd3Ass), Ni- and Co-arsenides and Bi-sulphides. Sim-
ilar paragenesis, although without arsenates, was mentioned
in some earlier papers (Kucha, 1981, 1982a, b). New data
revealed seven new minerals of general Pd-As-O composi-
tion (Tab 35) PdASOz, szASOz, Pd4ASzO3 (Flg 76),
pd3ASzO4, Pd5AS40g, Pd6AS407 (Flg 77) and PdgAS407
(Fig. 77). Studied compounds usually include variable
amounts of Pd (from 43.55 to 64.06 wt.%) and As (22-34
wt.%), as well as admixtures of Au (up to 3.9 wt.%), Bi (up
to 2.94 wt.%), Hg (up to 0.75 wt.% in single analysis), Cu
(up to 6.64 wt.%) and Ni (up to 8.51 wt.%) (Tab. 35).

Pt MINERALS

Up to date, only a few minerals containing Pt admix-
tures were found although contents of this element in ana-
lyzed samples is higher than that of Pd. Highest content (2.5
wt.%) was reported from Pt-native Au (Kucha & Mayer,
1996). Increased amounts (up to 0.21 wt.%) were detected
in thucholite and in arsenates (up to 0.73 wt.%) (Kucha &
Przybytowicz, 1999).

The new Pt mineral can be the phase of approximate
composition  Pdyg ;5g8Pt} 102(Au2.2148A80.5694)A52.00005
which contains 11.70 wt.% Pt (Tab. 32) and over 53 wt.%
Pd, and 23.75 wt.% Au (Tab. 32). This is the only high-Pt
mineral found in the studied polished sections.

Electrum which coexists with Pd-bismuthides and
Pd-arsenides usually contains some Pt (up to 4.0 wt.%, Tab.
34), which is simultaneously the highest admixture of Pt in
electrum derived from the secondary oxidized zones. Nor-
mally, Pt contents in electrum do not exceed 1.2 wt.% (Tabs
19-27). Platinum was found in larger number of analytical
points than palladium, which may explain its higher con-
tents in analyzed rock samples. Admixtures of Pt were de-
tected also in Pb-selenides of usually nonstoichiometric
compositions (Tab. 31). Newly discovered Ag-selenides
with Au (naumannite) contain also significant amounts of Pt
(up to even 2.18 wt.%, Tab. 30). In these selenides Rh was
detected, 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 minerals contain also Ag and Au
(Tab. 28).
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Tabela 30
EDS and microprobe composition of Ag-Au-Pb-Se minerals, Polkowice-Sieroszowice Mine
(upper figure - wt.%.; lower figure — atomic proportions)
Ag Au Pb Se Pd Pt As Te
Sample Ao Ao La Ka Lo Lo Ko La Total
1.28 17.30 69.90 11.92 <0.2 <0.3 <0.2 <0.2 100.00
PZ-J7-9a/1
0.0788 0.5815 2.2337 1.0000 Pb2A2337Au0}5315Ag0,07ggSel,0000
1.79 23.22 57.87 14.02 <0.2 <0.3 3.10 <0.2 100.00
PZ-J7-9a/2
0.0758 0.5384 1.2753 0.8109 0.1891 Pb1A2753Au0‘5384Ag0.075gSCQ.3109ASO.1891
34.87 <0.3 2.16 61.01 <0.2 <0.3 <0.2 1.96 100.00
PZ-J7-9a/5
0.4102 0.0132 0.9805 0.0195 Ag0}8204Pb0‘0264Sel}9(,10Teo‘0390
33.86 <0.3 6.17 59.88 0.09 | <0.3 <0.2 <0.2 100.00
PZ-J7-9a/6
0.4139 0.0393 1.0000 0.0011 Ago}gygpbo‘os]gPdo}oozzSCz.oooo
38.90 <0.3 1.23 59.87 <0.2 <0.3 <0.2 <0.2 AgSe; 100.00
PZ-J7-9a/7
0.4756 0.078 1.0000 Ag0‘9512Pb0‘0156562‘0000
4.64 | <03 78.74 16.62 | <0.2 <0.3 <0.2 <0.2 Ag-clausthalite 100.00
PZ-J7-9a/8
0.2042 1.8052 1.0000 Pb1A8052Ag0‘2042561‘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
47.22 21.75 4.41 23.03 <0.2 <0.3 <0.2 3.59 Au-naumannite 100.00
PZ-J7-9a/15
1.3687 | 0.3452 | 0.0666 | 0.9121 0.0879 | (Agi.3687AU0.3452Pb0.0666)S€0.9121T€0.0879
37.66 24.41 14.78 17.18 <0.2 <0.3 <0.2 5.97 Au-Pb-naumannite 100.00
PZ-J7-9a/16
1.3203 | 0.4686 | 0.2697 | 0.8230 0.1770 | (Agi.3203AU0.4686Pb0.2697)S€0.8230T€0.1770
20.31 40.31 22.85 10.86 | <0.2 <0.3 0.74 4.94 Au-naumannite 100.00
PZ-J7-9a/17
1.0113 | 1.0999 | 0.5927 | 0.7389 0.0532 | 0.2079 | (Agi.0113AU1.0999Pbg 5027)Se€0.7389T€0.2079A80.0532
PZ-17-902 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 | (Agi.8783Au03891Pd0.0077Pt0.0109)S€0.8980T€0.0681A50.0338
PZ-T7-9/5 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 | (Agi.5035A10.4040Pt0.0311Pb0.0046)S€0.9082T€0.0561A80.0357
P7-17-9/4 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 | (Ag1.6937Au0.4040P10.0485Pb0.0407)S€0.9671 T€0.0195A80.0134
P7-17-9/5 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 | (Agi7268Au0.1124Pb0.1000Pt0.0120)S€0.8316T€0.1295A50.0389
P7-17-9/6 73.13 0.30 0.22 2334 | <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)S€0.9123T€0.0519A50.0358
PZ-17-9/7 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)S€0.8768T€0.0646A50.0586
P7.17-9/8 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 | (Agi.9859AU0.0191)S€0.9525T€0.0140A50.0335
P7-17-9/9 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 | (Ag2.1105Pbo.0965AU0.0120)S€0.8672T€0.0819A50.0509
PZ17-10/2 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 | (Agi8412Pbo.1125AU0.0176)S€0.8566 1 €0.0980A50.0454
PZ.17-10/3 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 | (Agi.8044Pb0.0950A10,0351Pt0.0131)sc0.9422Te€0.0578
pZ.17-10/4 62.98 0.47 9.93 2244 | <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 | (Agi.8431Pbo.1512AU0.0076Pt0.0085)S€0.8971T€0.0725A80.0299
PZ-17-10/5 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 | (Agi.9463Pbo.0567AU0.0237)S€0.8806 T€0.0688A50.0506
PZ.17-10/6 72.45 1.36 <0.3 2246 | <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)S€0.8989T€0.0500A80.0512
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Table 30 continued

Sample Ag Au Pb Se Pd Pt As Te Total
P Lo Lo Lo Ko Lo Lo Ko Lo
PZ-17-1017 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 |(Ag1.7767AU0.5379Pb0.0119P10.0084)S€0.9052T€0.0625A80.0322
PZ-T7-10/8 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 | (Agi.6371AU0.5224Pd0.0392Rh0.0725)S€0.9279T€0.0525A50.0196
57.00 15.54 3.35 20.23 |Rh=0.18| 1.11 0.57 2.01 Au-Rh-naumannite 100.00
PZ-J7-10/12
1.8898 | 0.2822 | 0.0579 | 0.9163 | 0.0061 | 0.0204 | 0.0272 | 0.0565 Sf;f‘Of*;’8Au0-2822%"-057"Pt°-°2°4kh"-°°6‘)Se"-"'“Te""S“
027
49.26 11.99 9.24 25.35 |Bi=0.83 0.75 0.43 2.15 Au-naumannite 100.00
PZ-J7-10/13 i
1.3295 | 0.1773 | 0.1298 | 0.9345 | 0.0116 | 0.0111 | 0.0166 | 0.0489 Sf;f‘df:%A“O-‘773Pb°-‘298B‘°>°‘ 16Pt0.0111)S€0.9345Te0.0489
0166
PZIT-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 | (Ag2.0179Pbo.0583AU0.0132)S€0.8746 €0.0784A80.0469
64.78 0.70 5.49 22.92 |Bi=0.95 0.34 1.07 3.76 naumannite 100.00
PZ-J7-11/6 i
1.7974 | 0.0108 | 0.0793 | 0.8689 | 0.0135 | 0.0051 | 0.0428 | 0.0883 f:;fgzzrpb&m%AuM“’SB‘O»O‘35Pt°-°°5‘)Se"-“*"TeO-O*‘”
PZ17-11/7 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)S€0.7952T€0.2048
PZIT-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 | (Agi.7867Pbo.1347A10.0201Pt0.0069)S€0.7612T€0.2033A50.0356
4.08 20.12 57.33 18.47 <0.2 <0.3 <0.2 <0.2 Au-clausthalit 100.00
PZ-J7-16/6
0.1616 | 0.4365 | 1.1830 | 1.0000 Pb1.1830AU0.4365A80.16165€1.0000
PZ-17-16/7 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 Pb 3867A00.3877A20.37785€1.0000
6.44 9.58 59.39 18.41 | Th=3.3 | <0.3 2.85 <0.2 96.70
PZ-)7-19/5
0.2201 | 0.1792 | 1.0568 | 0.8599 0.1629 Pb1.0568A20.2201AU0.17925€0.8599A50.1401
57.30 <0.2 17.84 24.86 <0.2 <0.3 <0.2 <0.2 Pb-naumannite  100.00
PZ-J7-19/8
1.6874 0.2735 | 1.0000 Ag1 6874Pbo.27355€1.0000
Table 31
EDS composition of Pb-selenides from the Polkowice-Sieroszowice Mine
(upper figure — wt.%; lower figure — atomic proportions)
Ag Au Pb Se Pt As Te Bi . .
Sample Lot Lo Mo Ko Lot Ko Lo Mo Total/atomic proportions
1.13 0.61 78.54 19.65 <0.15 0.06 <0.2 <0.3 100.00
PZ-J7-9a/3
0.0418 | 0.0124 | 1.5233 | 1.0000 0.0032 Pb3.04665€2.0000
2.25 0.80 77.87 19.01 <0.15 0.07 <0.2 <0.3 100.00
PZ-J7-9a/4
0.0864 | 0.0170 | 1.5613 | 1.0000 0.0037 Pb3.12265€2.0000
7.01 3.40 67.63 16.59 0.71 0.37 2.69 1.32 99.72
PZ-J7-10/9
0.1551 | 0.0413 | 0.7798 | 0.5021 | 0.0086 | 0.0150 | 0.0504 | 0.0150 | Pb23394Ag0.4653AU0.1239B10.0450(Se1.5063T€0.1513)
13.96 3.75 59.26 19.96 0.03 0.42 2.62 <0.3 100.00
PZ-J7-10/10
0.4736 0.0695 1.0531 0.9250 0.0002 0.0056 0.0750 (szAlonggo‘gﬂzAuo.1390)31924(861.350()T60A1500)2A0000
16.17 1.64 60.08 16.75 0.30 0.26 4.81 <0.3 100.00
PZ-J7-10/11
0.6000 0.0332 1.1605 0.8491 0.0015 0.0035 0.1509 Pb1A1(,05Ag0‘60()0Au0_0332(SC()‘3491T60.1509)
<0.2 <0.2 75.28 24.72 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-20/2
1.0000 | 0.8615 Pby.0000S€0.8615
<0.2 <0.2 78.44 21.56 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-20/3
1.0000 | 0.7213 Pby.0000S€0.7231
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Table 31 continued

Ag Au Pb Se Pt As Te Bi . .
Sample Lo Lot Mo Ko Lot Ko Lo Mo Total/atomic proportions
<0.2 <0.2 73.78 26.22 <0.15 <0.07 <0.2 <0.3 100.00
PZ-)7-20/4
1.0000 | 0.9329 Pb1.0000S€0.9329
<0.2 <0.2 74.62 25.38 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-20/5
1.0000 | 0.8925 Pb1.0000S€0.8925
<0.2 <0.2 79.10 20.90 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-19/10
1.0000 | 0.6146 Pb3.0000Se1.8438
5.04 11.16 6291 20.89 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-19/11
0.1147 | 0.1391 | 0.7461 | 0.6500 (Pbo.7461A10.1391A80.1147)3.00005€1.9501
<0.2 <0.2 77.53 22.47 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-19/15
1.0000 | 0.7605 Pb3.0000S€2.2950
<0.2 <0.2 76.17 23.83 <0.15 <0.07 <0.2 <0.3 100.00
PZ-J7-19/16
1.0000 | 0.8210 Pb1.0000S€0.8210
<0.2 <0.2 75.20 24.49 |S-0.31 <0.07 <0.2 <0.3 100.00
PZ-)7-17/2
1.0000 | 0.8548 | 0.0267 Pb1.0000S€0.854850.0267
<0.2 <0.2 74.23 25.77 | <15 <0.07 <0.2 <0.3 100.00
PZ-)7-17/3
1.0000 | 0.9109 Pb1.0000S€0.9109
Table 32
EDS and WDS compositions of Pd-arsenides from the Polkowice-Sieroszowice Mine
(upper figure — wt.%; lower figure — atomic proportions)
As Ag Au Pd Pt Bi Ni . .
Sample Ko Lo Lo Lot Lo Mot Ko Formula, total and atomic proportions
13.22 1.77 341 81.60 <0.3 <0.2 <0.2 MegAsp;  100.00
AP-291/2-6
1.0000 0.0929 0.0980 4.3450 (Pdg‘()g()()Auo.lg(,()Ag().1858)A52.0()()()
11.40 4.24 5.84 70.68 0.53 7.32 <0.2 MesAsp;  100.00
AP-291/3-5
1.0000 0.2582 0.1945 4.3646 0.0177 0.2299 (Pda 3646B10.2209AU0.1945AL0.2582) AS1.0000
27.75 <0.2 <0.3 72.25 <0.3 <0.3 <0.2 PdyAs 100.00
AP-19/3-5-2
1.0000 1.8329 Pd1‘3329A51.0000
26.77 <0.2 2.34 70.89 <0.3 <0.3 <0.2 MeyAs  100.00
AP-19/3-5-1
1.0000 0.0333 1.8643 Pd; 8329Au0.0333A81.0000
8.16 3.34 23.75 53.06 11.70 <0.2 <0.2 Mej3Asy  100.00
AP-291/3-4
1.0000 0.2847 1.1074 4.5794 0.5510 Pdg 1588Pt1.102(Au2.2148AL0.5694)AS2.0000
17.04 5.23 <03 76.34 1.39 <0.2 <0.2 MegAss  100.00
AP-291/3-3
0.2941 | 0.0677 0.9281 | 0.0092 (Pdo.9281A20.0677P0.0092)4.0000A51.1764
16.06 6.33 <0.3 77.57 <0.3 <0.2 <0.2 PdsAs  99.96
AP-291/3-2
0.2722 | 0.0745 0.9255 (Pdo.9255A80.0745)4.0000A51.0887
58.08 <0.2 <03 27.07 S=2.24 | Fe=0.32 11.41 MesAs7S  99.12
AP-91/3-2-2
0.8942 0.2935 0.1058 0.0066 0.2242 | Pd; 174Nig 8968F€0.0198A83.576850.4232
82.02 <0.2 <03 15.84 0.47 <0.3 1.67 PdAs; 99.70
AP-291/2-3¢
1.0000 0.1360 0.0022 0.0260 | Pdg.9520Pt0.0154Ni0.1820A87.0000
80.44 <0.2 <0.3 16.25 1.38 <0.3 1.92 PdAs; 99.94
AP-291/2-3b
1.0000 0.1422 0.0066 0.0305 | Pdg.9954Pt0.0046Ni0.2135A87.0000
81.83 <0.2 <0.3 17.05 <0.3 <0.3 1.12 PdAs; 100.00
AP-291/2-3
1.0000 0.1467 0.0175 | Pdj 0269Nig.1225A57.0000
16.86 <0.2 5.53 70.90 <03 Cu=0.83 0.72 Pd;As 94.84
AP-91/3-3-1
1.0000 0.1249 2.9618 0.0582 0.0546 | Pd;.9618Au0.1249Cu0.0582N10.0546A81.0000
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Table 32 continued

Sample I?; fg é; Iljg Ilj(; I\]Zéx g& Formula, total and atomic proportions
16.86 <0.2 5.53 70.90 <03 Cu=0.83 0.72 Pd3;As 94.84
AP-91/3-3-1
1.0000 0.1249 2.9618 0.0582 0.0546 | Pd;.9618AU0.1249Cu0.0582N10.0546A81.0000
18.20 <0.2 5.96 74.17 <03 Cu=0.90 0.77 MesAs  100.00
AP-1/3-3-1b
1.0000 0.1247 2.8691 0.0585 0.0539 | Pd;.8691Au0.1247Cu0.0585N10.0539A81.0000
55.16 <0.2 0.50 39.14 <03 Pb=1.75 2.63 PdAs; 99.18
AP-91/3-1-1
1.0000 0.0034 0.4997 0.0114 0.0608 | Pdg.9994Au0.0064Pb0.0114N1i0.0608A52.0000
AP-91/ 6192 | <02 021 | 3094 | <03 |Pb=0.71 3.76 PdAs; 97.54
3-1-1b 1.0000 0.0014 | 0.3518 0.0034 | 0.0775 | Pdy.0554Au0,0042Pbo.0123Ni0 23254530000
AP-91/ 5529 | <02 0.99 | 3934 | <03 |Pb=1.75 2.63 PdAs; 100.00
3-1-Ic 1.0000 0.0068 | 0.5010 0.0114 | 0.0607 |Pd;0020Au0.0116Pb0.0228Ni0.1214A82.0000
45.72 12.57 <03 34.62 <03 Pb=7.09 <0.2 Pd;Ass 100.00
PZIT916 T 0000 | 0.1909 0.5331 0.0560 Pds.1324A20.7636Pb0 2240A54.0000
25.45 <0.2 <03 72.66 <03 <03 1.89 PdyAs  100.00
AP-91/3-6-6
1.0000 2.0100 0.0947 | Pds.0100Ni0.0047A51 0000
Table 33
EDS compositions of Bi-Pd minerals from the Polkowice West Field
(upper figure — wt.%; lower figure — atomic proportions)
Sample 13; Iljg é(l; II:I(% Total/atomic proportions
62.72 35.31 0.88 1.09 100.00
PZ-17-16/1 1.0000 1.1056 0.0149 0.179 Bi1.0000Pd1.1056
0.9852 1.0893 0.0148 0.0177 (Bio.9852Au0.0148)Pd1.0893
63.16 35.46 1.12 0.26 100.00
PZ-J7-16/2 1.0000 1.1026 0.0188 0.0043 | Bij.0000Pd1.1026
0.9815 1.0822 0.0185 0.0042 (Bio.0815Au0.0185)Pd1.0822
59.99 34.71 4.72 0.58 100.00
PZ-J7-16/3 1.0000 1.13618 0.0832 0.0101 Bi1.0000Pd1 13618
0.9231 1.0488 0.0769 0.0093 (Bio.9231AU0.0769)Pd1 0488
Table 34
EDS compositions of Pd-bearing minerals from the Polkowice Main Field
(upper figure — wt.%; lower figure — atomic proportions)
Sample f; Ks(x é g f(‘; I]i((i LP; 15[’(1)( E(‘; Total/atomic proportions
AP-291/3-1 1.55 <0.2 14.94 74.54 491 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
<0.2 2.42 1.07 2.98 0.83 <0.2 74.33 18.37 100.00
Ap-291/1-4 02122 | 0.0278 | 0.0424 | 0.0219 1.0000 | 0.8127 ?Biigfﬁi ‘;Xﬁ;if;‘;g;gigm122A“°‘°424
0.1994 0.0261 0.0399 0.0206 0.9395 0.7636 Cu0.7636A20.026150.1994
<0.2 2.22 1.09 <0.2 1.41 <0.2 81.59 13.68 100.00
AP/ 0.1714 | 0.0250 0.0329 09671 | 0.5333 (Bio.9671Pdo.0329)
Cu.5333A80.025050.1714
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Fig. 63. Single element scans and BSE image (bottom right), red circles show position of quantitative measurements, sample PZ-J7-10

The thucholitic substance provides a separate problem.
In the secondary oxidized zones this compound has not
been found. Thucholite (or rather ucholite”, see Piestrzyn-
ski, 1989) occurs in the Kupferschiefer from the reducing
zone. Microprobe analyses of ucholite aggregates revealed
significant amounts of Pt (up to 0.88 wt.%, Tab. 36). High-
est contents were observed in analytical points of highest U
values. In ucholites studied under the microscope inclusions

of noble metals phases and uraninite have not been found.
The presence of uraninite crystals points out to the pro-
gessing ordering of ucholite structure and to the destruction
of organometallic compounds. In such grains small amounts
of U and Pt were observed (Tab. 36). Studied ucholites do
not contain Au and/or Ag over detection limits but variable
amounts of Fe, Cu and S were indicated (Tab. 36). Solution
of the problem of precious metals occurrence in the organic
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Fig. 64. EDS spectra of different selenides, sample PZ-J7-10

matter requires further studies. Obviously, the organic com-
pounds concentrate the precious metals (Kucha, 1982a, b;
Kucha & Przybytowicz, 1999). However, accumulation of
these metals is possible only in the so-called “transitional
zone” (Piestrzynski et al., 1996a, 2002) where thucholitic
substance could precipitate and where precious metals con-
tent in solution was still high. It is the fact that the whole or-
ganic matter in the secondary oxidized zones was oxidized
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Fig. 65. EDS spectra of different selenides, sample PZ-J7-10

and that these zones concentrated precious metals 1,000
times more that rocks from the reducing zone, which are
rich in organic matter (Report AGH, 1996, 1997; Pie-
strzynski, 1996a; Piestrzynski ef al., 1996a, 2002; Pie-
czonka, 1998, 2000; Piestrzynski & Pieczonka, 1998).
Therefore, it is suggested that the main stage of precious
metals concentration took place in the secondary oxidation
zone. Dispersed charater of Pt in studied samples point out
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Fig. 66. Single clement scans and BSE image (bottom right), red circles show position of quantitative measurements, sample PZ-J7-9
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that, apart from precious metals and arsenides, the carriers
of Pt can be also oxidized Fe compounds, ¢.g., hematite or
Fe-hydroxides (Oberthiir ef al., 2003). These are the only
minerals occurring in sufficient amounts and in dispersion,
which can adsorb fine particles of Pt or Pt-Fe-alloys.

