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Chemical and mineralogical analyses of individual detrital gold grains collected from recent channel-fill deposits of
Zeliszowski Creek, located between the towns of Lwowek Slgski and Bolestawiec, were made, together with determination of
the Au-bearing mineral assemblages and indication of probable source areas. The analysed gold grains have admixtures of
silver, mercury and copper. Numerous inclusions of ore minerals, mainly Cu, Hg selenides and Cu, Pb and Bi sulphides were
found in the detrital gold grains. These minerals are characteristic of Permian, Au-bearing, red-bed successions in the re-
gion, and of quartz veins of the Kaczawa Metamorphic Complex. This supports the hypothesis of a polygenetic origin for the
Lower Silesian alluvial gold-bearing deposits. The applied research methodology may be successfully used in polymetallic

%

ore deposit prospecting more generally.
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INTRODUCTION

Published mineralogical and chemical research into gold
grains from Polish Cenozoic placer deposits has mainly been
based on the particles’ morphology (shape, size, roundness,
surface textures) and on the mineralogical-petrographic com-
position of the Au-bearing sediments. This kind of research was
undertaken by Grodzicki (1963, 1964a, b, 1966, 1969), who
analysed gold-bearing deposits from the vicinity of Ztotoryja,
Mikotajowice-Wadroze ~ Wielkie and Lwowek  Slgski-
Bolestawiec. Such research helped reveal the complex and
prolonged genesis of the Sudetic gold-bearing deposits, which
was initiated in the Paleogene and continued into the Holocene
(Grodzicki, 1972, 1989, 1990, 1997, 1998, 2011).

Subsequent investigations, supplemented with chemical
analyses of gold grains, led to revision of models of the origin of
these Lower Silesian occurrences of detrital gold. So far, three
main types of source area for the local detrital gold have been
proposed:

1. red-bed type Permian Cu-polymetallic formation of the
North Sudetic Basin (Urbanski, 2010; Muszer, 2011;
Oszczepalski et al., 2011; Wierchowiec and Zielinski,
2017; Kania, 2018);
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2. quartz veins, mainly of the Kaczawa Metamorphic Com-
plex (Kania, 2018; Wierchowiec et al., 2021) and granite
gneiss of the Wadroze Massif (Grodzicki, 1966; Mikulski
and Wierchowiec, 2013; Wierchowiec et al., 2018);

3. adjacent rocks of the Izera-Karkonosze Block
(Grodzicki, 1963, 1969).

Furthermore, the local gold-bearing sands and pebbles
may also be enriched in gold grains which originally crystallized
in the primary Au-polymetallic deposits of Scandinavia
(Jeczmyk and Krzeminska, 1996; tuszczkiewicz and Muszer,
1999; Muszer, 2011). Some of the analysed gold grains were
also described as probably anthropogenic-type particles
(Wierchowiec, 2010, 2011; Muszer et al., 2016; Kania and
Muszer, 2017).

This study combines detailed chemical analyses with explo-
ration and identification of mineral microinclusions in gold
grains, especially of ore minerals. Such methodology has not
been previously applied to study of the Polish occurrences of
the detrital gold, although it was applied by British geologists
(Leake et al., 1995) investigating gold grains from Ecuador, the
Malay Peninsula, Borneo and Zimbabwe. Microinclusions were
also studied by Kelley et al. (2003), who used it in prospecting
for Au-bearing hydrothermal veins in French Guyana.

The chemical composition of gold grains and mineralogy of
the microinclusions can be used to determine conditions of gold
mineralization and to indicate the type of primary deposit.
Therefore, such research can be applied in prospecting for
Au-polymetallic deposits, often rich in other scarce metals like
silver, platinum, palladium, tellurium, bismuth and antimony.
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Fig. 1. Generalized geological map of the western part of the Lower Silesian Block without Cenozoic deposits (Geol.OG, modified)

Pt; — Upper Proterozoic, Cm, — Lower Cambrian, O — Ordovician, C1 — Lower Carboniferous, C, — Upper Carboniferous, Ps — Rotliegend,
Pz — Zechstein, Tp — Triassic (Bunter Sandstone), Kc+t — Cretaceous (Cenomanian and Turonian), K2 — Upper Cretaceous

METHODS AND MATERIALS

The fieldwork included collecting samples of gold-bearing
sediments and their simultaneous, preliminary concentration
on-site. The sampling site constituted recent channel-fill depos-
its of Zeliszowski Creek, which is situated in an area of the
gold-bearing sediments located between Lwéwek Slgski and
Bolestawiec towns (Figs. 1 and 2).