The organic matter with increased amounts of PGE oc-
curs between the oxidized and the reducing zones. This
zone, together with the U-bearing organic matter, were

J. PIECZONKA ET AL.

formed contemporaneously with the progressing oxidation
of the Cu deposit. The organic matter might have played the
role of a sorbent of precious metals. Such mechanism is
confirmed by significant admixtures of Fe, Cu and S in the
organic matter from this zone (Tab. 36). Large amounts of
organic matter, including the thucholitic compounds, which
occur in the Cu deposit do not concentrate precious metals
(see chapter “Geochemistry of Au and PGE™).

Studies on distribution of Pd and Pt evidence the con-
centration of Pd in zones enriched in As, and, simulta-
neously, the lack of As in the vicinity of Pt (Figs 72, 73).
Distribution of metals shown in Fig. 72 suggests some spa-
tial correlations of Pd with Au, Pd with Ag (Fig. 73) and
Pd-Ag—Au (Fig. 74) whereas Pt is spatially correlated with
Bi (Fig. 73). Disseminated character of Pt results in low re-
covery of this metal during ore processing, in comparison
with Au (Maczka et al., 2003).

GEOCHEMISTRY OF OTHER ORE MINERALS

Apart from precious metals, the secondary oxidation
zone hosts a number of sulphides, arsenides and oxides of
transitional metals. These minerals occur in trace amounts,
larger concentrations were found of chalcopyrite, bornite,
covellite, digenite and chalcocite (Report AGH, 1996,
1997; Piestrzynski, 1996a; Pieczonka, 1998, 2000; Pie-
strzynski & Pieczonka, 1998). In the zones of oxidizing
leaching the microprobe analyses indicated the presence of
spionkopite, yarrowite and geerite (Piestrzynski & Pie-
czonka, 1998).

Chalcopyrite

Chalcopyrite belongs to minerals which chemical com-
position is difficult to determine with the microprobe
analyser due to the lack of relevant standards. In such analy-
ses the contents of Fe and S are usually underestimated and,
consequemtly, the total falls below 100%.

Analyzed were chalcopyrites intergrown with native
Au and bornite, derived from the grey Kupferschiefer vari-
ety in the profile PR 18-0188 (Tab. 37). Because all analy-
ses (except one) indicate underestimated values of Fe and
variable values of S (presumably resulting from an analyti-
cal error), the calculations were based on Cu contents.
Hence, chemical composition of the first chalcopyrite corre-
sponds to Cuy 0000F€0.9260-0.971851.8837-1.9142 and that of
the second one to: Cuy g000F€0.9370-1.022152.0122-2.0159-
These chalcopyrites contain small amounts of Au, As, Hg
and Bi from which Au and Bi probably substitute for Cu.
Taking into account these admixtures, compositions of
chalcopyrites are (Pieczonka, 1998):

Cuy 0000AY0.0011-0.0022B10.0004-0.0010 HE0.0005-0.0029
Fe0.9260-0.971851.8837-1.9142

and
Cuy.0000AY0.0004-0.0009 Bi0.0004-0.0022 HE0.0011- 0.0013

Fe.9370-1.022152.0122-2.0159-
Apart from typical chalcopyrite, microprobe analyses

revealed the presence of chalcopyrite with mosaic structure
(called “marbled structure”, Pieczonka, 1998). This variety
is enriched in Se (<1 wt.%) and Ca. The presence of Ca may
suggest metasomatic origin of this sulphide, in which relics
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Table 35
EDS composition of Pd-As-O minerals
(upper figure — wt.%; lower figure — atomic proportions)

Au As Hg Pd (6] Cu Ni . .
Sample Lot Ao Mo La Ko Ko Ko Assumed formula/total/atomic proportions
0.83 23.21 <0.1 64.06 8.37 1.46 2.05 Pd;As203  100.00
AP-291/3-7a-1
0.0136 1.0000 1.9435 1.6885 0.0742 0.0113 | (Pd3.8870Au0.0271N10.0225Cu0.1484)AS2.000003.377
Bi=2.94 22.41 0.75 62.72 8.29 0.94 1.96 PdyAsO, 100.00
AP-291/3-7a
0.0471 1.0000 0.0124 1.9709 1.7322 0.0495 0.1117 | Pdj.9709Nig.1117Bi0.0471Cu0.0495A81.000001.7322
0.66 25.38 <0.1 52.10 10.96 6.64 4.25 PdyAsO, 100.00
AP-291/3-7-5
0.0100 1.0000 1.4454 2.0218 0.3084 0.2137 | Pdj.4454Cug.3084Ni0.2137AU0.0100A81.000002.0218
3.90 28.00 <0.1 51.93 10.47 2.51 3.19 PdeAssO7 100.00
AP-291/3-7a-2
0.0530 1.0000 1.3061 1.7511 0.1057 0.1456 | Pdj 3061Nig.1456Cu0.1057AU0.0530A81.000001.7511
<0.2 23.81 <0.1 62.36 8.96 <0.1 4.87 PdgAssO7 100.00
AP-291/3-7-3
1.0000 1.8442 1.7621 0.2612 | Pdj 8442Nig.2612A81.000001.7621
<0.2 24.55 <0.1 62.76 8.88 1.07 2.74 Pd4As;03  100.00
AP-291/3-7a-4
1.0000 1.7998 1.6936 0.0513 0.1425 | Pdj 7998Nig.1425Cu0,0513As1.000001 6936
<0.2 32.33 <0.1 45.14 12.93 2.26 7.35 PdsAs4sO7 100.00
AP-291/3-6-7
1.0000 0.9831 1.8728 0.0825 0.2902 | Pdg.9831Nig.2902Cu0.0825A51.000001.8728
<0.2 23.87 <0.1 62.30 8.95 1.06 3.81 PdgAssO7 100.00
AP-291/3-6-5
1.0000 1.8377 1.7558 0.0052 0.2040 | Pdj 8377Nig.2040Cu0.0052A81.000001.7558
<0.2 28.34 <0.1 50.40 11.66 1.70 7.91 PdsAs4Og  100.00
AP-291/3-6-4
1.0000 1.2522 1.9265 0.0701 0.3563 | Pdj 2522Nig.3563Cu0.0701A51.000001.9265
<0.2 28.23 <0.1 51.64 11.44 <0.1 8.09 Pd3As;04 100.00
AP-291/3-6-3
1.0000 1.2879 1.8976 0.3657 | Pdj 2879Ni0.3657A81.000001.8976
<0.2 34.55 <0.1 43.55 13.39 <0.1 8.51 PdAsO, 100.00
AP-291/3-5-3
1.0000 0.8875 1.8146 0.2489 | Pd.8875Ni0.2489A81.000001 8146
<0.2 28.84 <0.1 53.33 11.08 <0.1 6.74 Pd3As;04 100.00
AP-291/3-6-1
1.0000 1.3026 1.7992 0.2983 | Pdj 3026Ni0.2983A51.000001.7992
3.73 23.33 <0.1 59.44 8.97 1.38 1.65 PdyAsO, 100.00
AP-291/3-5-4
0.0607 1.0000 1.7938 1.8003 0.0697 0.0902 | Pdj 7938Au0.0607N10.0902Cu0.0697A51.000001.8003

Table 36
WDS composition of thucholitic substances from the Kupferschiefer (pitchy variety) from transitional zone,
sequence 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 1.88 225 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 0.40 222 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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Fig. 68. Single element scans and BSE image (bottom right), red circles show position of quantitative measurements, sample PZ-J7-9a
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Fig. 69. EDS spectra of different selenides, sample PZ-J7-9a

of carbonates are still preserved. The “marbled” chalcopy-
rites show high contents of Au (0.39-1.08 wt.%) and even
higher admixtures of Ag (1.02-1.55 wt.%) (Pieczonka,
1998). However, it must be emphasized that the analyzed
chalcopyrites form intergrowths with native Au and elec-
trum. Moreover, enrichments 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 detected. Under the microscope the “marbled”
chalcopyrites show brass-yellow colour (Pieczonka, 1998).
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Fig. 70. EDS spectra of different selenides, sample PZ-J7-9a

Chalcopyrites of different chemical composition (contain-
ing Ag), were described from the Riicken-type hydrother-
mal veins (Piestrzynski et al., 2000).

Chalcopyrites from the black Kupferschiefer variety
enriched in Ag (0.13-0.31 wt.%) and intergrown with
thiosulphates, plattnerite, galena, covellite, bornite and car-
bonates were described by Kucha and Piestrzynski (1991).
These phases contain also significant admixtures of Pb
(3.52 wt.%), on the contrary to those described above. High
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Fig. 71. EDS spectra of different selenides, sample PZ-J7-9a

Au admixtures are not casual feature. In the earlier studies
1.36 wt.% Au was detected in chalcopyrite coexisting with
thucholite in the black Kupferschiefer (Piestrzynski, 1989).
This variety was not enriched in Pb, Mo and Ni as well as in
U and Th (due to the presence of thucholite). In the litera-
ture only a single example of such high-Au chalcopyrite
(0.05-0.65 wt.% Au) was described by Piestrzynski et al.,
(1991) from a porphyry copper deposit in the Philippines. In
all cases the high content of Au in chalcopyrite is explained
in terms of the presence of a dispersed Au-Ag solid phase of
crystal size below the resolution of optical microscope. Re-

J. PIECZONKA ET AL.

sults of chalcopyrite analyses from the other parts of copper
deposit did not reveal Au contents detectable with the WDS
method (Salamon, 1976). Therefore, it can be assumed that
the presence of native Au is typical of chalcopyrites forming
intergrowts with native Au and/or electrum.

Bornite

Microprobe analyses of bornites from the secondary
oxidation zones revealed highly variable chemical composi-
tion of this sulphide. Taking into account Fe contents, sev-
eral varieties were distinguished: (i) typical bornites (sam-
ples No. 286/A1, 286/A7, 286/A8, 286/C13 from the red
and grey Kupferschiefer varieties), (i) “half-bornites”
(samples No. 286/A2, 286/A3, 286/A4 and 286/C12) and
(iii) “quarter-bornites” (samples No. 286/B10 and 286/
B11) (Tabs 38, 39). The terms “half-bornite” and “quarter-
bornite” were introduced to the literature by Kucha ez al.,
(1981) for bornites containing respectively 50% and 25% of
stoichiometric Fe content together with increased amounts
of Cu.

In the analyzed typical bornites Cu contents vary from
58.05 to 63.38 wt.%, and those of Fe — from 9.79 to 13.97
wt.%. Such values clearly shift from the stoichiometric
composition. Most of analyzed bornites show deficit of Cu
in relation to Fe and their composition can be expressed as
Cuy.1579-5.0228 Fe0.8828-1.1461 Sa0000- These minerals are
enriched 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 observed in both the red and the
grey Kupferschiefer varieties. Contents of Ag are low, and
the Ag-rich, pinkish-lillac and pinkish-créme bornite variet-
ies described by Salamon (1979) from the eastern part of the
Fore-Sudetic deposit are absent. According to Salamon
(1979), the pinkish-lillac bornites contained up to 15.5 wt.%
Ag whereas very rare, pinkish-créme variety forming inter-
growths with electrum in thucholite contained 10.3 wt.%
Ag and 4.0 wt.% Au. Silver contents in some samples from
the red and the grey Kupferschiefer varieties are close to the
lower level of its concentration in pinkish-grey bornite
(0.14-0.62 wt.% Ag), (Salamon, 1979). The highest known
amount of Ag in bornite (49.63 wt.%) was reported by
Kucha and Mayer (1996).

“Half-bornites” show high contents of Cu — from 67.59
to 70.24 wt.% and Fe contents from 4.31 to 5.79 wt.%, i.e.,
about a half of stoichiometric value. Thus, their composi-
tion corresponds to Cus 7193.6.0300F€0.4212-0,557754.0000-
Half-bornites reveal very high amounts of Au (0.46—1.27
wt.%) as well as admixtures 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).

“Quarter-bornites” contain up to 3.46 wt.% Fe and
70.91 wt.% Cu. The deficiency of Fe is presumably com-
pensated by the excess of Cu. Composition of such bornites
corresponds to Cug 548-6.1267F€0.3011-0.344554.0000- This
variety also contains high amounts of Au (from 0.22 to 0.99
wt.%) as well as admixtures 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. 72. Single element scans and BSE image (bottom right), red circles show position of quantitative measurements, sample 291-3/2



232 J. PIECZONKA ET AL.

0 p—" | Cy K

Fig. 73. Single element scans and BSE image (bottom right), red circles show position of quantitative measurements, sample 291-3/3
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Fig. 74. Single element scans and BSE image (bottom right), red circles show position of quantitative measurements, sample 291-3/1
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Fig. 75. EDS spectra of different Pd-arsenides, sample 291-3

Both the “half-bornites” and the “quarter-bornites” ana-
lyzed in the following project differ somewhat from those
described by Kucha et al., (1981), which corresponded to
the formulae Cu5.5Feo,5S4 and Cu5'75F60.2584'0000, respec-
tively. Moreover, these bornites did not contain admixtures
of precious metals due to different localization. New studies
carried on the porphyry copper deposits revealed the exis-
tence of other Cu-Fe-S phases, e.g. nukundamite —
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Fig. 76. EDS spectra of different Pd-arsenides, sample 291-3

Cus 3gFeq 6254 (Inan & Einaudi, 2002), which clearly dem-
onstrates that the knowledge of Cu-Fe-S system has not
been completed.

Minerals of CuS-Cu3zS and Cu-Ag-S systems

Minerals encountered in various rocks and identified
under the microscope as chalcocite, digenite, djurleite, ani-
lite and covellite show highly diversified chemical compo-
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Fig. 77. EDS spectra of different Pd-arsenides and alloys, sam-
ple 291-3, and PZ-J7-16

sitions when analyzed with the microprobe. The CuS-Cu,S
system includes the following minerals: covellite (CuS),
yarrowite (Cuy 12S), spionkopite (Cuj49S), geerite
(Cuy 60S), anilite (Cuy75S), digenite (CujgS), djurleite
(Cuy 97S) and chalcocite (Cu,S), (Goble, 1981). Chemical
compositions of analyzed minerals documented the pres-
ence of almost all members of CuS-Cu,S system. These
phases form intergrowths with native Au, electrum, Pd-ar-
senides, selenides and native Ag. Hence, the main trace ele-
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ments are Ag, Au, Se and Hg with high variability of the
contents of the two first elements. High Hg contents were
noticed in all analyzed members of the CuS-Cu,S system,
despite their host-rocks whereas Se was found mostly in the
covellite group. During calculations of formulae these trace
elements were taken into consideration as compensators of
Cu deficit. Iron admixtures, typical of the members of CuS-
Cu,S system are low (up to 0.12 wt.%). Detection limits of
Pt and Pd precludes their credible quantitative determina-
tions in studied sulphides.

Chemical composition of minerals found in the clayey
variety of the Kupferschiefer corresponds to the formula
Cu; 8209-1.910051.0000 (Tab. 40). Highest admixtures of Ag
(0.15-7.11 wt.%) and Au (0.14-2.78 wt.%) indicate possi-
ble participation of these minerals in crystallization of na-
tive Au and electrum. Important trace element is also Hg
(0.20-0.69 wt.%). If Ag, Au and Hg are included, the com-
position of end-members with minimum and maximum Cu
contents are:Cuy 8209A80.0195AU0.0094H80.004251.0000 and
Cuy.9100A80.0152 Au.0225H20.004351.0000- This composi-
tion is closest to that of djurleite.

The members of CuS-Cu,S system found in the dolo-
mitic Kupferschiefer variety (Tab. 41) show slightly lower
Cu contents (74.59-76.19 wt.%) and much less Ag (up to
0.09 wt.%) and Au (up to 0.26 wt.%). The admixture of Pb
(up to 0.39 wt.%) is an effect of clausthalite inclusions
(Pieczonka, 1998). When the most important trace elements
are included, chemical composition of these phases changes
from Cuy ¢530Au0.0014H0.003251.0000 t0 Cuy 6990AU0.0007
Hgp 0035510000, which roughly corresponds to that of
anilite. Among covellite analyses only those selected as cor-
rect were listed in Table 42. Significant differences in the
results were caused by technical problems. Analyzed miner-
als represent typical covellite (Cuj g66951.0000) as well as
the “blue-remaining covellite” I i IT (Goble, 1980) recently
named spionkopite (Cuj3103S1.0000) and yarrowite
(Cuy 170551 0000)- Covellites contain admixtures of Se (up
to 1.11 wt.%) and Te (up to 0.14 wt.%) (Pieczonka, 1998)
related to the intergrowths with selenides and tellurides.

In the boundary dolomite CuS-Cu,S-system minerals
of compositions corresponding to chalcocite (Cu; (g93
S1.0000) and djurleite (Cuy gg33S1 0po0) Were observed (Tab.
43). The admixtures of Au (up to 0.37 wt.%), Ag (up to 0.24
wt.%) and Hg (up to 0.39 wt.%) were detected (Pieczonka,
1998).

Minerals forming intergrowths with native Ag in nests
encountered in the clayey dolomite show variable composi-
tions (Tab. 44). Microscopic studies indentified chalcocite
and digenite accompanied by members of Cu-Ag-S system:
Cu-stromeyerite described earlier by Jarosz (1966), Haran-
czyk and Jarosz (1966), and Haranczyk and Bryniarska
(1967), mckinstryite found by Salamon (1976, 1979) and
stromeyerite (Haranczyk & Jarosz, 1966). Chalcocites
(Cuy 8883-2.195551.0000) and digenites  (Cuj 8335.1.8619
S1.0000) reveal high contents of Ag (0.21-3.47 wt.%). Other
trace element is Hg (0.20—0.38 wt.%) and, in a few samples,
also Pt (0.04-0.16 wt.%). The remaining trace elements
contents are low. The Cu-stromeyerites (Cu; 4336-1.4904
Ag). 5757-0 784251.0000) are apparently enriched in Cu at the
expense of Ag. Similar process, although less pronounced,
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Table 37

WDS compositions of chalcopyrites from the Kupferschiefer (grey variety), profile PR 18-0188/4, mining section G-31,

Polkowice West Field (after Pieczonka, 1998) upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Mo Lo Lo Ko Ko Lo Ko Lo Lo
128 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
129 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
130 0.16 0.09 0.07 0.21 3531 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
131 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
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
_ 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
116 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
Table 38
WDS composition of bornites from the Kupferschiefer (red variety), profile PZ-21/1, Polkowice West Field
(after Piestrzynski & Pieczonka, 1997a) (upper figure — wt.%; lower figure — atomic proportions)
swple | o | Mo | le | te | ko | ka | lo | ke | lao | te | To
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 70.24 431 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/Ad 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
0%6/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
2R6/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
236/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
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Table 39

WDS composition of bornites from the Kupferschiefer (grey variety), profile PR 18-0188, Polkowice West Field
(after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total

Ko Mo Lo Lo Ko Ko Lo Ko Lo Lo

0.16 <0.05 0.18 <0.05 58.05 10.59 <0.05 28.18 0.07 0.06 97.63
293160 0.0096 0.0041 4.1579 0.8630 4.0000 0.3186 0.0027

0.18 0.41 0.08 <0.05 59.17 12.13 <0.05 28.17 0.07 <0.06 100.21
293001 0.0109 0.0091 0.0018 4.2395 0.9890 4.0000 0.0032

0.29 0.48 0.21 0.04 60.68 11.65 0.12 25.57 0.02 0.03 99.09
293132 0.0196 0.0115 0.0050 0.0010 4.7901 1.0464 0.0030 4.0000 0.0010 0.0015

0.25 <0.05 0.51 0.15 63.18 10.73 0.14 24.41 0.01 0.08 99.46
293133 0.0173 0.0131 0.0042 5.2244 1.0095 0.0037 4.0000 0.0005 0.0037

0.14 <0.05 0.38 0.04 57.85 13.97 <0.05 27.99 <0.05 0.07 100.44
293734 0.0087 0.0087 0.0009 4.1718 1.1461 4.0000 0.0027
can be observed in mckinstryite (Cuy 2510A820.884351.0000),  Native Ag

where main admixtures are Hg and Au, occasionally also
Bi. Mineral composition close to stromeyerite (Cuj o162
Ag1 180751.0000) Was observed at the contact of native Ag
and chalcocite, which may support the concept of the origin
of stromeyeyrite from metasomatic processes along such
contacts (Salamon, 1976; Mayer & Piestrzynski, 1985).
This phase also contains high amounts of Hg (0.45 wt.%).
Minerals of Cu-Ag-Hg-S composition described by Mayer
and Piestrzynski (1985) from metal-rich Kupferschiefer
contained up to 11.2 wt.% Hg. Also Salamon (1979) re-
ported on the occurrence of Hg-rich stromeyerites (0.05-11
wt.% Hg) in association with Ag-amalgams.

Both the macro- and microscopic observations proved
the occurrence of native Ag in the study area, in the top part
of the Kupferschiefer and in the clayey dolomite. Micro-
probe analyses were made for native Ag intergrown with
simple Cu-sulphides, occasionally also with stromeyerite in
the clayey dolomite. Results are shown in Table 45. The an-
alyzed native Ag contains high amounts of Cu (up to 8.16
wt.%) and Hg (up to 6.91 wt.%). According to Salamon
(1979), such high Cu contents (over 1 wt.%) can be ex-
plained by the presence of native Cu microinclusions. How-
ever, native Ag analyzed by this author contained maximum
1.7 wt.% Cu. The high Hg admixtures (about 6 wt.% in sev-

Table 40

WDS composition of the members of CuS-CusS system from the Kupferschiefer (clayey variety), profile PZ-25/2,
Polkowice West Field (after Piestrzynski and Pieczonka, 1997a) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Mo Lo Lo Ko Ko Lo Ko Lo Lo

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

28TIAS 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/AT 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
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Table 41

WDS composition of the members of CuS-CuzS system from the Kupferschiefer (dolomitic variety), profile PZ-20/3,
Polkowice West Field (after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total

Ko Mo Lo La Ka Ka Lo Ko Lo Lo

0.07 <0.05 0.51 0.26 74.90 0.11 22.55 0.30 <0.05 0.09 98.79
288/B3 0.0013 0.0036 0.0018 1.6762 0.0028 1.0000 0.0020 0.0011

0.15 0.41 0.54 0.21 74.90 0.10 22.31 0.21 0.05 0.07 98.95
288/B06 0.0029 0.0029 0.0039 0.0016 1.6940 0.0026 1.0000 0.0014 0.0007 0.0009

0.13 <0.05 0.46 0.20 74.59 0.12 22.77 <0.15 <0.05 <0.05 98.27
288/BT 0.0024 0.0032 0.0014 1.6530 0.0030 1.0000

0.21 0.51 0.50 0.10 76.19 0.10 22.63 0.39 <0.05 0.07 100.70
28H/B8 0.0040 0.0034 0.0035 0.0007 1.6990 0.0026 1.0000 0.0027 0.0009

Table 42 bination of all possible processes, including that proposed

WDS composition of covellites from the Kupferschiefer,
mining section G-31, Polkowice West Field
(after Pieczonka, 1998) (upper figure — wt.%;
lower figure — atomic proportions)

Se Cu S Te
Sample Ko Ko Ko Lo Total
1.11 70.03 30.19 0.13 101.46
283/A3
0.0150 1.1705 1.0000 0.0011
1.01 71.43 27.51 0.07 100.02
283/A4
0.0149 1.3103 1.0000 0.0006
0.69 68.31 32.31 0.14 101.45
283/AS5
0.0086 1.0669 1.0000 0.0011

eral analyses) suggest that analyzed native Ag occupies rel-
evant position between native Ag and Ag-amalgams, the
latter containing over 20 wt.% Hg (Mayer & Piestrzynski,
1985). So high contents of both elements can be explained
by: (i) domain-type substitutions of native Ag cells by
kolymite (Kucha, 1986), (ii) kolymite inclusions in native
Ag, (iii) native Cu inclusions in Ag-Hg-alloy and (iv) com-

by Salamon (1979). Analyzed native Ag contains also As
(up to 1.68 wt.%), S (up to 0.62 wt.%) and Bi (up to 0.59
wt.%). Results of Pt and Pd analyses are close to detection
limits, which precludes their credible determination.

Members of Cu-Bi-S system

In the copper deposit bismuth forms its own minerals
and isomorphic substitutions in tetrahedrite, Ni-Co-arsen-
ides and in bornite, chalcocite and niccolite.

Chemical analyses were carried on Bi mineral from the
pitchy variety of the Kupferschiefer, encountered in parage-
nesis with electrum. Its optical properties suggested witti-
chenite (Cu3BiS3). Chemical composition of this phase cor-
responds to the formula Cuj7188-2.7290B10.9092-0.9165
S3 0000- As all other minerals accompanying the precious
metals accumulations, wittichenite also contains high
amounts of Au (2.24 wt.%) and Ag (5.5 wt.%), as well as
Hg (0.70 wt.%) (Tab. 46). Assuming that Ag substitutes for
Cu and Au compensates the deficiency of Bi, composition
of this minerals should correspond to: (Cu+Ag); 9561-2.9859
(Bit+Au)g.9747-0.961053.0000-

Wittichenite described earlier by Kijewski and Jarosz
(1987) contained much higher amounts of Ag (up to 15
wt.%) but lower admixtures of Au (0.4-0.8 wt.%). Addi-
tionally, it contained also Hg (0.5-1.3 wt.%), Mo (up to 1.2

Table 43

WDS composition of the members of CuS-CuzS system from the boundary dolomite, mining section G-31, Polkowice
West Field (after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Ma Lo Lo Ko Ko Lo Ko La Lo
Al 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
0.12 <0.05 0.39 0.03 79.39 <0.03 <0.05 18.51 0.09 0.15 98.68
A2 0.0038 0.0033 0.0003 2.1644 1.0000 0.0014 0.0024
AR 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
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Table 44

WDS composition of the members of CuS-CuzS and Cu-Ag-S systems from the clayey dolomite, sequences No. 95-S-5/5
and 95-S-5/6, Sieroszowice Mine (after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Mot Lo Lo Ko Ko Lo Ko Lo Lo
0.10 <0.05 0.36 <0.04 76.01 0.03 0.04 20.60 0.10 0.82 98.06
285/A1 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
0.11 <0.05 0.33 0.04 79.05 0.04 <0.04 21.03 <0.04 0.28 100.88
285/A4 0.0023 0.0024 0.0003 2.1955 0.0011 1.0000 0.0040
0.30 <0.05 0.29 0.06 78.27 <0.03 0.11 21.40 <0.04 0.40 100.83
285/B7 0.0060 0.0021 0.0004 1.8455 0.0009 1.0000 0.0055
0.13 0.12 0.38 <0.04 76.96 <0.03 0.05 20.82 <0.04 0.21 98.67
285/B8 0.0026 0.0009 0.0029 1.8652 0.0005 1.0000 0.0029
0.19 0.28 0.31 <0.04 77.79 <0.03 0.16 21.41 <0.04 0.28 100.42
285789 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
0.18 <0.05 0.55 0.18 50.54 <0.03 <0.05 17.11 <0.05 33.14 101.70
285/D8 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
0.16 0.20 0.38 0.11 38.48 0.03 <0.05 15.52 <0.05 46.17 101.05
285/D10 0.0043 0.0021 0.0039 0.0012 1.2510 0.0010 1.0000 0.8843
0.18 <0.05 0.36 0.22 77.78 <0.03 <0.05 2133 <0.05 1.24 101.11
285/b11 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

wt.%) and Te (up to 0.15 wt.%). Kucha and Piestrzynski
(1991) also reported on Bi-sulphides containing increased
amounts of Au. Their results indicated 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.%).

Hematite

Hematite is one of the main minerals encountered in the
secondary oxidation zone of the copper deposit in the
Fore-Sudetic Monocline. It forms intergrowths with native
Au and Cu-sulphides observed in all lithological types of
host-rocks. Hematite forms disseminated structures respon-
sible for red coloration of the rocks but it also occurs as
large (up to 1 mm) aggregates easily recognizable due to
their significant hardness in comparison with sulphides and
native Au. This hematite variety was described as hydro-
thermal (Pieczonka, 1998; Piestrzynski et al., 2002).

Results of microprobe analyses of hematites intergrown
with native Au confirmed the assumptions that this minerals
accumulates high amounts of Au. Contents of Au in ana-
lyzed hematites vary from 0.23 to 2.65 wt.% (Tab. 47).

Such high admixtures may suggest the presence of submi-
croscopic-size inclusions of native Au and, consequently,
contemporaneous formation of both minerals. Hematites
contain also increased 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 detected, as well. Chemical
composition reveals deficit of iron in relation to oxygen,
presumably compensated at least partly by gold. Moreover,
other elements: Al, Ti, Mn and Mg may participate in such
compensation. These elements were not analyzed in this
project but are known to form significant admixtures in he-
matite. Taking into account maximum and minium Fe con-
tents, calculated formulae of studied hematites are:
Fey 6509030000 — Fei1.846503.0000 (Piestrzyfiski & Pie-
czonka, 1997a, b; Pieczonka, 1998; Piestrzynski et al.,
2002).

Galena

Galena is a common mineral, although in the zones of
secondary oxidation it occurs in trace amounts. This sul-
phide has been mentioned in almost all publication on ore
mineralogy of the Cu deposit in the Fore-Sudetic Mono-



240 J. PIECZONKA ET AL.

Table 45

WDS composition of native Ag from the clayey dolomite, profile S-5/5 and S-5/6, Sieroszowice Mine
(after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Mot Lo Lo Ko Ko Lo Ko Lo Lo
0.16 0.10 5.62 <0.07 1.38 <0.05 <0.05 0.31 0.08 93.88 101.53
285/AS 0.0021 0.0005 0.0280 0.0217 0.0097 0.0008 0.8703
0.21 <0.10 6.70 <0.07 2.76 <0.05 <0.05 0.04 0.10 92.21 102.20
285/AG 0.0028 0.0334 0.0434 0.0012 0.0009 0.8548
0.11 <0.10 0.81 <0.07 6.05 <0.05 <0.05 0.51 0.05 92.13 99.66
2IAT 0.0015 0.0040 0.0952 0.0159 0.0005 0.8541
0.15 <0.10 5.98 <0.07 3.11 <0.05 <0.05 0.12 <0.04 92.62 101.98
285/A1 0.0020 0.0298 0.0489 0.0037 0.8586
0.31 <0.10 5.95 <0.07 291 <0.05 <0.05 0.05 <0.04 92.73 101.95
285/A1 0.0041 0.0297 0.0458 0.0016 0.8397
0.10 0.19 6.91 <0.07 3.87 <0.05 <0.05 0.10 0.11 91.67 102.95
285/A2 0.0013 0.0009 0.0344 0.0609 0.0031 0.0010 0.8498
0.25 0.14 0.82 <0.07 4.95 <0.05 0.14 0.20 0.07 96.08 102.65
23/A3 0.0033 0.0007 0.0041 0.0779 0.0007 0.0062 0.0007 0.8907
0.20 0.19 0.80 <0.07 0.20 <0.05 <0.05 <0.04 <0.05 99.30 100.69
285/B4 0.0027 0.0009 0.0040 0.0031 0.9206
0.06 <0.10 0.61 <0.07 0.12 <0.05 0.06 <0.04 <0.04 99.26 100.11
285/B3 0.0008 0.0030 0.0019 0.0003 0.9202
0.11 <0.10 0.66 0.06 431 <0.05 0.10 0.62 0.12 92.56 98.54
28/ 0.0015 0.0033 0.0003 0.0678 0.0005 0.0193 0.0011 0.8581
0.15 0.10 0.91 <0.05 5.12 <0.05 <0.06 0.44 0.20 91.82 98.74
2s/C2 0.0020 0.0005 0.0045 0.0806 0.0137 0.0019 0.8512
0.25 <0.10 0.42 0.27 5.89 <0.05 0.09 0.54 <0.05 93.89 101.35
28163 0.0033 0.0021 0.0014 0.0927 0.0005 0.0168 0.8704
0.13 0.59 0.23 <0.07 8.16 <0.05 <0.06 0.53 0.14 91.74 101.52
285/C4 0.0017 0.0028 0.0011 0.1284 0.0165 0.0013 0.8505
0.07 0.22 0.96 <0.07 6.64 <0.05 0.07 0.40 0.06 91.10 99.52
28/C3 0.0009 0.0011 0.0048 0.1045 0.0004 0.0125 0.0006 0.8445
0.23 0.37 1.10 0.16 5.10 <0.05 <0.05 0.42 0.16 93.09 100.63
2s/co 0.0031 0.0018 0.0055 0.0008 0.0803 0.0131 0.0015 0.8630
0.13 <0.10 1.24 <0.07 2.24 <0.05 <0.06 0.20 <0.05 96.45 100.26
285/D1 0.0017 0.0062 0.0353 0.0062 0.8941
0.21 <0.10 0.46 <0.07 2.18 0.08 <0.06 0.37 0.14 94.60 98.04
285/b2 0.0028 0.0023 0.0343 0.0014 0.0115 0.0013 0.8770
0.11 0.25 0.43 <0.07 2.12 <0.05 0.07 0.26 <0.05 94.94 98.18
285/3 0.0015 0.0012 0.0021 0.0334 0.0004 0.0081 0.8801
0.14 <0.10 0.95 <0.07 1.19 <0.05 <0.06 0.10 0.14 98.76 101.28
285/D4 0.0019 0.0047 0.0187 0.0031 0.0013 0.9156
1.68 0.41 0.41 <0.07 1.07 0.05 <0.06 0.11 0.12 98.53 102.38
285/E] 0.0224 0.0020 0.0020 0.0168 0.0009 0.0034 0.0011 0.9134
1.65 0.22 1.20 <0.07 1.90 0.10 0.09 0.14 0.08 97.50 102.88
25/ 0.0220 0.0011 0.0060 0.0299 0.0018 0.0005 0.0044 0.0008 0.9039
1.47 <0.10 1.19 0.32 203 0.05 <0.06 0.17 <0.05 96.80 102.03
285/ 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
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Table 46

WDS composition of the members of Cu-Bi-S system from the Kupferschiefer (pitchy variety), profile PG-1/3, Polkowice
Main Field (after Pieczonka, 1998) (upper figure — wt.%; lower figure — atomic proportions)

Sample As Bi Hg Au Cu Fe Pt S Pd Ag Total
Ko Mo Lo Lo Ko Ko Lo Ko Lo Lo
291/AT 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
Table 47

WDS composition of hematites from the Kupferschiefer (red variety), mining section G-31, Polkowice West Field

(after Piestrzynski and Pieczonka, 1997a) (upper figure — wt.%; lower figure — atomic proportions)

Sample Fe As Bi Hg Au Cu Pt Pd Ag (6] Total
Ko Ko Mo Lo Lo Ko Lo Lo Lo Ko
67.47 0.28 <0.08 0.09 0.43 0.26 <0.05 <0.05 <0.07 3143 100.00
28341 1.8450 0.0057 0.0006 0.0034 0.0063 3.0000
66.31 0.14 0.27 0.47 1.00 0.62 0.11 0.05 0.08 31.02 100.00
W3 1.8373 0.0029 0.0020 0.0036 0.0079 0.0152 0.0009 0.0008 0.0010 3.0000
67.05 0.14 <0.08 0.23 0.62 0.17 0.13 <0.05 <0.07 31.58 100.00
2838 1.8248 0.0029 0.0017 0.0047 0.0041 0.0010 3.0000
66.45 0.23 0.14 0.46 1.13 0.27 <0.05 <0.05 <0.07 31.29 100.00
2834 1.8253 0.0048 0.0011 0.0035 0.0087 0.0064 3.0000
66.64 0.20 <0.08 0.35 0.93 0.46 <0.05 <0.05 <0.07 31.33 100.00
2H3AB 1.8282 0.0041 0.0026 0.0072 0.0110 3.0000
66.56 0.11 0.38 0.47 0.66 0.16 <0.05 <0.05 <0.07 31.62 100.00
283D 1.8091 0.0023 0.0027 0.0035 0.0052 0.0038 3.0000
64.56 0.21 0.14 0.25 0.86 0.19 0.05 0.13 <0.07 33.61 100.00
283Dz 1.6509 0.0040 0.0010 0.0017 0.0063 0.0043 0.0004 0.0017 3.0000
- 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
o 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
P 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
. 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

cline. It forms polycrystalline intergrowths with other mem-
bers of hydrothermal association — sulphides, selenides, ar-
senides, tellurides and precious metals. Chemical composi-
tion of galenas from the secondary oxidation zone appar-
ently shifts from the stoichiometric one. Analyzed xeno-

morphic crystals reveal increased admixtures of Se (up to
even 6.97 wt.%) (Tab. 48). Substitutions of Se for S are nor-
mal feature in hydrothermal systems (Schrocke & Weiner,
1981). These authors reported on the possible substitutions
of PbSe for PbS and even of PbTe for PbS.
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Table 48

EDS composition of galena from the Kupferschiefer (red
variety) (upper figure — wt.%; lower figure — atomic pro-

portions)

Sample Pb Se S Total/atomic

P Lo Ko Ko proportions
PZ-17- 83.93 3.09 12.98 100.00
9a/10 0.9912 0.0095 0.9905 | Pbg.991250.99055€0.0095
PZ-17- 85.61 2.84 11.55 100.00
17/1 1.0432 0.0906 0.9094 | Pby043250.90945€0.0906
PZ-17- 83.02 6.97 10.01 100.00
17/4 1.0002 0.2205 0.7795 | Pby.0002S0.77955€0.2205
PZ-17- 86.52 1.52 11.96 100.00
17/5 1.0645 0.0492 0.9508 | Pby 064550.95085€0.0492
PZ-17- 85.70 1.09 13.21 100.00
17/6 0.9713 0.0324 0.9676 | Pbg.971350.96765€0.0324
PZ-17- 84.35 2.50 13.15 100.00
18/1 0.9215 0.0718 0.9282 | Pbg.921550.92825€0.0718
PZ-17- 86.25 1.24 12.51 100.00
18/2 1.0259 0.0157 0.9613 | Pby.0259S0.96135€0.0157

DISTRIBUTION OF PRECIOUS METALS
Jadwiga Pieczonka, Adam Piestrzynski,
Jacek Mucha & Adam Gluszek

DISTRIBUTION OF Au, Pt AND Pd IN COPPER
DEPOSIT OF THE FORE-SUDETIC
MONOCLINE

The first notices on the presence of Au in the copper de-
posit of the Fore-Sudetic Monocline were published by
Wojciechowska and Serkies (1967), and Haranczyk (1972).
In the following years several other publications have ap-
peared: Kucha (1973, 1974, 1976a, b, 1982a, b), Salamon
(1976, 1979), Kucha and Poche¢ (1983), Banas and Kijew-
ski (1987), and Czajowski (1987).

According to Wojciechowska and Serkies (1967), and
Haranczyk (1972), Au contents in the Kupferschiefer are
below 1 ppm and 0.01-0.3 ppm, respectively. However,
Kucha (1982b) reported on much higher, maximum con-
tents of precious metals: 3,000 ppm for Au, 340 ppm for Pt
and 1,000 ppm for Pd. Such extreme values were attributed
by this author to the so-called “Noble-metal Kupferschie-
fer” variety, only 1 cm thick and located beneath the
Kupferschiefer enriched in thucholite. Much lower contents
of precious metals were found in another Kupferschiefer va-
rieties: that with thucholite and that with phosphates (Kucha
1982b). These Kupferschiefer varities were observed only
in the Lubin West Field. Increased amounts of Au (up to
2.47 ppm), Pt and Pd were reported by Sawtowicz (1993,
1994) from samples collected from the Polkowice West
Field. Moreover, Kucha et al. (1982) found significant Au
contents in the copper deposit of the North-Sudetic Trough.
In 1993 native Au was identified in specimens collected
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from the Kupferschiefer and underlying sandstone in the
Polkowice West Field (Report AGH, 1996, 1997; Pie-
strzynski et al., 1996a, 2002; Piestrzynski & Pieczonka,
1997a, b; Pieczonka 1998, 2000; Piestrzynski & Wodzicki,
2000; Pieczonka & Piestrzynski, 2000).

As revealed by published data, in the Fore-Sudetic cop-
per deposit Au occurs as:

— own minerals: native Au (Kucha, 1974, 1982b; Pie-
strzynski et al., 1996a; Piestrzynski & Pieczonka 1997a, b);
electrum (Kucha, 1976a, b; Salamon 1976; Piestrzynski,
1996a, b; Piestrzynski & Pieczonka, 1997a) and tetraauri-
cuprite (Piestrzynski & Pieczonka, 1998),

— isomorphic substitutions in native Ag (up to about 1
wt.%) (Kucha, 1976a; Salamon, 1976),

— organometallic compounds (Kucha, 1973, 1976a,
1982b),

— isomorphic substitutions in some Cu sulphides, Ag
sulphides and Pd arsenides (Kucha 1976b; Kucha &
Poche¢, 1983; Salamon, 1979; Kucha & Piestrzynski, 1991;
Pieczonka 1998; Piestrzynski et al., 2002).

Percentages of particular Au minerals and compounds
in the total amount of Au phases are difficult to determine. It
is suggested that Au which forms substitutions in native Ag
is of main economic value as this Ag mineral is common in
the Cu deposit.

Distribution of Au, Pt and Pd in vertical sequence
of ore deposit

Results of chemical analyses of rocks collected from
channel samples at the Polkowice-Sieroszowice Mine (Fig.
1) revealed the following regularities in distribution of pre-
cious metals.

1. Maximum Au contents are located at various depths
beneath the top of the sandstone (from 0 to 100 cm) whereas
maximum Pt and Pd contents either follow Au peaks or are
somewhat shifted [e.g. profiles No. 95-PZ-40 (Fig. 8),
95-PZ-3, Pr14-1679, Pr09-1368, Pol16-1925, Sr24-6895
(Pieczonka, 1998), Sz08-1054 (Fig. 7), Sr18-7002 (Fig.
16), Pr18-0367, N/II (Fig. 18) and N/IV (Fig. 19)].

In these profiles maximum Au contents were observed
beneath the red-colored sandstone. Highest values were de-
tected in the sandstone from No. PZ-40 sequence (29.27
ppm) but high Au contents were found also in overlying
Kupferschiefer. In the pitchy variety of the Kupferschiefer
Au values decreased to below 1 ppm. Maximum Pt (0.78
ppm) and Pd (0.37 ppm) contents were found in the red
Kupferschiefer (Pieczonka, 1998; Pieczonka & Piestrzyn-
ski, 2000). High Au contents were noticed also in the top
sandstone layer, in profiles No. N/III (26.78 ppm) and No.
N/IV (11.60 ppm). In the overlying dolomite Au contents
abruptly decreased but high contents pf Pt (0.95 ppm) and
Pd (0.3 ppm) appeared. In profile No. Sz08-1054 increased
amounts of Au were also detected in the dolomite (0.52
ppm) over the top of the sandstone (4.48 ppm).

2. Two peaks of Au contents were identified. The four
patterns were distinguished:

a. Both peaks occur in the sandstone: the first was lo-
cated at depths from 0 to 40 cm and the second — at depths
from 40 to 80 cm beneath the top of the sandstone. Contents
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of PGE were variable. Representative profiles are Nos.:
Sz12-0238, Sz09-0727, Sr14-0672, Pr25-0923 (Pieczonka
& Piestrzynski, 2000), Sz02-3056 (Fig. 4), Sz02-0438,
Sz07-0027 (Fig. 6), Ra14-0274, Ral4-0505 and N/V (Fig.
20). In the two profiles: No. Sz08-0936 and No. Sz08-0991
both peaks appeared at greater depths — first about 60 cm
and second about 1 m beneath the top of the sandstone.

High Au contents (generally above 1 ppm) were ob-
served in both the red-colored and the grey sandstone. In the
profile No. Sz07-0027 Au contents of 1.1 ppm occurred
twice whereas maximum combined Pt+Pd content in the
sandstone was about 0.25 ppm. Maximum contents of pre-
cious metals were detected in No. Sz02-3056 profile, where
peak Au contents coexist with peak Pt+Pd values and are:
0.58, 0.53 and 0.26 ppm, respectively for the lower maxi-
mum and 3.33, 0.52 and 0.21 ppm, respectively for the up-
per maximum. Increased contents of Pt (0.1-0.25 ppm) and
Pd (0.08-0.15 ppm) were noticed in the sandstone from No.
Ral4-0274 and Sz08-0991 profiles but these values did not
correlate with maximum Au contents.

b. The first peak, which marks high Au contents occurs
in the top part of the sandstone, rarely deeper, the second
peak is located in the Kupferschiefer [e.g. profiles No.
95-PZ-19 (Fig. 11), 95-PZ-16 (Pieczonka, 1998; Pieczonka
& Piestrzynski, 2000), Sz07-0054, Sz07-429, Pr18-0331,
Sr19-0802, Ra19-0011].

Such pattern was observed in both the red-colored
rocks and in rocks devoid of red stainings. However, in the
red-colored rocks contents of precious metals were higher.
For instance, in No. 95-PZ-19 profile maximum Au content
in the sandstone reached 6.99 ppm and in the pitchy variety
of the Kupferschiefer it was 4.14 ppm. Contents over 1 ppm
were found in the clayey variety of the Kupferschiefer.

Maximum contents of Pt and Pd (1.15 ppm combined
metals) were observed in both the pitchy and clayey variet-
ies of the Kupferschiefer. It must be emphasized, however,
that in the previous projects only the Kupferschiefer and the
carbonates were analyzed for noble metals, whereas the
sandstone could not be effectively sampled because it pro-
vides a suitable bottom of mine workings. Thus, it is sug-
gested that in the profiles enriched in precious metals red
spots might have occurred also in the lower, unaccessible
parts of the sandstone (Pieczonka, 1998; Pieczonka &
Piestrzynski, 2000). In the newly collected channel samples
highest Au contents (1.6 ppm) were detected in No. Pr18-
0331 profile, in the clayey variety of the Kupferschiefer
whereas in the remaining samples Au contents were below
0.2 ppm. In these samples highest contents of Pt and Pd fol-
lowed those of Au but the highest combined Pt+Pd value —
0.12 ppm — was detected in the Boundary Dolomite and in
the Kupferschiefer from profile No. Sz07-0429.

c¢. Both Au peaks occur in the Kupferschiefer [e.g. pro-
files No. 95-PG-1, PZ-24 (Pieczonka, 1998)].

This pattern includes profiles in which peak contents in
the bottom part of the Kupferschiefer were accompanied by
another peak values located in the middle or upper parts of
the Kupferschiefer bed. In No. 95-PG-1 profile maximum
Au content (71.29 ppm) was found in a thin layer of pitchy
variety overlying the red variety. Moreover, the pitchy
Kupferschiefer contained also Pt (0.80 ppm) and Pd (2.95
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ppm). In the overlying, dolomitic Kupferschiefer PGE con-
tents dropped down below detection limit and those of Au
varied from 0.032 ppm in the bottom to 0.76 ppm in the top
of this bed. In an another profile (No. PZ-24) maximum Au
(6.91 ppm) and Pt (0.4 ppm) and Pd (0.4 ppm) contents
were observed in the red Kupferschiefer variety.

d. Au peak occurs in the Kupferschiefer whereas sec-
ond, much lower peak is observed in the carbonates [e.g.,
profiles No. 95-PZ-11, 95-PZ-13, Sz-6/1, Sz-6/2, (Pie-
czonka, 1998, 2000)].

This pattern was found in sequences from the Polko-
wice West and the Polkowice Main fields. Maximum Au
content (3.32 ppm) occurred in the clayey Kupferschiefer
from the profile No. 95-PZ-11. Combined Pt+Pd content in
this variety was 0.64 ppm. Similar Pt+Pd contents (about
0.65 ppm) were detected in adjacent analyzed profiles, in
the clayey Kupferschiefer variety. In the carbonates overly-
ing the Kupferschiefer another enrichment in Au was ob-
served, particularly in No. 95-PZ-13 profile (0.39 ppm). In
some profiles from this group carbonates revealed also in-
creased contents of Pt and Pd (about 0.01 ppm). No red
spots were observed in the analyzed rocks from these pro-
files.

3. Maximum Au contents occur usually in the top part
of the sandstone whereas maximum contents of Pt or Pd are
shifted up the sequence, to the Kupferschiefer [e.g, profiles
No. 95-PG-7, 95-PW-2, 95-PZ-15, 95-PG-2, Sz-07-0127,
P016-1924, Pr10-2267 (Pieczonka, 1998)].

Profiles representing this pattern were found in the
southern parts of the Polkowice East, Main and West Fields.
Maximum Au contents were detected in the top part of the
sandstone with red spots. Highest Au value (16.46 ppm)
was found in the sandstone from No. 95-PG-7 profile. Up
the Kupferschiefer sequence Au contents decreased down
to the lowest values, as observed in the clayey Kupfer-
schiefer variety from No. 95-PW-2 profile. Where the Kup-
ferschiefer thickness was low, increased Au contents (0.017
ppm) occurred in the bottom part of carbonates (e.g., No.
95-PZ-15 profile).

Maximum Pt and Pd values were reported from various
rocks immediately overlying the sandstone: pitchy and
clayey varieties of the Kupferschiefer and/or boundary do-
lomite but Au content in these rocks decreased. Highest
contents of Pt (0.58 ppm) and Pd (0.50 ppm) occured in the
boundary dolomite from No. 95-PW-2 profile. In carbonate
rocks Pt and Pd were present in trace amounts (Pieczonka,
1998; Pieczonka & Piestrzynski, 2000).

4. Maximum Au, Pt and Pd contents overlap. The pres-
ence of a single peak for all three precious metals is a most
common pattern. It occurs in the bottom part of the Kupfer-
schiefer, rarely in the top part of the sandstone [e.g. profiles
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), Srl8-
00617s”, Sr19-2428 (Fig. 17)]. Only in a single profile
(Pr04-2527) maximum Pt content was 2 ppm, i.e., more
than maximum Au grade and Pt+Pd value was 3 ppm. How-
ever, Pt contents about 1 ppm were found in the Kupfer-
schiefer from several profiles.
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Depending on lithology of the Kupferschiefer, peak
contents of precious metals may occur in various varieties.
Usually, beneath the Kupferschiefer the sandstone with red
spots was found, locally separated from the shale by a thin
layer of the boundary dolomite. Only in 5 profiles red spots
were absent in the sandstone, as e.g. in No. Sr19-2428 pro-
file where Au (4.42 ppm), Pt (0.33 ppm) and Pd (0.11 ppm)
were detected in the top of this layer.

Maximum contents of Au, Pt and Pd in the Boundary
Dolomite were noticed in its thin layer sampled in profiles
No. 95-PW-1, 95-PZ-12 and Sr18-0061"’s”. In No. 95-PW-
12 profile Au content was 7.17 ppm and combined Pt+Pd
content was about 1 ppm. In No. Sr18-0061"’s” profile these
values were 2.36 and 0.06 ppm, respectively. Increased
amounts of Au were noticed as high in the sequence as in
the clayey dolomite. Moreover, Au and PGE were detected
also in the red-colored sandstone.

In the second population of profiles, the sandstone
(commonly devoid of red spots) is overlain by a thin layer
of red, usually dolomitic variety of the Kupferschiefer. This
layer hosts the precious metals. Highest Au, Pt and Pd con-
tents were found in No. 95-PZ-18: 14.16, 1.05 and 0.70, re-
spectively. Somewhat lower values were detected in No.
95-PZ-17 profile, whereas in No. 95-PZ-2 one maximum
Au content was lower (7.02 ppm) but those of Pt and Pd
were higher (1.24 and 0.54 ppm, respectively).

In the profiles where clayey variety of the Kupfer-
schiefer immediately overlies the sandstone precious metals
accumulated in the bottom of this variety and their contents
decreased up the sequence (as in No. 95-PZ-10) or the PGE
concentrated at the bottom of the Kupferschiefer (95-PG-9).

The last population includes profiles, in which maxi-
mum contents of precious metals occur in the pitchy variety
of the Kupferschiefer, which covers the red-spotted sand-
stone. Despite the lithology of overlying beds, clayey
Kupferschiefer, (No. 95-S-7, 95-PG-4, 95-PG-5 profiles) or
carbonates (No. Sz1/3 profile), contents of precious metals
distinctly decreased up the sequence (sometimes abruptly,
as in No. 95-PG-5 one). Highest contents of Au (11.29
ppm), Pt (1.50 ppm) and Pd (0.61 ppm) were observed in
the pitchy variety of the Kupferschiefer 95-PG-4 profile
(Pieczonka, 1998; Pieczonka & Piestrzynski, 2000).

a. Among the profiles of the fourth group a population
can be distinguished, in which maximum concentrations of
precious metals are located in the bottom part of the Kupfer-
schiefer but their peak values do no overlap [No. 95-PZ,
95-PZ-22, PZ-42, 95-PG-3, 95-PZ-23 (Pieczonka, 1998)].

Despite the presence of red Kupferschiefer in most of
profiles from this group, only in a few examples peak values
of Au and PGE were detected in this variety. In No. 95-PZ-1
profile maximum Au content was 10.93 ppm and that of Pd
was 0.34 ppm whereas maximum Pt content (0.93 ppm) was
found in the overlying clayey Kupferschiefer. Similar pat-
tern was noticed in No. 95-PZ-22 profile where maximum
Au and Pd values (13.31 and 0.72 ppm, respectively) were
noticed in the red Kupferschiefer and Pt (0.85 ppm) oc-
curred in the clayey Kupferschiefer. The highest Au content
(14.03 ppm) in the dolomitic variety of the Kupferschiefer
was detected in No. PZ-42 profile but PGE were concen-
trated in the underlying, red Kupferschiefer variety (Pt —
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1.42 ppm and Pd — 1.50 ppm). It is interesting to note that
Pd contents dropped down beneath detection limit in the top
part of the Kupferschiefer but those of Au and Pt decreased
gradually and were still noticeable in the carbonates.

In No. 95-PG-3 and 95-PZ-23 profiles maximum Au
values (5.34 and 2.67 ppm, respectively) occurred in the
clayey variety of the Kupferschiefer overlying the red vari-
ety. Au contents decreased gradually up the Kupferschiefer
sequence (as in No. 95-PG-3 profile) or were still high (over
1 ppm) in the bottom parts of the carbonates. Maximum
PGE contents (2.53 ppm) were observed in the red variety
which constitutes the bottom of the Kupferschiefer bed or
above, in the dolomitic variety (over 1 ppm). In No. 95-
PG-3 profile high PGE values were found only in the
Kupferschiefer and in No. 95-PZ-23 profile both high Au
and PGE values were noticed in the carbonates.

5. There are three or more peak Au contents. At the
present stage of studies analysis of this pattern is rather dif-
ficult. Several, single examples of Au occurrence in various
parts of the ore sequence were disclosed [e.g. in No. 95-
PZ-21, PZ-41 and Pr18-0262 sequences (Pieczonka, 1998;
Pieczonka & Piestrzynski, 2000), Sz02-2700, Sz03- 1026
(Fig. 5)].

In No. 95-PZ-21 profile the highest Au content (101.0
ppm) was detected in a thin layer of red Kupferschiefer
whereas in the overlying clayey Kupferschiefer Au contents
first decreased down to 0.63 ppm, then increased in the top
of this variety and again decreased distinctly in the dolo-
mitic Kupferschiefer which is the uppermost variety of this
bed. The third Au peak (over 1 ppm) was found in the bot-
tom of the carbonates. Simultaneously, peak Pt (1.12 ppm)
and Pd (1.62 ppm) values occurred in the red Kupferschie-
fer, as are the Au values, and apparently decreased up the
Kupferschiefer sequence.

Other pattern was noticed in No. PZ-41 profile. The
first Au peak (8.13 ppm) occurred in the sandstone, the
maximum content (55.99 ppm) was found in the red
Kupferschiefer, and the third peak (5.87 ppm) was detected
in the overlying pitchy variety of the Kupferschiefer. Au
content over 1 ppm was still present in the clayey Kupfer-
schiefer, which forms the top of this bed in that sequence.
Significant amounts of Pt (0.84 ppm) and Pd (0.33 ppm) ap-
peared as high in the sequence as in the dolomitic Kupfer-
schiefer, being sandwiched between the red and the pitchy
Kupferschiefer varieties but increased amounts of Pt were
observed in all other varieties of the Kupferschiefer and
those of Pd also in the red-spotted sandstone.

In No. Pr18-0262 profile very high Au content (230
ppm) was disclosed in the red-spotted sandstone, at depth
interval 80—100 cm beneath the top of this layer. Unfortu-
nately, this sample was the lowermost in this sequence and
the determination of lower contour of such high Au accu-
mulation was impossible. Microscopic observations did not
confirm the presence of native Au in this sample but found
this mineral in the interval 60—80 cm beneath the top of the
sandstone. The second peak of Au contents (4.65 ppm) oc-
curred in the top part of the sandstone and the third one
(1.25 ppm) was localized in the top part of the clayey Kup-
ferschiefer. Peaks of Pt and Pd contents (0.03 and 0.30 ppm,
respectively) followed that of Au (Pieczonka, 1998). Simi-
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lar patter was found in No. Sz02-2700 profile where high
values of Au, Pt and Pd occurred at depths 70 cm (2.74, 0.32
and 0.17 ppm, respectively) and 20 cm (1.82, 0.15, 0.08
ppm, respectively) beneath the top of the sandstone as well
as in the Kupferschiefer (2.70, 0.12 and 0.05 ppm, respec-
tively).

In No. Sz03-1026 profile all three peaks of Au contents
occur in the sandstone: the first (14.88 ppm) at a depth of
1.6 m, the second (0.45 ppm) at 1.1 m and the third (0.17
ppm) at 0.5 m beneath the top of this layer. Small amounts
of Pt and Pd coexist with those of Au.

6. Maximum Au contents occur in the carbonates and
those of PGE — in the Kupferschiefer [as e.g. in profiles No.
PZ-43 (Fig. 9), 95-PZ-14 (Pieczonka 1998; Pieczonka &
Piestrzynski, 2000), Sz/III (Fig. 14)] or in the carbonates
[No. Sz/IV (Fig. 15) and Pr13-7001 profiles (Fig. 13)].

All the rocks forming No. PZ-43 profile were red-col-
ored. Increased amounts of Au and PGE appeared first in
the sandstone but maximum content (1.50 ppm) was local-
ized in the bottom part of the carbonates. Next maximum
(0.37 ppm) occurred in the middle part of the streaky dolo-
mite. Highest PGE contents were observed in a thin layer of
red Kupferschiefer (the only variety present in this profile).
It is suggested that such low thickness of the Kupferschiefer
might have caused increased contents of PGE in the overly-
ing carbonates. Pd was accumulated only at the bottom of
carbonate sequence whereas Pt occurred also higher in that
sequence. Increased amounts of PGE corresponded to de-
crease in Au contents.

In the second representative profile of this group, maxi-
mum Au content (5.37 ppm) was found in the bottom part of
the clayey dolomite and some increase was noticed also in
the bottom part of the streaky dolomite. Maximum Pt con-
tents (0.98 ppm) were detected in the dolomitic Kupfer-
schiefer and those of Pd (0.66 ppm) — in the red Kupfer-
schiefer.

In profiles Nos. Sz/II1, Sz/IV and Pr13-7001 maximum
Au contents (11.14, 5.41 and 12.17 ppm, respectively) oc-
curred at the bottom of the Streaky Dolomite with red spots.
In No. Sz/IV profile maximum Pt and Pd values were low
and corresponded to Au peak. In the remaining profiles
PGE occurred immediately beneath the bottom surface of
the streaky dolomite, i.e. in the clayey Kupferschiefer vari-
ety (No. Sz/II1, 1.45 and 1.26 ppm, respectively) or in the
clayey dolomite (No. Pr13-7001, 1.05 and 0.83, respec-
tively).

7. This group includes profiles in which no distinct Au,
Pt and Pd accumulations were observed. Contents of three
elements only sporadically exceed their detection limits
[e.g. No. 95-S-3, 95-S-5, 95-PW-3, 95-PW-4 [(Pieczonka,
1998), P023-2384, P023-2399, Sz03-2028, Sz03-2051,
Sr18-1628, Sr19-1186, Sr20-0822]. In all these profiles
maximum Au contents in all the lithologies were at the level
of several ppb. The exception is No. 95-S-5 profile where
0.07 ppm Au was detected. No red coloration was observed
and all profiles originate from the area in which the Cu de-
posit shows typical characterization.

Analysis of available data allows us to conclude that the
highest Au contents occur in the top part of the sandstone
and at the bottom of the Kupferschiefer. Moreover, results
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of chemical analyses indicate that, possibly, high Au con-
tents exist at greater depths. Boreholes drilled down to 1 m
depth beneath the top of the sandstone could not reach the
bottom of Au-bearing zone.

Taking into account all analyzed precious metals (Au,
Pt and Pd), most common feature is the high Au accumula-
tion in the bottom part of the Kupferschiefer. The Kupfer-
schiefer bed comprises several lithological varieties and an
attempt was made to correlate vertical distribution of pre-
cious metals with the Kupferschiefer lithology. The results
show that contents of precious metals are controlled not by
the Kupferschiefer lithology but rather by physical proper-
ties: porosity, permeability and position in the sequence. It
is valid also for red-colored Kupferschiefer. Precious metals
accumulate in the bottom part of the Kupferschiefer bed
overlying the sandstone with red spots. If boundary dolo-
mite is present between the Kupferschiefer and the sand-
stone, the precious metals accumulate in this layer.

Accumulations of precious metals in the carbonates are
rare and unimportant in evaluation of their economic value
(Pieczonka, 1998; Pieczonka & Piestrzynski, 2000).

Horizontal distribution of Au, Pt and Pd

Gold

Map of Au distribution in the Polkowice-Sieroszowice
area was based upon cut-off value 0.5 ppm determined for
the assessment of the horizon rich in precious metals and ac-
cepted in the mine sampling instruction (Piestrzynski ef al.,
19964, c). For map construction analyses of all samples col-
lected for the purposes of research projects run at the
AGH-University of Science and Technology in the years
1996 and 1997 were included together with routine samples
collected by the geologists from the Polkowice Mine and
samples from boreholes investigated by the Polish Geologi-
cal Institute in 1996. It must be emphasized that exploration
of Au deposit is not uniform — the best recognized are the
areas of the Polkowice East and Main Fields, hence, inter-
pretation of data from these areas is most credible.

In the prevailing part of the Polkowice-Sieroszowice
deposit thickness of Au-bearing horizon contoured by 0.5
ppm cut-off value reaches maximum 0.2 m (Fig. 78). Thick-
nesses from 0.2 to 0.3 m are rarely observed as irregular
zones of various size clustered in the central part of the
Polkowice East Field. Westward, towards the Polkowice
Main Field, their number distinctly decreases and again in-
creases in the Polkowice West Field. The largest zone is lo-
cated in the southwestern part of the Polkowice West Field
where it covers about 12 km?. This zone expands as narrow
branches into the area of the Sieroszowice Mine. In both the
southwestern and southern parts of the Sieroszowice Mine
several small, isolated zones were identified, which com-
prise small parts of Au horizon of thickness 0.3-0.5 m.
Thickness above 0.5 m are sporadical. Top thickness — over
0.9 m — were found in a few, small zones, located mostly in
the Polkowice East and West Fields, close to the border
with the Sieroszowice Mine. Largest such bodies (about 0.5
km?) were encountered in the latter field.
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Sleroszowice Mine

Rudna Mine

Fig. 78. Contour map of thickness of gold horizon for cat of grade 0.5 ppm, red hatched polygons represent areas without copper miner-
alisation, polygons with solid line represent areas with sub-economic copper ores, Polkowice — Sieroszowice Mine
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Sieroszowice Mine

Rudna Mine

Fig. 79. Contour map of gold concentration for cat of grade 0.5 ppm, red hatched polygons represent areas without copper mineralisa-
tion, polygons with solid line represent areas with sub-economic copper ores, Polkowice-Sieroszowice Mine
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Sieroszowice Mine
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Fig. 80. Contour map of Pt + Pd concentrations for gold interval with cat of grade 0.5 ppm, red hatched polygons represent areas without
copper mineralisation, polygons with solid line represent areas with sub-economic copper ores, Polkowice-Sieroszowice Mine
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At the Polkowice-Sieroszowice Mine zones of highest
Au contents (Fig. 79) do not correlate with the zones of
maximum thickness of Au-bearing horizon. Generally,
high-Au zones show thickness below 0.2 m. In the Polko-
wice West Field several, high-Au zones reveal thickness
over 0.3 m, sporadically even 0.5 m. The richest Au zones
(over 6 ppm) occur at the border between the Polkowice
West Field, the Radwanice Prospect and the Sieroszowice
Mine reveal thickness from 0.1 to 0.3 m.

The zone of Au grades from 0.5 to 2 ppm forms a north-
west-southeast-trending belt, which continues through the
central parts of the Polkowice East and Main fields, then ex-
pands to the west and covers most part of the Polkowice
West Field, and continues through the Radwanice Prospect
towards the southwestern and western parts of the Sieroszo-
wice Mine. In the latter area its contours are still poorly rec-
ognized and defined mostly by borehole data. The whole
belt covers about 80 km?.

The zone of higher Au grades (2—4 ppm) also shows
some continuity. It covers largest area (about 12 km?) in the
southwestern part of the Polkowice West Field and in the
Sieroszowice Mine, and a few smaller areas. Such Au con-
tents are of industrial value.

The higher Au grades, from 4 to 6 ppm (i.e. the eco-
nomic-grade Au deposit), occur as isolated zones arranged
in northwest-southeast direction. Within such zones the
smaller areas of various size appear where Au grades ex-
ceed 6 ppm. The largest such zones (up to 0.8 km?) were
found at the boundary between the Radwanice Prospect and
the Sieroszowice Mine, smaller zones occur also at the
Polkowice Mine. The zones of highest Au grade are usually
surrounded by Cu-barren zones, which have never been suf-
ficiently explored for the presence of precious metals.

At the Polkowice Mine Au-free zones were identified
within the Au-bearing belt. These zones are related to the
appearance of isolated areas of economic-grade Cu miner-
alisation. At the Sieroszowice Mine a distinct trend is ob-
served of decreasing Au contents towards the northeast.
Outside the Au-bearing belt, in the center of the Mine only
three zones of Au grades up to 2 ppm occur. Further north-
eastward the area is poorly explored.

Platinum and palladium

The zones with Pt and Pd accumulations are rare (Fig.
80). These are irregular zones of variable size scattered
within the range of Au-bearing belt. In the Polkowice East
Field only small, single zones were encountered of Pt and
Pd grades below 0.9 ppm (only one zone shows values over
1.1 ppm). In the Polkowice Main Field there exist several
small zones and a single large one located in the southern
part of this field in which combined Pt+Pd grade varies
from 0.5 to over 1.3 ppm. Zones of similar grade but more
variable in shape and size were identified in the central part
of the Polkowice West Field and its border with the Radwa-
nice Prospect and the Sieroszowice Mine. Large zone of
Pt+Pd grades from 0.5 to 1.1 ppm occurs at the border with
the Radwanice Prospect. In the southern part of the Siero-
szowice Mine only four small, isolated, high-grade Pt+Pd
zones were disclosed. Moreover, in the northwestern part of
this mine there is a single, large zone (some 10 km?) of
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Pt+Pd grades from 0.5 to 1.3 ppm. It must be noticed that
this zone as well as other zones at the border with the
Polkowice West Field and the Radwanice Prospect area
were interpreted only from borehole data. Their true size
can be much smaller and, at present, these zones have only a
prognostic importance.

Relationships between precious-metals horizon
and Cu deposit

Distribution of Au, Pt and Pd in relation to Cu

Analysis of Au, Pt and Pd distribution in studied pro-
files reveals some regularities in distribution of their accu-
mulations in relation to Cu deposit.

Despite the sequences in which Au peak values occurs
in the top part of the sandstone or in the carbonates, distinct
increase in Au grade is observed at the sandstone-Kupfer-
schiefer interface. As Cu grade in the sandstone is low, dis-
tinct rise of Cu contents at the bottom of the Kupferschiefer
can be observed, as well. Hence, comparison of vertical dis-
tribution patterns of metals in the lower part of the Kupfer-
schiefer bed suggests similarities (e.g. No. Pr18-0331,
Sr19-0802, Ra14-0274, Sz07-0429 profiles). However, de-
spite a few special cases, contents of Au, Pt and Pd decrease
up the Kupferschiefer sequence whereas Cu contents
clearly increase in this direction (No. Ral4-0274, Ral9-
0011, Sz07-0429 and Pr18-0367 profiles).

In some profiles differences in distribution of precious
metals and Cu can be observed in the full thickness of the
Kupferschiefer. Au contents are highest in the sandstone
and abruptly decrease in the Kupferschiefer whereas Cu
contents strongly increase in this bed [No. Ral4-0505,
Sz08-0991, Sr19-2428 (Fig. 17) and Sz02-0438 profiles]. If
higher Au contents appear in the top part of the sandstone,
in the boundary dolomite and in the Kupferschiefer, the first
Cu enrichment appears in the overlying dolomites (No.
Sr18-00617s” and Pr18-0367 profiles).

Analysis of these details of metals distribution in the
Kupferschiefer clearly demonstrates that similarities be-
tween distribution pattern of Au, Pt, Pd and Cu occur only
in these sequences, in which Cu contents are low (usually
below 0.4%). If Cu grade rises to several percent and more
the contents of precious metals decrease. If Cu deposit is lo-
cated also in the sandstone but the Kupferschiefer is absent,
precious metals do not accumulate in the sandstone (No.
Sz03-2051 profile). Therefore, the new results confirm the
earlier conclusion that in the zones with Au, Pt and Pd accu-
mulations Cu occurs is small amounts. On the contrary, eco-
nomic-grade Cu zones contain only trace amounts of pre-
cious metals (Piestrzynski & Pieczonka, 1997a; Pie-
czonka, 1998, 2000; Pieczonka & Piestrzynski, 2000).

Au-bearing horizon versus Cu deposit

In order to illustrate the relationships between Cu and
Au deposits, five cross-sections were drawn through the
Polkowice East and Main fields.

The P2u cross-section (Fig. 81), oriented SW-NE,
was located in the Polkowice Main Field where deposit is
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Fig. 86. Vertical model of gold deposit, based on channel sampling e.g. Sr-19-2250, through the southern part of Sieroszowice Mine.

Vertical scale 1:20, horizontal scale 1:1000, dashed area represents Kupferschiefer, above is dolomite and below is sandstone, green color
show gold horizon for cat of grade 0.5 ppm

Fig. 87. Vertical model of gold deposit, based on channel sampling e.g. Sr-19-2367, through the southern part of Sieroszowice Mine.
Vertical scale 1:20, horizontal scale 1:1000, dashed area represents Kupferschiefer, above is dolomite and below is sandstone, green color
show gold horizon for cat of grade 0.5 ppm, yellow color show sub-economic gold horizon 0.2-0.5 ppm
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Fig. 88. Vertical model of gold deposit, based on channel sampling e.g. Sr-19-2022, through the southern part of Sieroszowice Mine.
Vertical scale 1:20, horizontal scale 1:1000, dashed area represents Kupferschiefer, above is dolomite and below is sandstone, green color
show gold horizon for cat of grade 0.5 ppm, yellow color show sub-economic gold horizon 0.2—0.5 ppm

hosted in the Kupferschiefer and in the carbonates. Three
faults cut this area. In the southwestern part, bordered by the
first fault, Au horizon extends down to 50 cm depth beneath
the top part of the sandstone. Au contents generally rise to-
wards the fault (up to 5.97 ppm) but decrease about 30 m
from the fault. Instead of Au, Pt and Pd appear in the top
part of the sandstone. Close to the fault Au horizon is rather
thin and Pt+Pd accumulations are absent. In the footwall
block Au horizon expands to the Kupferschiefer bed and its
thickness increases to 1 m. About 55 m behind the first fault
Au-horizon, about 10 cm thick, occurs only in the Kupfer-
schiefer. Close to and behind the second fault Au horizon is
located again in the sandstone and its thickness decreases.
About 60 m behind the second fault, Au horizon vanishes
and appears again close to the third fault, in the Kupfer-
schiefer. In the footwall block Au contents rise up to 11.29
ppm. Also high are Pt and Pd values, which accumulate in
the Kupferschiefer and in the sandstone. About 50 m from
the third fault Au horizon once again disappears. Along the
full length of this cross-section Au horizon is generally con-
tinuous but its thickness is variable.

The P2r cross-section (Fig. 82), oriented NW-SE, is
located in the Polkowice Main Field, perpendicularly to the
P2u one. Two small faults cut this area, first in the north-
western, second in the southeastern parts of the field. In the
vicinity of the first fault and in the southeastern part of the
field Cu deposit is absent. In the remaining parts Cu-bearing
zone is highly variable and is hosted either in the Kupfer-
schiefer and in the dolomite or only in the dolomite. The
cross-section includes 23 sampling profiles, most of them

localized in the areas where Cu zone is hosted only in the
dolomite, at various heights over the top surface of the sand-
stone or where Cu deposit is absent. In all these profiles
high Au contents were detected (from 2 to 29.90 ppm) and
in three profiles high contents of Pt+Pd were observed, as
well (up to 5.46 ppm, No. Sz01-1946 sequence). In se-
quences where Cu deposit is located in both the Kupfer-
schiefer and the dolomites, Au contents were usually below
2 ppm, except for two, in which 6.2 and 11.27 ppm Au were
detected. Locally, high contents of Pt+Pd appeared (4.04
ppm in No. Sz01-1661 profile).

In the profiles localized in the northwestern part of the
P2r cross-section maximum Au, Pt and Pd contents occur in
the Kupferschiefer. Hence, Au-bearing horizon shows low
(up to 0.3 m) but stable thickness, even in the vicinity of
fault zone. At the distance over 20 m from the first fault, in
its hanging-wall block high Au contents appeared also in
the sandstone and in the Kupferschiefer Pt+Pd contents
reached 4.04 ppm. The Au horizon was found in both the
Kupferschiefer and the sandstone, and its thickness in-
creased to 0.5 m. Similarly to the first, the second fault did
not affect decisively the position of Au-bearing horizon but
significant enrichment was observed in the vicinity of dislo-
cation (up to 29.90 ppm). About 40 m from the fault Au-
bearing horizon was found only in the top part of the sand-
stone and its thickness decreased. In the southeastern part
Au horizon occurred alternatively in the Kupferschiefer and
in the sandstone or only in the sandstone. In all the profiles
from this part of the field increased contents of Pt and Pd
were noticed, as well.
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It is difficult to recognize regularities in distribution of
precious metals. High Au contents were observed: (i) where
Cu deposit is absent, (ii) where Cu horizon is located in the
carbonates and (iii) where it occurs in both the Kupfer-
schiefer and the carbonates. It seems, however, that in
Cu-barren zones Au contents are generally higher. High
contents of Pt and Pd appear in both the Cu-barren and the
Cu-rich Kupferschiefer. In the southeastern part of the field
high Pt and Pd values were detected also in the sandstone.
No influence of a fault on Au-bearing horizon has ever been
observed, as high Au contents occur close to the fault and at
a distance from it.

The P6r, P5u and P5r cross-sections were localized in
the central part of the Polkowice. The NW—SE-oriented P6r
and P5r cross-sections are roughly parallel and about 0.5 km
distant from each other whereas P5u section is perpendicu-
lar to those two. In this part of the mining field Cu deposit is
hosted in the Kupferschiefer and in the carbonates, except
for southeastern fragment of the Pr5r section where the
Kupferschiefer pinches out and Cu deposit is absent. In all
three cross-sections Au horizon is located at various depths
in the sandstone. Au contents do not exceed 2 ppm (locally,
two times higher values were detected) but thickness of the
horizon is significant. Lower contour of the horizon cannot
be determined due to the lack of data. Low contents of Pt
and Pd were detected only in a few profiles, in the sand-
stone.

In the Pé6r cross-section (Fig. 83) Au-bearing horizon is
continuous. Its upper contour is close to or follows the top
surface of the sandstone, and its thickness varies from a
dozen of centimeters in the southeastern part to about 1 m in
the central part of the section. Hence, the lower Au contents
are compensated by higher thickness of the horizon. In the
southeastern part of the cross-section Au contents are very
high (up to 8.57 ppm) but thickness of horizon is lowest. In
the northwestern part of the section small, local Au accumu-
lation occurs beneath the main Au horizon. Only in two pro-
files some enrichment in Pt and Pd has been found.

In the P5r cross-section Au horizon is discontinuous. In
the northwestern part it is about 1 m thick and is hosted in
the uppermost part of the sandstone. In the central part Au
horizon pinches out and precious metals disappear along the
distance of some 250 m. It reappears in the vicinity of the
only fault present in this area. Behind this fault Au horizon
dips into the sandstone down to 1 m depth beneath its top
surface (in No. Sz08-0936 profile) and its thickness de-
creases to about 10 cm. Towards the southeast the Au hori-
zon again shifts to the top of the sandstone. Simultaneously,
Cu deposit shifts to higher members of the carbonate series
and then disappears. However, high Au contents were de-
tected in No. Sz08-1054 profile (Fig. 7) — the last one in this
cross-section, which justifies further exploration towards
the southeast.

The P5u cross-section (Fig. 84), oriented SW—NE, in-
cludes several faults of throws from 1.5 to 3.5 m. According
to current interpretation, these faults can be younger than
Au mineralisation. Similarly to P2u and P2r cross-sections,
Au anomalies have not been observed in the vicinity of the
faults but Au horizon was slightly shifted, as were the host
rocks. In the southwestern part Au horizon extends from the
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top of the sandstone to about 0.4 m beneath. Starting from
No. Sz12-0050 profile, towards the first fault, the upper
contour of Au horizon dips down to about 0.6 m, its thick-
ness increases to about 1 m and Au content rises to 7.29
ppm. Between the first and the second fault the horizon
gradually approaches the top of the sandstone and Au con-
tent decreases to below 1 ppm. In the neighborhood of next
consecutive faults position of the horizon, its thickness and
Au content remain stable. Then, behind this zone, Au hori-
zon shifts deeper into the sandstone, pinches out and termi-
nates. Increased Au content in No. Sz13-0553 profile en-
ables us to contour a small, isolated body close to a fault.
Continuous Au horizon reappears about 100 m from the
fault but its thickness is much lower, Au contents are below
1 ppm and its upper contour occurs at greater depths within
the sandstone. In the northeastern portion of the cross-sec-
tion Au content increases to 8.37 ppm and thickness of its
horizon rises.

The P4u cross-section (Fig. 85), oriented SW-NE, is
about 800 m distant from and parallel to the P5u cross-sec-
tion. Cu deposit is here hosted in the Kupferschiefer and in
the carbonates. In the central part of the section the bound-
ary dolomite occurs. In some parts bottom portion of the
Kupferschiefer is barren. In the southwestern part a fault oc-
curs of 50 m throw. Close to this reverse fault thickness of
the deposit doubles. In the hanging wall of this fault Au ho-
rizon is located beneath the top of the sandstone and Au
contents are very high (maximum — 13.49 ppm). At the dis-
tance of about 30 m to the fault Au horizon terminates but
reappears behind the fault and becomes continuous to the
end of this cross-section. Its thickness varies from about 20
to 100 cm. The Au horizon is hosted in the top part of the
sandstone and in the boundary dolomite (if present). Au
contents are high in the whole thickness of the horizon: in
its middle part up to 6.60 ppm were detected and in the
northeastern part of the section even 15.52 ppm Au were
found. The horizon extends northeastwards. Maximum Au
contents occur usually in the top part of the sandstone but in
some profiles second enrichment was noticed about 1 m be-
neath the top surface (up to 5.81 ppm in No. Sz07-1045 pro-
file). Pt and Pd were found in three sequences located in the
central part of the section (Pt+Pd = 0.5-0.8 ppm) and in two
profiles located in its northeastern part (about 0.2 ppm). In
the remaining profiles PGE do not accumulate.

Cross-sections presented in Figs 86, 87 and 88 illustrate
the position of Au horizon in the southeastern part of the
Sieroszowice Mine. This mine is most perspective for Au
exploration as the area of worked-out Cu orebody is small.
The scale of cross-sections facilitates the recognition of the
details of Au horizon. Fig. 86 shows a single, distinct hori-
zon hosted in the top part of the sandstone and, locally, in
the Kupferschiefer as well as second, poorly visible horizon
located deeper in the sandstone. The sub-economic zone
contoured by Au cut-off 0.5-0.2 ppm is absent from this
section. Two other cross-sections reveal more diversified
patterns (Fig. 87, 88). Locally, thickness of Au horizon
reaches even 1 m and nest-like forms appear. In Fig. 87 the
sub-economic zone envelops the Au horizon, which is a rare
feature as in profiles where the contour of Au horizon is
lithological the sub-economic zone is absent (Fig. 86).
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Small nests visible in Fig. 87 and located about 1 m beneath
the top of the sandstone should be regarded as sub-eco-
nomic if these do not continue perpendicularly to the
cross-section.

Summary

Generally, Au horizon is continuous and located close
to the bottom contour of Cu deposit. It includes the top part
of the sandstone and extends down, even beneath 1 m from
the sandstone top surface. Commonly, the horizon includes
also the Kupferschiefer, particularly its bottom part, and the
Boundary Dolomite (if present in host-rocks lithology).
Hence, in various parts of deposit thickness of Au horizon
varies from several centimeters to over 1 m. The lack of data
from deeper parts of the sandstone precludes the determina-
tion of the lower contour. Rarely, increasing thickness is ac-
companied by very high Au grade. The richest parts of the
horizon are usually about 40 cm thick. High contents of Pt
and Pd occur mostly if the Au horizon is hosted in the
Kupferschiefer although both PGE were observed also in
the sandstone. Small faults marked in the cross-sections do
not affect the formation of precious metals accumulations
because high contents of Au and PGE were observed both
in the vicinity of and at the distance from these dislocations.
However, the absence of Cu deposit in the neighborhood of
some faults may suggest tectonic control of oxidized solu-
tions transfer. Small displacements of Cu deposit and
Au+PGE horizons may suggest that some faults might have
formed after Cu mineralisation whereas others might have
been coeval with the precious metals mineralisation (Pie-
czonka & Piestrzynski, 2001). Shifting of precious metals
horizons results from geological data interpretation. Expla-
nation of this feature requires further, detailed studies on
tectonics and metals distribution.

MODELING OF GOLD CONTENT
VARIABILITY AND ACCURACY
OF GOLD RESERVES ESTIMATIONS

Review of recent applications of statistical and
geostatistical methods to the estimations of gold
deposit parameters

According to Sharapov (1971), statistical methods were
applied for the first time in economic and mining geology
over 100 years ago for estimations of error in average Au
content calculations made by Psaryev in 1899 for some Si-
berian gold deposits.

Most of available papers on statistical/geostatistical
methods applied to gold deposits refer to those hosted in the
Witwatersrand reef complex in South Africa. An interesting
distribution model of Au grades in a deposit leading to
log-normal probability distribution of this parameter was
proposed by de Wijs (1953). His results were applied by
Krige and Ueckermann (1963), and Krige (1968, 1976,
1978) to the development of a new geostatistical estimation
method of Au contents and reserves (then called “kriging”
in order to honor D.G. Krige) as well as to quantification of
sampling errors. The authors mentioned above applied also
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other statistical methods: correlation, multidimensional re-
gression and trend analysis. The optimization of sampling
grid in South African deposits was studied by Rendu
(1976). Clifton ef al. (1969) investigated the proper size of
samples taken from a deposit, which would ensure the re-
quired accuracy of Au grade estimation. The error of sample
preparation for chemical analyses was estimated with the
modified method developed by Gy (1983), who considered
the specific character of Au concentration and occurrence
(Ottley, 1965).

Estimation of Au reserves and quality of particular de-
posits required more advanced, parametric and nonparame
-tric geostatistical methods (disjunctive, indicator and prob-
ability kriging), as shown by Kim et al. (1987) for Au-Ag
deposit in Nevada, USA, by Sullivan (1984) and Verly and
Sullivan (1985) for Jerritt Canyon deposit, Nevada, USA,
and by Chiles and Liao (1992).

Parker (1991) proposed a new approach to the problem
of outliers in the assessment of average Au grade at the Sun-
nyside Mine (Colorado), Jerritt Canyon and Sleeper mines
(Nevada) in the USA. Examples of geostatistical descrip-
tions with semivariograms applied to studies on variability
structure of Au contents can be found in Armstrong (1998),
whereas the development of integrated system for Au de-
posits validation in the Witwatersrand reef complex was
presented by Camisani-Calzolari et al. (1992).

The world literature dealing with mathematical evalua-
tion of Au deposits is very abundant. The presented above,

X [m]
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Fig. 89. Samples location in mine workings of the Cu-Ag ore de-
posit Polkowice-Sieroszowice and distinguished parts and areas of
gold content estimation. PP — sub-economic part of the deposit, PB
— economic part of the deposit; A, B, C —areas of exploration, C; —
sub-area of exploration
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brief review of most important papers illustrates the wide
range of problems related to estimations of ore grades and
reserves applied in exploration for and sampling of Au de-
posits.

The scope of studies and the source materials

The following report contains the results of statistical
and geostatistical studies on variability and estimation accu-
racy of Au grade, and related parameters in a part of the
Polkowice-Sieroszowice Cu-Ag deposit. The source mate-
rials were the results of chemical analyses for Au in point
samples collected from mine workings along vertical lines
(corresponding to lithostratigraphic sequences) with 20 cm
spacing. Totally, 1,171 sampling sites were included. For
each sampling site average Au contents were calculated for
lithological varieties of host rocks and for the whole eco-
nomic-grade deposit. The study area together with localiza-
tion of sampling sites are shown in Fig. 89.

Taking into account the clustering of sampling sites (as
an only criterion), two parts were distinguished in the study
area: sub-economic (PP) and economic (PB). In the latter
four exploration areas were contoured: A, B and C (A+B+C
=PB), and C1 (a sub-area sampled in previous research pro-
ject). Such procedure aimed to compare variabilities and Au
contents in various parts of study area, and to recognize the
areal variability of Au grade.

Apart from Au content, deposit thickness M [m] and
product of both parameters: Au«M [ppm-m] (named “linear
accumulation index”) were considered. The latter parameter
is an equivalent of “meter*Cu per cent” index applied by the
Lubin Copper Company for contouring the economic-grade
Cu-Ag deposit (see Regulation..., 2001). Thickness of Au
deposit was determined as a distance between two extreme
point samples in vertical sequence, in which Au grades ex-
ceeded cut-off value = 0.5 ppm. The deposit was catego-
rized as economic-grade if arithmetic mean of Au contents
in point samples enclosed between the extreme samples was
higher than 0.5 ppm.

Methodology

For initial description of variability parameters the clas-
sic statistical methods were applied, i.e. histograms charac-
terizing the probabilistic variability structure of parameters
and calculations of principal variability measures of deposit
parameters: arithmetic mean (as a measure of central ten-
dency), variance, variability coefficients (as dispersion
measures) and asymmetry coefficient (as a measure of dis-
tribution skewness). Additionally, the percentage was cal-
culated of samples (N,) which met the accepted cut-off
grade (Au>0.5 ppm).

The following formulae were applied:

. . . 1 &
arithmetic mean: variance: z =— E z;
n =

1 N
variance: s” =— Y (z-2)’
i=1

variability coefficient: v=—-100%

s
z
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asymmetry coefficient: g, = N—13 D (z,-z)
s

where: N — number of data (= number of collected samples),
z; — value of analyzed parameter in an “i”-th sample.

Variability structure of deposit parameters was ana-
lyzed with geostatistical method developed by Matheron
(1962, 1963). Application of this method to geological and
mining-engineering practices was described in details e.g.,
by David (1977), Journel and Huijbregts (1978), Isaaks and
Srivastawy (1989), and Armstrong (1998). Thus, semi-
variograms were used for examination of parameters vari-
ability (directional and averaged for all directions), random
and non-random variability components were selected,
autocorrelation range was determined as well as geostatis-
tical variability models were verified with the cross-valida-
tion test.

The semivariograms are usually visualized with scatter
plots and characterize the power of diversification of pa-
rameters expressed as average squared increments (ordi-
nates axis) versus average distance between measurement
points of parameters (abscissae axis).

The formula for calculation of empirical semivariogram
for data derived from deposit sampling is:

v(h)=NthX (z,-20, )

where: — number of samples pairs distant by ’h”,
z;, zj+j, — values of analyzed parameter in points distant by
’7h57

Geostatistical models are continuous mathematical
functions permitted by the theory of geostatistics, which ap-
proximate the empirical semivariograms.

Table 49

Statistics of Au contents [ppm] in studied parts
of the Polkowice-Sieroszowice deposit

= 2

Np [%] z S Y
sdvarea | N Aw05ppm fppm] | fopm® | (%] | &
Whole study 2.24
arca PB+PP 1,171 62.7 [0.0-37.4] 152 | 173.6 | 4.02
Economic- 254
grade deposit | 1,000 69.2 [0 0;37 4] 16.9 | 161.7 | 3.81
PB=A+B+C ’ ’

Exploration 2.81
area A 310 69.8 [0.0-29.3] 164 | 1442 | 3.14
Exploration 2.76
arca B 362 62.6 [0.0-37.4] 249 | 1809 3.78
Exploration 2.05
area C 328 76.4 [0.0-21.4] 8.2 140.2 | 3.19
Exploration 2.40
sub-area C1 167 81.4 [0.0-21.4] 11.1 | 138.6 | 2.87
Sub-economi 0.51
¢ deposit PP 171 24.9 [0.0-9.7] 1.7 ]256.0 | 3.92

N — number of data (= number of collected samples)

Ny — percentage of samples above the cut-off grade (>0.5ppm)

z — arithmetic mean and [ ] — outliers

s? — variance, v — variability coefficient, g; — asymmetry coefficient



THE RED-BED-TYPE PRECIOUS METAL DEPOSIT

Table 50

Statistics of deposit thickness M [m] in studied parts of the
Polkowice-Sieroszowice deposit
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Table 51

Statistics of Au linear accumulation index AuM [ppm+m]
in studied parts of the Polkowice-Sieroszowice deposit

Ny z $2 v Ny z % v
o m m o o ppm-m ppm-m o

Study area N (%] [m] [ ]2 (%] g1 Study area N (%] [ ] [ ]2 (%] g1
Whole study 0.22 Whole study 0.62
arca PB4PP 1,171 | 62.7 [0.0-1.6] 0.07 | 123.6| 3.49 arca PB4PP 1,171 | 62.7 [0.0-10.0] 0.98 160.4 | 3.49
Economic- 025 Economic- 071
grade deposit | 1,000 | 69.2 [00' 1.6] 0.08 | 113.0 | 1.54 grade deposit | 1,000 | 69.2 [0 0']0 0] 1.09 147.6 | 3.29
PB=A+B+C T PB=A+B+C o
Exploration 0.25 Exploration 0.93
arca A 310 | 69.8 [0.0-1.6] 0.08 | 1113 1.76 arca A 310 | 69.8 [0.0-10.0] 1.99 152.1 | 2.79
Exploration 0.17 Exploration 0.58
arca B 362 | 62.6 [0.0-1.3] 0.05 | 121.9] 1.71 arca B 362 | 62.6 [0.0-6.9] 0.76 1494 | 2.71
Exploration 0.33 Exploration 0.63
area C 328 | 76.4 [0.0-1.4] 0.10 | 98.8 | 1.05 area C 328 | 764 [0.0-6.8] 0.53 115.1 | 3.03
Exploration 0.33 Exploration 0.66
sub-area C1 167 | 81.4 [0.0-1.3] 0.10 | 92.8 | 1.06 sub-area C1 167 | 81,4 [0.0-34] 0.40 96.5 | 1.46
Sub-economic 0.06 Sub-economic 0.10
deposit PP 171 | 249 [0.0 - 0.8] 0.02 |2245| 3.12 deposit PP 171 | 249 [0.0-1.5] 0.07 2523 | 3.27

For explanation of symbols see Table 49

Estimation accuracy of average values of deposit pa-
rameters in calculation blocks and in specific points of the
deposit were determined with the kriging method. This pro-
cedure considers both the already determined geostatistical
variability models fitted to point semivariograms as well as
mutual configuration of sampling sites, their position in an-
alyzed calculation block or in the whole deposit, dimensions
and shape of particular block. When compared with other
methods, the kriging provides most accurate estimations of
parameters.

The range of procedures characterized above was ap-
plied to both the full data population and the particular sub-
sets representing selected parts of study area.

Results

Statistical data processing

The results of all statistical calculations for selected ar-
cas are listed in Tables 49, 50 and 51 (for the vertical se-
quence of whole deposit) and in Table 52 for particular
host-rocks. Histograms of deposit parameters values for se-
lected data sets are presented in Figs 90 and 91.

Analysis of statistical data and histograms allowed the
author to formulate several remarks on the variability char-
acter of studied deposit parameters.

Distribution of Au contents can be regarded as typical
of the most of trace and accompanying elements in the
Cu-Ag deposit of the Fore-Sudetic Monocline. It is re-
flected, first of all, by strong asymmetry of distribution with
skewness coefficients about 3—4 and very high (v =100—
150%) or extremely high (v>150%) variability expressed
by variability coefficient.

Among the studied parts and areas (Fig. 89) the north-
ern part showed exceptionally low Au grades, close to the
accepted cut-off value. Only 25% of samples from this part

For explanation of symbols see Table 49

revealed Au contents in the sequence over 0.5 ppm. More-
over, these samples were randomly distributed over the
whole northern part and did not form larger clusters, which
would enable the author to reasonably contour the zones of
Au content over 0.5 ppm. Hence, the whole northern part of
study area was categorized as sub economic deposit (PP).

The exploration areas (A, B and C), which constitute
the economic-grade deposit (PB) show similar mean Au
contents within the class 2.1-2.5 ppm and similar percent-
ages of samples over cut-off grade (63—-70%).

The two other deposit parameters: thickness and linear
accumulation index reveal similar regularities. Mean thick-
nesses of economic-grade deposit in selected parts and areas

Table 52

Statistics of Au contents, deposit thickness and linear accu-
mulation index for particular host-rocks
(only for economic-grade deposit PB=A+B+C)

Para- . Ny - 2
meter Lithology N [%] z s N g1
carbonates | 1,000 2.3 0.08 0.5 | 869.5 | 132
Au Kupfer- 1) 000 | 303 | 096 | 7.0 |2752| 5.8
[ppm] schiefer
sandstones | 1,000 | 54.0 | 2.23 | 22.4 | 212.2 5.56
carbonates | 1,000 2.3 0.01 0.00| 827.8 | 12.4
M Kupfer-— 14 060 | 303 | 0.06 | 0011785 | 186
[m] schiefer
sandstones | 1,000 | 54.0 | 0.18 0.07 | 1453 1.87
carbonates | 1,000 2.3 0.02 0.04| 8542 | 11.6
AuM i Rupfer-— 1y 06 | 303 | 016 | 0.16| 255.6 | 435
[ppmm] | schiefer
sandstones | 1,000 | 54.0 | 0.53 0.93| 181.9 3.86

For explanation of symbols see Table 49
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Fig. 90. Histograms of the gold content for the distinguished parts of the deposit. a — all samples, b — economic part of the deposit, ¢ —
sub-economic part of the deposit
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Histograms of the gold accumulation [Aux<M] for the distinguished parts of the deposit. a — all samples, b — economic part of the
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fall into the range 0.17-0.33 m, whereas mean thickness of
sub-economic deposit is only 0.06 m. Variability coeffi-
cients for thickness are somewhat lower than those for Au
contents — v: 100-120% for economic-grade deposits and
225% for sub-economic deposit whereas asymmetry coeffi-
cients are significantly lower for the economic-grade de-
posit (1.1-1.8) but exceed 3 for sub-economic deposit.

The linear accumulation coefficient shows variability
structure similar to that of Au grade, particularly if one com-
pares variability coefficients (115-152% for economic-
grade deposit) and asymmetry coefficients, which fall into
the range 2.8-3.0 at mean linear accumulation index values
0.6-0.9 [ppm-m]. In the subeconomic part of Au deposit
mean value of this parameter is only 0.1 [ppm-m] at high
variability coefficient (252 %) and asymmetry coefficient
3.3.

For particular host-rocks significant differences were
observed in percentages of samples with Au contents over
cut-off grade (Au>0.5 ppm). Only 2.3% of samples from the
Zechstein Limestone carbonates met this criterion whereas
for the Kupferschiefer and the Weissliegend sandstone
much higher values were calculated: 30.3 and 54.0%, re-
spectively. Simultaneously, the sandstone showed the high-
est mean values of deposit parameters: Au content (2.2 ppm
Au), thickness (0.18 m) and linear accumulation index (0.53
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ppm*m) whereas the variability coefficients of deposit pa-
rameters was the lowest among the host-rocks (145-212%).

Geostatistical analysis of variability structure

The wvariability structure of deposit parameters was
characterized with the geostatistical method after Matheron
(1962, 1963) applying various semivariograms. First, the
directional variability of was analyzed with the Variowin
software. The results are displayed in maps (Fig. 92).

Analysis of maps indicates similar diversification val-
ues of three deposit parameters in all directions. This justi-
fies the assumption on isotropic variability structure of
these parameters. Therefore, the isotropic semivariograms
ensure the sufficiently accurate description of variability
structure. These semivariograms show diversification of pa-
rameters dependent only on the distances between various
points in the deposit (excluding the spatial orientation of
lines connecting these points).

Semivariograms of studied parameters together with
fitting theoretical models for the whole study area and for
the distinguished parts are illustrated in Figs 93 and 94. The
following geostatistical variability models were applied:
spherical, exponential, Gauss and random, generalized
mathematical equations of which are shown in Fig. 93 and
in Tab. 53.

06

R~ 1 [Au]
1600 2 W, T h

12004 : f.;k . .’-'3 - v(h)
sw‘._ o~..-- i ‘ -. :" ."'*- a6

Fig. 92. Map of semivariogram surfaces of the gold content [Au], deposit thickness [M] and gold accumulation [Au«M] for the eco-

nomic part of the deposit



THE RED-BED-TYPE PRECIOUS METAL DEPOSIT

The equations of geostatistical models (in simplified
and full notations) used for approximations of semivario-
grams are:
spherical model: y(h)=C, +Csph(h/ a)

3
3—1h} for h<a and

h)y=C,+C|=
y(h)=C, {2 37

y(h)=C,+C for h>a

expotential model: y(h)=C, +Cexp(h/a)
y(h)=co+c[1—eﬂ for h<a and
y(h)=C,+C for h>a

Gauss model: y(h)=C, +CGaus(h/ a)

_n?

y(h)=CO+C{l—e } for h<a and
y(h)=C,+C for h=>a

random model: y(h)=C;

where: C — variance of local variability (random compo-
nent of variability), C — variance of spatial variability
(non-random component of variability), ¢ — range of semi-
variogram (autocorrelation)

Analysis of calculated semivariograms and geostatis-
tical variability models reveals several common features for
Au content and linear accumulation index. Diversification
of these parameters is very high even in adjacent sampling
sites and only insignificantly increases with the distance be-
tween the sites. Such result is well-known from the papers
by Krige published in the early 1950-ties and referred to
South-African Au deposits. Strong local variability of Au
contents resulting from the appearance of nuggets was
rather unfortunately named by Krige as the “nugget effect”.
Such variability character dominated by local variability
generally enables us to apply classic geostatistical methods
for solution of practical, geological and mining-engineering
problems.

Thickness of deposit reveals much less pronounced lo-
cal variability and distinct increase of semivariograms val-
ues with the increasing distance between the sampling sites.
That means more pronounced influence of non-random
variability component, which reflects the regularities in its
changes in the deposit than that of Au content and linear ac-
cumulation index.

Additionally, in order to verify the estimations correct-
ness of mean values of deposit parameters in the selected
parts of the deposit, so-called relative semivariograms were
calculated and theoretical models were fitted, according to
equations presented in Tab. 53. The relative semivario-
grams are obtained by division of values of basic semi-
variograms (calculated from the formula given in chapter
“Distribution...”) by the square of mean value of given pa-
rameter.

Such attempt enables one to compare variabilities of
various parameters or the same parameters in various parts
of a deposit. Examples of relative semivariograms are
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shown in Fig. 94 (exclusively for economic-grade deposit).

The relative semivariograms do not contribute to the
knowledge of variability structure of the parameters, except
for confirmation of earlier conclusions. However, these be-
come important if accuracy of parameters estimation in cal-
culation blocks and points is evaluated as these allow us to
determine directly the relative errors and provide controls
for calculations based upon the semivariograms.

Estimation of the error of sample preparation for
chemical analyses with the formula after Pierre Gy

The variance of local variability quantified in a geo-
statistical model as an absolute term (C) is a sum of vari-
ances characterizing the variability of particular parameter
in a small scale of observation (lower than basic sampling
grid) and the variance of the error of sample preparation for
chemical analyses (so-called “variance of secondary sam-
pling error”, Deverly, 1983) and the chemical analytical er-
ror itself. The variance of secondary sampling error can be
determined with the highest credibility from the formula
proposed by the creator of the comprehensive theory of
sampling, Pierre Gy (Gy, 1983).

The total (relative) variance of the error of sample prep-
aration for chemical analyses 627 is not higher than doubled
variance of sample reduction o%pp, ie.: 0%1p < 20%E
(Scott & Whateley, 1995). This boundary, maximum, total
variance 621 = 202pp can be accepted as a “safe” measure
of the precision of sample preparation for chemical analy-
ses.

The variance of sample reduction called the funda-
mental error” is given by the formula:

GZ[FE]:ZV:[ 1 1J.m.f.g’_ A -d}

i=1 E_Mi—l

where: N — number of grain size reduction stages, M; — mass
of reduced sample at the “i” stage of grain size reduction
[g], m — parameter representing mineral composition
[g/cm?], f— parameter representing the grain shape, g; — pa-
rameter representing the distribution of grain size, /; — coef-
ficient of grain liberation from intergrowths (quantified as
/, :\/‘;: — where: d; — diameter of smallest intergrowths
(taken here as d; =5 pm=0.005 mm), d;— equivalent diam-
eter of largest grains after each stage of grain size reduction
[mm]

In the case of gold minerals the estimation of the vari-
ance of sample preparation for chemical analyses is difficult
due to rather limited estimation credibility of individual
components in the Gy formula. It particularly concerns the
grain size distribution in sample and the quantitative estima-
tion of liberated gold grains at given stages of grain size re-
duction in given sample. For calculations the two extreme
variants were considered:

— all the gold grains are free,

— all the gold grains occur in intergrowths with other
minerals.

For the first case the following values of sampling pa-
rameters were taken (Ottley, 1965):
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Fig. 93. Semivariograms and geostatistical models of the gold content variability in the distinguished parts of the deposit. a — all sam-
ples, b — economic part of the deposit, ¢ — sub-economic part of the deposit

m =/ z (specific gravity of Au/mean content of Au) =
19.5/2.5g/cm?-ppm = 7.8-10%g/cm?

f=g=02and1=1
d — diameter of largest native gold grains, taken as d = 0.04
cm after Pieczonka (1998).

For the second case the calculations should follow the
basic formula and particular parameters should be red from
relevant tables and expressions.

In both cases the masses of samples at the two stages of
grain size reduction are the same: M = 1000g, M = 50g,
M, = 35g (M — mass of a sample collected from the de-
posit, M| — mass of reduced sample after first grain size re-

duction stage down to maximum diameter d; = 1mm, M, —
mass of sample collected for analysis after sample milling to
maximum grain diameter d, = 0.07mm).

At the above presented assumptions the estimation of
relative variances of grain size reduction 6%pp and the total
error of sample preparation for chemical analyses 62y are
as follows:

— all native Au grains free of intergrowths:
o2pg = (1/35 — 1/1000)-7.8-1090.20.2-10.043=0.55

andi 6275 = 1.10

— all native Au grains in intergrowths:

(at the liberation coefficients of native Au grains from
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Fig. 94. Relative semivariograms and geostatistical models of the gold content [Au], deposit thickness [M] and gold accumulation
[Au-M] variability for the economic part of the deposit. (Range of calculation: 5 000 m)

intergrowths at the two stages

of comminution:

1; =0.005/1=0.071, 1,=\0.005/0.07=0.27)
o2pg = (1/50 — 1/1000)-7.8-10°-0.2-0.25-0.0710.13 +
+(1/35 - 1/50)-7.8-100:0.2:0.25-0.27-0.0073) = 0.526 +

0.0003 = 0.53
and 6% = 1.06

The results obtained for both variants of native Au oc-
currence are surprisingly similar and, despite several simpli-
fications, these results justify the supposition that errors of
sample preparation for chemical analyses can significantly
influence the accuracy of estimations of Au contents and re-
serves. The value of the variance of total sample preparation

Table 53

Models of selected relative semivariograms of gold deposit parameters

(models equations were explained in chapter “Distribution...”)

Area Au [ppm] M [m] Au*M [ppmm]
Economic-grade deposit**(PB)PB = | YR(h) = 2.2+1.0Gaus(h/4500) YR(h) = 0.8+0.77Gaus(h/4300) YR(h) =1.6+1.0 Gaus(h/4000)
A+B+C* YR(h) =2.35 YR(h) = 0.76+0.3sph(h/650) YR(h) =1.82

Exploration area A*

YR(h) = 1.7+0.37sph(h/1700)

YR(h) = 0.88+0.4sph(h/1500)

YR(h)=2.3

Exploration area B*

YR(h) = 2.8+0.8Gaus(h/1300)

YR(h) = 0.87+0.72sph(h/1400)

YR(h) = 1.20 + 1.25 sph(h/700)

Exploration area C*

YR(h) = 1.48+0.38sph(h/1200)

YR(h) = 0.36+0.48sph(h/450)

YR(h) = 0.93

Exploration sub-area C1*

YR(h) = 1.65+0.5sph(h/2000)

YR(h) = 0.34+0.53sph(h/300)

YR(h) = 0.75 + 0.3 sph(h/2000)

Sub-economic deposit (PP)*

YR(h) = 5.1+3.4sph(h/480)

YR(h)=7.5

YR(h) = 10.0

** — applicability distance — up to 5 km; * — applicability distance — up to 2 km
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Fig. 95. Contribution of the total sampling error variance to the global variability of the gold content represented by relative
semivariogram (the economic part of the deposit — PB=A+B+C). 62y — variance of the total sampling error

Table 54

Estimation errors of mean values of Au deposit parameters
for exploration area A determined with the block kriging

Coordinates of
the center of Block Ok[Au] Ok[M] Ok[ ]
: : Au M AuxM
calculation d‘mE’;‘f]“’nS N [%] [%] [%]
block
200%200 12 39.1 29.4 43.8
X=65300,
Y4=26000 500x500 34 25.8 20.7 26.0
800x800 40 23.5 18.8 24.0

N — number of samples,

oy — standard relative estimation error of mean value of a deposit parameter
[Au] — Au content, [M] — deposit thickness, [Au*M] — linear accumulation
index

Table 55

Estimation errors of mean values of Au deposit parameters
for exploration area B determined with the block kriging

error (o2 =1.10) related to the variance of local variability
(Cyp=2.2) in the relative model of Au content for the eco-
nomic-grade part of the deposit (Tab. 53) constitutes 50%,
as illustrated in Fig. 95. It means that the observed variabil-
ity of metal content is highly overestimated due to apparent
variability caused by the sample preparation errors. Simul-
taneously, some opportunities arise of the improvement of
estimation accuracy of Au reserves by the change in sample
preparation procedure for chemical analyses, which may re-
sult in the reduction of secondary sampling error. However,
it requires the verification of estimated variances, which, in
turn, depends on precise determination of grain size distri-
bution in samples and the degree of grain liberation from
intergrowths at various stages of grain comminution.

As compared to the secondary sampling errors, the ana-
lytical errors are of minor importance (Scott, Whateley,
1995) and were neglected in further considerations.

Table 56

Estimation errors of mean values of Au deposit parameters
for exploration area C determined with the block kriging

Coordinates of Coordinates of
the center of Block Ok[Au] OkM] | Ok[AuxM] the center of Block Ok Ok[M] | Ok| 1
. . u ux : . [Au] [AuxM
calculation dlm;r;ls]lons N %] [%] [%] calculation dimensions N (%] [%] [%
block block [m]
200%200 55 22.7 15.4 16.9 200%200 21 29.5 19.2 21.0
X0=68700 X0=69700
Y=19000 500%500 62 21.7 14.7 15.9 Y=18300 500%500 56 19.1 14.9 12.9
800800 63 24.9 21.7 22.0 800%800 58 19.1 17.1 12.7

For explanation of symbols see Table 54

For explanation of symbols see Table 54
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Table 57

Minimum number of samples required for estimation of mean deposit parameters at the accuracy of deposit assessment
categories A, B and Cy

Deposit Au M Au-M
assessment
category 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
Cy 93 146 88 117 56 67 44 57 103 100 59 97

R.A, R.B, R.C — exploration areas: A, B, C; PB — economic-grade deposit

Estimation accuracy of mean values of deposit
parameters in calculation blocks

The estimation accuracy of mean values of deposit pa-
rameters were studied in three variants of calculation blocks
of dimensions: 200x200 m, 500x500 m and 800x800 m.
The area of the largest block corresponds to the total area of
Cu-Ag deposit worked out during 1 year of exploitation.
Each studied block was localized within the selected zones
of highest sampling density (coordinates of the centers of
blocks are quoted in Tables 54, 55 and 56). The values of
relative estimation errors of mean deposit parameters were
determined with the block kriging procedure based upon the
relative geostatistical models (Tab. 53).

At the applied sampling system the estimation accuracy
of mean Au contents in calculation blocks is generally low.
For the largest block the relative (standard) errors of mean
Au content fall into the range of 18-25% and those of Au
linear accumulation (practically equivalent to Au reserves)
are between 13 and 24%. From the formal point of view
such values correspond to the highest accuracy required for
deposit assessment categories C, and C, respectively.

Estimation accuracy for deposit thickness is only
slightly higher that those for above mentioned parameters as
the errors are between 13 and 22%.

For calculation blocks 200x200m estimation errors are
very high and may exceed even 40%, which indicates
highly unsatisfactory accuracy of deposit parameters esti-
mations in too small blocks.

Determination of the minimum number of samples
required for presumed accuracy
of deposit parameters estimations

Due to the dominance of random component in overall
variability of deposit parameters, the sufficiently credible
determination of the minimum number of samples required
for estimation of mean values of deposit parameters at pre-
sumed accuracy can be done with the following formula:

Ninin = t2v?/ £2wmax
where: t =2 — parameter for probability 95%, v — variability

coefficient [%], €y max — permissible (maximum) relative es-
timation error of mean values of deposit parameters [%].

In calculations the requirements for deposit assessment
categories A, B and C; were taken into account for which
the permissible estimation errors at probability P = 0.95 are
10%, 20% and 30%, respectively. The determined mini-
mum numbers of samples should guarantee the required es-
timation accuracy of mean values of deposit parameters at
the risk below 5%.

The results of calculations presented in Tab. 57 point
out that for estimation of mean Au content and Au reserves
under the requirements of the assessment category A the
number of samples must be very high — from 530 to 1,309,
depending on the part of deposit. It seems however, that for
Au, which is only an accompanying element in the Cu-Ag
deposit the requirements for assessment category C; are
fully satisfactory. For this category the minimum number of
samples necessary for proper estimation of Au content in
the economic-grade deposit is 117 (for exploration areas
considered separately: from 88 to 146) and that of linear ac-
cumulation index (which practically corresponds to Au re-
serves) is 97 (from 59 to 103 for particular exploration ar-
cas). Thus, it can be proposed that the rough number of
about 100 samples should allows us to estimate the Au de-
posit parameters and reserves in the economic-grade deposit
with the accuracy of the assessment category C; (Tab. 57).

The determination of spacing grid for sampling in the
mine workings requires further information on the consid-
ered sampling area, total length of workings and their local-
ization.

Summary and conclusions

1.Variabilities of Au content and linear accumulation
index and, to lesser degree, also the deposit thickness can be
described as very high or extremely high, and probability
distributions of these parameters show strong positive
asymmetry. Both variability features are typical of most
trace elements hosted in the Cu-Ag deposit of the Lubin-
Sieroszowice Copper District and cause serious troubles in
accurate estimations of their mean contents and reserves.

2. Variability of [Au] content and its daughter parame-
ters is isotropic, which means that there are no privileged di-
rections in the deposit along which this deposit parameter is
clearly more or less diversified than along other directions.

3. The variability structures of [Au] content and [Au]
linear accumulation index reveal very high contribution
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Fig. 96. Samples location for assaying of the gold content [Au] and the platinum and palladium content [Pt+Pd] in the Cu — Ag ore de-
posit Polkowice-Sieroszowice. PP — sub-economic part of deposit, PB — economic part of the deposit, A, B, C — areas of exploration. N —
Number of samples, z — arithmetic mean, s — standard deviation, v — coefficient of variation, Nb — proportion of samples with grade above

0.5 ppm

from random component, which justifies in practice the ac-
ceptance of random variability model of these parameters
and its application for the simple statistical formulae.

4. Significant contribution to the observed variability of
[Au] content may originate from the apparent variability re-
sulting from errors of sample preparation for chemical anal-
yses. This assumption has important practical implications
for estimation accuracy of Au content and reserves but it
must be verified by studies on grain size distribution of sam-
ples and on the mode of Au occurrence in products of par-
ticular grain-size reduction stages.

5. Estimation accuracy of mean Au contents and Au re-
serves in small calculation blocks (200200 m) is very low
and meets the requirements only for assessment category D
(hypothetical resources). For calculation blocks of areas
close to those worked out during 1 year of Cu-Ag ore ex-
ploitation (i.e. of dimensions 800x800 m) and at the sam-
pling system applied in this project the estimation accuracy
for mean Au content fits only to the criteria of deposit as-
sessment category C, and the estimation accuracy of Au re-
serves corresponds only to that required for assessment cat-
egory C;.

6. It seems reasonable (and sufficient for practical pur-
poses) to accept the estimation accuracy of assessment cate-
gory C; (with permissible error 30% at probability level
P=95%) for estimations of mean Au contents and Au re-
serves (regarding Au as an accompanying element in the

Cu-Ag deposit). However, such attempt is possible only for
calculation blocks in which at least 100 samples were col-
lected.

VARIABILITY MODELING AND ESTIMATION
ACCURACY OF (Pt+Pd) CONTENT

Source material

Both the variability description and the accuracy esti-
mation of total PGE (Pt+Pd) contents were based upon
somewhat less abundant database than that for Au. The da-
tabase included the results of chemical analyses of 604 sam-
ples collected from the same parts of the Polkowice-Siero-
szowice deposit. The distribution of sampling sites for PGE
analyses is shown in Fig. 96 with the basic statistical param-
eters quoted for distinguished areas. For comparison the
sketch map of Au sampling sites was included. As for Au,
the whole study area was divided into 4 parts corresponding
to most dense sampling grids. Moreover, the same names
and symbols of the areas were applied, as for Au deposit.
Both the statistical and geostatistical analyses were made
separately for the selected parts.

The scope and methodology of variability analysis of
Pt+Pd contents were identical as for Au (see chapter “Dis-
tribution...”).
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Fig. 97. Histograms of the [Pt+Pd] content in the sub-economic (PP) and economic (PB) parts of the deposit

Statistical characterization of Pt+Pd contents

Results of calculations of principal statistical parame-
ters for Pt+Pd contents in the whole study area and in distin-
guished parts are listed in Table 58. Probability distribu-
tions of Pt+Pd contents are displayed as histograms in Fig.
97.

As concluded from Table 58, the study area is inhomo-
geneous from the point of view of both the mean Pt+Pd con-
tents and the intensity of their diversification. Only the ex-
ploration areas A and B show similarities in statistical pa-
rameters. The remaining areas PP and C (particularly the
PP) are much lower in PGE, as revealed by lower mean val-
ues and by very low percentages of samples in which Pt+Pd
contents exceed presumed cut-off value 0.5 ppm. If only the
mean values are considered, the distinguished exploration
areas show identical regularities in Au and Pt+Pd contents.
However, no statistically significant correlations were
found for Au and Pt+Pd contents. Variability coefficients
for Pt+Pd are higher than those for Au, which suggests that
accurate estimations of Pt+Pd mean contents and reserves at
the applied sampling density will be even more difficult
than in the case of Au. Similarly to Au, distributions of Pt+
Pd contents show strong positive asymmetry (Fig. 97) but
the variability range of asymmetry coefficient is higher.

Variability structure of Pt+Pd contents

The variability structure of Pt+Pd contents was studied
with the directional and isotropic semivariograms to which
the theoretical models were fitted. Similarly to Au, direc-
tional semivariograms displayed in color map (Fig. 98) did
not reveal privileged directions along which the diversity of
Pt+Pd contents would be distinctly higher or lower than
along other directions. It is a sufficient argument supporting
the working hypothesis on isotropic distribution of Pt+Pd
contents. Practical consequence of this hypothesis is the in-
vestigation of Pt+Pd distribution only with the averaged
semivariograms for all directions and their theoretical mod-
els, examples of which are shown in Fig. 99. Equations of
theoretical models of relative semivariograms are listed in
Table 59.

Estimation accuracy for mean Pt+Pd contents

Estimation accuracy of mean Pt+Pd contents was stud-
ied with the block kriging method, separately for each of
four exploration areas (PP, A, B, C) and in 3 square calcula-
tion blocks of various size (500500 m, 1,000x1,000 m and
2,000%2,000 m) The larger sizes of blocks in comparison
with those applied in the estimations of Au contents (see
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Table 58
Statistics of Pt+Pd contents in the whole study area and in the exploration areas
Nb z Range [from - to] s v

Study area N 1

Y [%] [ppm] [ppm] [ppm] [%] ¢
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 4533 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 economic-grade deposit, PP — Au sub-economic deposit, N — number of data, Ny, — percentage of samples with [Pt+Pd]>0.5ppm, z — mean content
(arithmetic), s — standard deviation, v — variability coefficient, g; — asymmetry coefficient

(h)

0,03

-0,09

Fig. 98. Map of semivariogram surface of the [Pt+Pd] content

chapter “Distribution...”) resulted from lower sampling
density for PGE, due to which the number of data obtained
for 200x200 m blocks appeared to be insufficient. All three
blocks of various sizes were concentric. Coordinates of
their centers are shown in Tab. 60. Calculations of standard
estimation errors of mean Pt+Pd contents were based upon
the relative models of variability. Calculations for models of
basic semivariograms made for a few cases were treated as
controls. Three types of geostatistical models were applied:
local (i.e. exclusively for data from a particular area), gen-
eral (for all data) and models for higher-grade areas conven-
tionally called the economic-grade deposit (PB=A+B+C).
The results of calculations are presented in Tab. 60. The
largest discrepancies in estimation accuracy were found in
the sub-economic area (PP) of lowest Pt+Pd contents. The
local model gave estimation errors several times higher than
the general model. For the remaining areas estimation errors
calculated with geostatistical method are similar. The most
credible are the results based upon local geostatistical mod-
els. For exploration areas enriched in Pt+Pd (A, B, C) good
results are provided also by the general model.

Table 59

Models of relative semivariograms of Pt+Pd contents in

the whole study area and in the distinguished exploration

areas. For explanation of formulae notations see chapter
“Distribution....”)

Study area Model equation
Whole study area PB+PP v(h)=0.92+3.25sph(h/940)
Economic-grade deposit PB=A+B+C v(h)=0.88+2.85sph(h/750)
Exploration area A Y(h)=0+50sph(h/500)
Exploration area B v(h)=0.4+1.75sph(h/600)
Exploration area C Y(h)=0.15+5.35sph(h/1150)
Exploration sub-area C1 v(h)=3.2+0.001325h

However, these results have rather low practical impor-
tance due to significant standard errors of estimation which,
for calculation blocks localized in the A, B and C explora-
tion areas, fall into the range of 24-54% for local models.
Low estimation accuracy of mean Pt+Pd contents enables
us to categorize the recognition of these metals into the as-
sessment category Dy, thus, their reserves can be regarded
only as hypothetical. For the sub-economic area (PP) the
calculated errors are unrealistically high: from 174 to 259%,
depending on the size of calculation blocks. Generally, the
low estimation accuracy of Pt+Pd contents and reserves is
caused by their high variability and low contents of metals
(particularly in PP area), which influences the relative esti-
mation errors, and by low density of sampling grid.

Determination of the minimum number of samples
required for estimation of mean Pt+Pd contents
with presumed accuracy

Due to high variability of Pt+Pd contents the minimum
number of samples was determined only for the require-
ments of deposit assessment categories C1 and C2. For
higher assessment categories such determination seems to
be useless because of huge costs of sampling, sample prepa-
ration and chemical analyses. Similarly to Au, the classic
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Fig. 99. Semivariogram (a) and relative semivariogram (b) of the [Pt+Pd] content in the economic part of the depositdata (PB+A+B+C)

Table 60

Estimation of relative standard errors of mean [Pt+Pd] contents with the kriging method
in calculation blocks of various sizes

Study area(coordinates of the| Block dimensions [m] and Local model General model Model for PB=A+B+C
block center) number of samples (N)

Sub economic deposit PP 500x500N=5 259% 69.3% ne
Yo = 67000 1,000%1,000N=16 220% 53.9% ne
Xo=29000 2,000%2,000N=49 174% 44.1% nc
Exploration area A 500x500N=18 53.5% 63.3% 65.3%
Yo = 65000 1,000%1,000N=39 37.2% 42.7% 44.6%
Xo=24500 2,000%2,000N=64 28.6% 35.7% 35.3%
Exploration area B 500x500N=24 35.0% 43.0% 43.9%
Yo = 67000 1,000%1,000N=50 24.3% 27.2% 27.9%
Xo=20600 2,000%2,000N=59 45.7% 41.9% 40.1%
Exploration area C 500x500N=23 42.9% 35.7% 36.4%
Yo = 70800 1,000%1,000N=62 28.4% 25.2% 25.9%
Xo=18200 2,000%2,000N=64 30.6% 36.5% 35.5%
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Table 61

Minimum number of samples necessary for estimation of Pt+Pd mean contents at the accuracy required
for deposit assessment categories Cj and C;

Assessment Exploration areas
category Whole study area | PB=A+B+C A+B PP A B C
C 198 159 125 913 97 162 273
C 112 90 71 514 54 92 153

PB — economic-grade deposit, PP — sub-economic deposit

statistical formula was applied for estimation of the number
of samples. However, it must be taken into account that the
non-random component of variability is more pronounced
for Pt+Pd than for Au, which may influence the results.
Better results can be expected if geostatistical method is ap-
plied but this method requires some additional assumptions
concerning the size of area for which Pt+Pd contents are es-
timated, the development mode of the area with mine work-
ings and the anticipated localization of sampling sites. If
these data are lacking the geostatistical kriging method can-
not be applied at the recent stage of studies. Hence, the esti-
mations of required number of samples made with the statis-
tical method, presented in Table 61, should be regarded as
an approximation.

The results shown in Tab. 61 reveal enormous disper-
sion of prognozed amounts of samples — from 97 to 913
(from 97 to 273 for economic deposit PB) for assessment
category C; and from 54 to 514 (from 54 to 153 for eco-
nomic deposit PB) for assessment category C, Extremely
high numbers of samples were estimated for the area of low-
est Pt+Pd contents (sub-economic deposit PP). This low-
grade deposit should not be taken as a reference level for es-
timation of sample numbers as it requires several times
higher density of sampling grid. If the sub-economic de-
posit PP is excluded, the accuracy required for the assess-
ment category C; implies the collection of about 160 sam-
ples from the higher-grade parts of the deposit (where mean
Pt+Pd contents are over 0.1ppm). For the assessment cate-
gory C, about 90 samples should be taken. Therefore, the
proposed number of samples for Au reserves assessment
(100 for assessment category C;) should ensure the proper
estimation of Pt+Pd reserves in the assessment category C,.

Summary and conclusions

1. The Pt+Pd contents reveal higher variability that
those of Au and can be described qualitatively as extremely
high.

2. Similarly to Au, the variability of Pt+Pd contents in
the study area is isotropic, i.e. the intensity of content
changes in all directions is similar.

3. The relative models of Pt+Pd semivariograms show
higher diversity and much stronger non-random component
than Au semivariograms.

4. Similarly to Au, detailed studies (also quantitative)
should be undertaken on grain size of collected samples and
on the forms of Au occurrence. These results would enable
us to estimate the sample preparation error and its impor-

tance for the estimation accuracy of Pt+Pd mean contents
and reserves.

5. With the sampling system applied in this project the
estimation accuracy of Pt+Pd contents and reserves in cal-
culation blocks of dimensions 500500 m, 1,000x1,000 m
and 2,000x2,000 m is exceptionally low and is sufficient
only for deposit assessment category D (hypothetical re-
sources).

6. The number of about 100 samples approximated with
the statistical method should be sufficient for general esti-
mation of Pt+Pd contents and reserves with the accuracy re-
quired for assessment categories C, with permissible error
40% at probability level P=95% (and for category C; for Au
contents and reserves with permissible error 30% at proba-
bility level P=95%). However, these results should be veri-
fied with the geostatistical kriging method when additional
information is available, i.e. the size of area of estimation,
the distribution of sampling sites and the number of samples
to be collected.

GENETIC CONCEPTS ON DEPOSITION
OF PRECIOUS METALS
Jadwiga Pieczonka & Adam Piestrzynski

TRANSPORT OF Au AND Pt

The transport of Au in hydrothermal solutions has been
discussed in many papers, e.g., Krupp and Weiser (1992),
Foster (1993), Piestrzynski and Wodzicki (2000). Their
concepts were reviewed by Pieczonka and Piestrzynski
(2000) and supplemented by author’s opinion.

The behavior of PGE and Au in geological environ-
ments is diversified. In the ultrabasics the contents of Au
and Pt are similar but only the PGE form economic-grade
accumulations (Stenina, 1997). The reason for such frac-
tionation is the structure of outer electron shells of these
metals: Pt has one electron less than Au in 5d shell (i.e.
5d%s! in Pt versus 5d1%6s! in Au) (Stenina, 1997). Iron is
third most widespread cation after Si and Al. In water com-
plexes the replacement of Al and M" (multivalence cation)
allows to “save” 23 kcal/mol of energy. Moreover, among
all transitional metals Fe (electron shell structure 3d%4s) is
closest and best partner for Au in the formation of water
complexes (Stenina et al., 2001). Such complexes were dis-
covered in hydrothermal solutions of metamorphic prove-
nance. The presence of electron vacancy in 5d shell of Pt at-
oms releases positive charge, which secures the internal
electrovalent bond and hampers the complexing of Pt with
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other elements (Stenina, 1997). Therefore, the joint migra-
tion of Au and Fe is very probable and may lead to the accu-
mulation of both elements at the same site. On the contrary
to Au, Pt is more inert in chemical reactions. Volumes of
metals transported in water systems require their uniform
energetic structure in relation to other complexing com-
pounds (Stenina, 1997). Among the PGE only Ru, Rh and
Pd show behaviors similar to Fe. Hence, these metals may
migrate for much longer distances than the remaining PGE.

According to Piestrzynski et al. (1996a) and Piestrzyn-
ski and Wodzicki (2000), the most probable is the transport
of Au in thiosulphate complexes {Au(S,03),}. These
compounds are stable at temperatures below 200°C, i.e.,
corresponding to crystallization temperature of Cu-sulphi-
des in the Fore-Sudetic Monocline deposit. Au can be dis-
solved as thiosulphate complex according the reaction
(Krupp & Weiser, 1992):

Au + 28,032 + H" + 1/40, = Au(S,05),7 + 1/2H,0

According to Piestrzynski et al. (1996a), thiosulphate
complexes formed close to the sulphide/sulphate equilib-
rium boundary and dissolved Au. The sources of Au were
clastic basement rocks. Metal was then transported with as-
cending oxidizing solutions. Bierlein et al. (1997) reported
that 50% extraction of Au (20 ppb) from clastic rock slab of
size 20x50 km and 10 m thick may lead to deposition of 600
t Au. Due to energetic similarity of Au and Fe, transport of
these metals in thiosulphate complexes is very probable.
Thus, such a complex may have formula (FeAu)(S,03),7!,
which explains the joint precipitation of Au and hematite
variety called “hydrothermal hematite” by Piestrzynski et
al., (2002). The chemically inert character of PGE results in
much limited accumulation of these metals in the environ-
ment of Au precipitation. This precipitation occurred when
solution entered the stability field of sulphates. The abrupt
change of P and T is necessary to break the gold complexes,
which took place at the contact with the Cu deposit repre-
senting the reducing environment. Such reactions may re-
lease sulphur, which contributes to further breakdown of the
complexes (Stenina, 1997). The result of such reactions is
the coexistence of sulphides, native Au and hematite. Oxi-
dizing solution which migrated through the sandstone and
the Kupferschiefer successively dissolved Au hosted in
these rocks. Therefore, the highest concentrations of Au
should correlate with the maximum thickness of clastic pile.
Paragenesis of native Au with covellite and hematite found
at the boundary between the oxidizing and the reducing en-
vironments confirms the theory of Au transport in thiosul-
phate complexes (Piestrzynski ef al., 1996a; Piestrzynski &
Wodzicki, 2000).

Piestrzynski and Pieczonka (1998) proposed two other
models of Au deposition in these zones. The first model in-
cludes selective precipitation of Au from suspension which
was in equilibrium with the enclosing rocks. Such a process
supplied collomorph-type Au. The second model comprises
the transport of Au as polysulphide complexes in reducing
solutions derived from the overlying evaporites. The poly-
sulphides were subsequently oxidized during downward
migration. Such model is supported by the native Au-hema-
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tite paragenesis described above from the carbonate rocks.
The model is correct from the point of view of thermody-
namics, however, no structural evidence has been found up
to date for such reactions. Reducing solutions carrying the
polysulphides might have been easily oxidized in the zone
of red spots occurrence. However, the accumulation of most
part of Au (about 75%) in the sandstone indicates that the
decisive role in Au transport was played by oxidizing solu-
tions ascending from the basement rocks. Moreover, the
amount of Au in the deposit is too high to be sourced in the
Lower Zechstein sediments (Piestrzynski & Wodzicki,
2000).

RELATIONSHIPS WITH THE TECTONICS

It appears difficult to evaluate the role of tectonics in
the formation of Au deposit. Up to now, the southern
boundary of Au concentrations has not been recognized as
this part of Cu deposit has not been developed, as yet. De-
termination of this boundary may contribute to the model-
ing of Au source and transport. It is very probable that the
zones with high Au concentrations extend as far as to the
Fore-Sudetic Block.

The mining sectors with high contents of Au form a
NW-SE-trending belt (Fig. 78-80 i 100). The coexistence
of these sectors with the number of faults have not been
proven. Moreover, the arrangement of Au-bearing zones in
relation to the strikes of fault systems is highly variable and
presumably depends on the transfer rate of oxidizing solu-
tion through the rocks surrounding the fault as well as on
the rate of its gradual change of solution milieu from oxidiz-
ing to reducing. Hence, the main role is played by the chem-
istry and the physical properties of rocks. Undoubtedly,
faults were important patches for the transfer of oxidizing
solutions from deep basement but the formation of Au con-
centrations in such sites is rather improbable due to oxidiz-
ing conditions dominating in their vicinity.

Small faults visible in cross-sections (Figs 81-85) did
not influence the formation of precious metals concentra-
tions as high contents of these metals occur in their vicinity
and at large distances from the dislocations. Faults cause
only insignificant displacements of rocks in the Cu deposit
and in the Au-bearing horizons, which may suggest the
post-ore character of these type tectonics.

RELATIONSHIP TO THE Cu DEPOSIT

The results obtained up to date led to the genetic model
of Au concentration in the oxidized zones of the Polkowice-
Sieroszowice deposit (Figs 101, 102). This model is valid
for the current research stage and will evolve in the future
with the progressing development of the deposit. Consider-
ing the fact that Au accumulates at the bottom of Cu deposit
(Fig. 101), the origin of its concentrations is closely related
to the specific stage of Cu deposit formation. The succes-
sion of geological processes leading to the formation of Cu
deposit and to the accumulation of Au in the studied part of
the mine area is shown in Fig. 102. It is difficult to deter-
mine unequivocally at which stage of Cu deposit formation
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Fig. 101. 3-D model of gold deposit. Lithology is as shown in Fig. 2. Sz 06-0407 — position of channel sampling, pale green — copper de-
posit (Cu), dark green — secondary enrichment in copper, white — transition zone (TZ), yellow — gold deposit (Au), red — oxidation envi-
ronment, SOS — secondary oxidizing system, RF (rote Faule) — primary oxidizing system (after Pieczonka & Piestrzynski, 2000)
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Fig. 102. Transformation of host rocks in the Lubin — Sieroszo-
wice mining area

the concentration of Au has commenced. In the Au-bearing
zones the processes of sedimentation, diagenesis and forma-
tion of economic-grade Cu accumulation were identical as
in the other parts of the Fore-Sudetic Monocline deposit.
After formation of Cu deposit the oxidation processes have
commenced, which were main factors leading to the forma-
tion of Au accumulations. Comparison of macroscopic
physical properties, mineralogical and chemical composi-
tion of rocks from the oxidized and the Cu-bearing zones
enabled the authors to reconstruct the processes leading to
concentration of Au. After crystallization of Au minerals
the final crystallization of sulphides from residual solution

Fig. 103. Microphotographs in reflected light and crossed nicols
showing final effect of the SOS activity. A — young, colloform ar-
agonite colored in red by fine dispersed hydrothermal hematite,
sample PZ-J-7; B — enlarged fragment of phot. A
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in the transitional zone and in the youngest systems of
cracks took place. The final stage of oxidation zone evolu-
tion was crystallization of collomorph calcites with small
admixtures of Mg and with fine inclusions of hematite (Fig.
103).

ECONOMIC VALUE OF GOLD DEPOSIT
IN THE FORE-SUDETIC MONOCLINE
Adam Piestrzynski

The preliminary economic evaluation of Au deposit
was presented in the report from the research project run at
the AGH-University of Science and Technology in 1997.
This evaluation included the results of studies carried on in
the years 1995-1996 and 1997. Results of the following
project confirmed the extension of the zone enriched in pre-
cious metals into the newly developed mining fields (see
chapter “Distribution...””). All collected data indicate the
presence of the zone secondary enriched in precious metals
beneath the Cu deposit and in its vicinity. The average
thickness of this deposit is 0.23 m (Report AGH, 1997; Pie-
strzynski & Pieczonka, 1997a; Piestrzynski et al., 2002) and
average grade is 2.37 g Au/Mg (Report AGH, 1997; Pie-
strzynski & Pieczonka, 1997a). The measured Au reserves
are 34.328 Mg (worthy 442.9 mln USD at Au price 400
USD/oz, February 2004). The inferred Au reserves are
51.56 Mg (worthy 665.124 mIn USD) and the inferred
Pt+Pd reserves amount 12.18 Mg (worthy 196.45 min
USD) (Report AGH, 1997; Piestrzynski & Pieczonka,
1997a). Taking into account 50% recovery of PGE miner-
als, the industrial value of accumulated Pt+Pd is about 98
mln USD. Hence, the cumulative value of precious metals
hosted in calculation blocks (i.e. in the part of potential area
of Au deposit, Tab. 62) amounts 442.9+98.0 = 540.9 min
USD. According to bank experts, Au prices will rise due to
instability of the market and general increase in demand for
mineral raw-materials. At the end of 2005 the prices of pre-
cious metals raised for next 20%. In 2008 it is already clear,
that prognoses for 2005 was correct, and we observer fur-
ther increase of precious metals prices. The worthy of gold
reserves for the price 959.8 USD/oz (29.02.2008) is
1062.284 mln USD and 1596.360 mln USD respectively.
The worthy of Pt+Pd resources increases in 2008 up to
264.030 mln USD.

All the results obtained up to date confirm the extension
of the precious metals zone outside the recently developed
Cu deposit. The northern contour of the zone has already
been defined (Report AGH, 1996, 1997; Piestrzynski &
Pieczonka, 1997a) whereas the southern contour still re-
mains unknown. Examination of samples collected from the
southern part of Cu deposit (close to the Fore-Sudetic
Block) revealed Au contents above 0.5 g/Mg. However,
available data do not allow the authors to define precisely
the southern boundary of precious metal deposit, close to
the southern range of Lower Zechstein strata.

In order to determine the dressing properties of pre-
cious metals, the pilot concentration test has been carried on
for 1 Mg samples using gravity separation and froth flota-
tion methods (Report AGH, 1997; Piestrzynski & Pie-
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czonka, 1997a). It was followed by the industrial-scale froth
flotation test made on 12,882 Mg sample (known as “The
Easter Test”, run on April 12—-13, 1998) (Wieniewski et al.,
1998). Similar dressing tests were made at the Wroctaw
Technical University (Luszczkiewicz, 1998). The results
demonstra- ted that good and very good Au concentrates
can be obtained with traditional methods (gravity separa-
tion, froth flotation) (Luszczkiewicz, 1998). However, the
same methods applied for Pt and Pd concentration gave
poor results (Luszczkiewicz, 1998). On the contrary, very
promissing effects for all precious metals were obtained
with the pressure cyanide leaching process (up to 98—99%
recovery, Chmielewski, 1998).

Both the microscopic studies and the chemical analyses
revealed the presence of Au in the economic-grade copper
ore. Here, gold should be regarded as a trace element ac-
companying the main commodity, i.e. copper. However,
gold forms also a dispersion aureole around the zone of pre-
cious metals accumulation, which is located beneath the
copper deposit. Hence, the precious metals (mainly Au)
must be accepted as accompanying commodities in relation
to copper. The results demonstrated that outside the cur-
rently mined copper orebody the zones exist, which enrich-
ment in precious metals permits their classification as Au
deposit. The Cu grade in these zones is low (<0.2 wt.%).

The studies on the effectiveness of Au ore dressing
(based on industrial-scale pilot test) demonstrated that eco-
nomically effective recovery of Au requires the ”ore” grade
over 1.627 g Au/Mg,,.. (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 processed during the
industrial-scale pilot test was not that containing the in-
creased amounts of Au but was a mixture of Cu ore (about
30% by mass) and rocks grading 1.6 g Au/Mg and <0.1
wt.% Cu. Taking into account the assumptions made by
Wieniewski ef al., (1998), and the gold price at the level of
9 mIn USD/Mg Au, the grade of such ore should be 2.47 g
Au/Mg in order to ensure the economic effectiveness of its
extraction. Under the same assumptions (Wieniewski et al.,
1998) and the gold price 1,136,1290 USD/Mg (at the ex-
change rate 1 USD = 3.74 PLN) the economically effective
ore grade should be 2.1 g/Mg. According to the AGH Re-
port (1997), 50% of ore reserves in calculation blocks, i.e.,
17,537 Mg Au worthy 199,237 mln USD, shows average
grade over 2.47 g Au/Mg. Thuds, even at this appraisal of
average Au content, the studied zone should be regarded as
an economic-grade gold deposit. Taking into account, that
exchange rate of USD dropt down to the level of 2.48 PLN,
and high prices of precious metals increase roughly 3 times,
the grade of gold ore could be lower, as estimated above, to
receive good results.

At the current Au price (about 12.9 mln USD/Mg) and
at USD/PLN exchange rate similar to that quoted above, ex-
ploitation of ore grading over 1.72 g Au/Mg will be profit-
able. Piestrzynski and Pieczonka (1997a) revealed that 80%
of reserves calculation blocks show higher grades. Eco-
nomic reserves accumulated in these blocks are about 27.4
Mg Au, which is an equivalent of 354 mln USD. This value
can be even higher if PGE are recovered. The estimation of
PGE value brings some problems as an unequivocal concept
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Table 62

. Grade R.e SErves: Error Reserves: average . Estimation error
Calculation block [e Au/Mg] geostatistical method (%] values method Difference (%]
[kg] [kel
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

of their concentration has not been proposed, as yet. The
principal assumption made for all these calculations is the
elimination of capital costs of copper mines construction
but, from the other side, total amount of Au already recov-
ered in copper metallurgy is about 20 Mg. Moreover, there
are significant Au reserves left in the sandstone, which has
not been mined due to low Cu grade and which, unfortu-
nately, will never be mined in the future as its reexploatation
is impossible. The remaining reserves can be classified as
technogenic deposit.

According to the BRGM classification (http://www.gl.
rhulac.uk/geode/dbasel.html), gold accumulations are re-
garded as deposits if minimum total reserves of Au amount
1.0 Mg (class D). The Au deposit hosted in the secondary
oxidation zones of the Fore-Sudetic Monocline Cu deposit
fall into the class C (50-10 Mg Au). The modern world
mining industry extracts Au deposits of minimum grade 1 g
Au/Mg of ore. This criterion is controlled by many factors
and is usually dependent on the reserves — the larger re-
serves, the lower grade at which mining is profitable. The
Au and PGE deposit described in this paper meet the world
criteria for economic-grade accumulations.

DISCUSSION AND CONCLUSIONS
Jadwiga Pieczonka & Adam Piestrzynski

In the copper deposit of the Fore-Sudetic Monocline the
secondary oxidation zones locally host economic-grade
gold mineralization with accompanying platinum and palla-
dium. Due to their economic importance, these zones were
subjected to comprehensive studies. The results are summa-
rized below.

* Both the spatial distribution and the variable shapes of ox-
idized zones in the Polkowice-Sieroszowice area advocate
their epigenetic origin.

* The red spots — the indicators of oxidizing environment —
are of epigenetic origin and were formed by reaction of oxi-
dizing solutions ascending from the basement with the sur-
rounding rocks,

* Both the character and spatial arrangement of red spots
suggest at least two stages of red spots formation,

+ Oxidizing solutions penetrated the rock complex after the
formation of economic-grade copper mineralisation, as re-
vealed by distribution of sulphide mineralisation in relation
to the red spots,

* Gold was transported in oxidizing solutions mostly as
thiosulphate complexes. Thiosulphates were identified in
several samples. The precious metals mineralisation occurs
exclusively in the oxidized zones, which are characterized
by the lack of copper and other trace metals, typical of the
copper deposit,

» The oxidizing solutions dissolved the already formed
sulphides. Other metals were then transported together with
gold. A part of sulphides and hematite crystallized contem-
poraneously with the gold, as indicated by the presence of
Au in minerals from which native Au forms intergrowths,

* Highest-purity native Au crystallized in the sandstone and
in the bottom part of the Kupferschiefer. Up the sequence
electrum usually appears, a mineral characteristic for transi-
tional zones,

* When the oxidized zone is more extended vertically, the
higher is thickness of gold mineralized horizon, that also
hits carbonates. Contents of sulphides in the oxidized zone
usually does not exceed 0.5 wt.%.

» Between the oxidized zone and the copper deposit a nar-
row transitional zone exists, characterized by low content of
sulphides and the presence of precious metals,
 Recrystallization of sulphides displaced by oxidizing so-
lutions took place above the transitional zone. Particularly
high concentrations of sulphides are observed along the
boundary of transitional zone with the copper deposit,

* In the all studied zones veinlets and nests of coarse- crys-
tallize carbonates with sulphide minerals appear, represent-
ing the latest mineralisation stage,

* Organic geochemical studies clearly indicated its second-
ary oxidation. The amount of organic matter in the oxidized
zones decreased over 20 times, which supports the concept
of secondary oxidation of copper deposit. Carbon dioxide
was fixed by the formation of new generation of carbonates,
including collomorph varieties with hematite,

* Mineralogical studies revealed the presence of diversified
assemblage of precious metals minerals, which includes
many phases described for the first time from this deposits
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and many other, poorly known minerals which require fur-
ther studies.
* Microporobe analyses demonstrated the presence of:

— several selenides from which the most common are:
naumannite and clausthalite, and less frequent minerals of
compositions: Pb3Se, and AgSe,,

— nine Te minerals. Traces of Te in the ore are con-
firmed by the bulk chemical analyses (ICP),

— fourteen Pd-arsenides from which only five were al-
ready described in the literature,

— one Pt mineral only of approximate composition
Pd;Pt(AuAg);As,, which contains 11 wt.% Pt,

— two unknown natural alloys of approximate composi-
tions BiCu and Bi,Cu,

— seven new Pd-As-O phases of variable proportions
between elements,

— two selenides containing up to 1.3 wt.% Rh. This is
the only one reasonable accumulation of PGE members
other than Pd and Pt,

— important admixtures of precious metals in accompa-
nying Cu-sulphides, selenides, natural alloys and hematite.

All the results support the concept of the presence of
secondary, hydrothermal precious metals deposit, which
can be regarded as a new type: the red-bed-related precious
metals deposit. Characteristic features of this new type are:
discordant position of ore body in relation to lithology, di-
versified mineralogical and chemical compositions, local-
ization close to the redox boundary and close to the deep
fracture of the Odra River tectonic zone.
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