Sufficient gold grains were collected to allow detailed miner-
alogical and chemical studies, although determining the precise
content of gold in the analysed alluvial sediments was not
needed for this study. Samples were collected from places pre-
disposed to concentration of heavy minerals, such as cracks in
and spaces between boulders, cavities in the river bed and pot-
holes. MKG devices were used in exploration of the river bed
(Muszer et al., 2016; Kania, 2018; see also Kania, 2020 for fur-
ther details of all the methodology used).

The concentrate samples were subsequently pan-washed,
and the largest, macroscopically visible gold grains were recov-
ered. The rest of the material was sifted on a 2 mm mesh sieve,
then further prepared at the Department of Economic Geology
of The Institute of Geological Sciences (University of Wroctaw),
first using a concentration table (Wilfrey type) with multiple re-
processing. Diameters of isolated gold grains were measured
using a binocular microscope. The heavy mineral concentrate
obtained contained, other than native gold, grains of magnetite,
ilmenite, haematite, martite, rutile, anatase, goethite, zircon,
psilomelane, pyrolusite, minor cassiterite, monazite, garnet, ap-
atite, scheelite, wolframite, pyrite and individual grains of chal-
copyrite, bornite and covellite.

Polished sections were made from thus-isolated gold grains
mounted in epoxy raisin and subsequently were grinded and

polished. Struers materials were used: diamond discs (Piano
type) for grinding, and cloths (MD-Dur, MD-Mol MD-Nap with
dedicated solutions) for polishing.

The mineralogical and chemical composition was estab-
lished both of the epoxy-embedded gold grains and of the
microinclusions present within them.

Qualitative assessment of the grains’ morphology was
based on their cross-sections, to which a simplified DilLabio
(1991) classification was applied. Here, a pristine class is repre-
sented by irregular, angular grains, while a modified class in-
volves abraded grains with less well-marked features, that pre-
serve their original irregular outlines but with curved or locally
blunted edges. Grains subjected to a more intense abrasion are
classified as reshaped, where original features are totally
erased, to yield a regular, rounded shape.

To enable comparison of the gold grains’ shape (rounding,
irregularity) with their chemical and mineralogical composition
(alloys, inclusions), an original procedure was additionally ap-
plied. This method is based on an outline development index (K
index), defined as the relation of the length of a particular grain’s
outline to the length of circumference of a circle of an area equal
to that of the analysed grain (Kania, 2020). A gold grain migrat-
ing in sediments is originally irregular, and becomes progres-
sively rounded (Hérail et al., 1990; DiLabio, 1991; Loen, 1995;
Wierchowiec, 2002; Kelley et al., 2003; Townley et al., 2003).
Therefore, the relation between that grain’s outline and the area
of its cross-section steadily decreases (Kania, 2020). The K'in-
dex is used in environmental sciences to calculate degrees of
lakeshore development (Mizerski and Zukowski, 2007;
Choinski, 2007). It can be adopted in mineralogical investiga-
tions to provide an objective evaluation of grain shape and to
enable further comparative and statistical analyses.
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Fig. 2. Location of the sampling site, with simplified geological map and relief map (compiled after Grocholski, 1956; Milewicz,
1959; Grodzicki, 1969; Cymerman et al., 2009, 2012; Badura, 2013; Przybylski and Ihnatowicz, 2013)

The parameters required to calculate the K index were mea-
sured on BSE images of the gold grains, which are character-
ized by a high contrast between the particles and the back-
ground. To provide the measurements, Surfer® software was
used. The outlines of the grains were defined in the form of poly-
gons, with vertices located at an average distance of 77 nm.

To establish the phase composition of Au alloys and make
preliminary identifications of mineral inclusions, the gold grains
were observed in reflected light, using a universal Nikon Eclipse
LV100 POL microscope. Observations of microinclusions finer
than 10 um were viable due to the use of a digital display cou-
pled with the microscope. This set of devices enabled total
magnification of up to 2500x.

The results of the diagnostic analyses in reflected light were
always verified by means of EDS analyses, performed in the
Laboratory of Electron Microscopy of the Wroctaw Research
Centre EIT+, using a FEI Quanta SEM with SDD Bruker XFlash
EDS detectors. The methodology of the EDS analyses is de-
scribed in detail in the Appendix 1

GEOLOGICAL SETTING

The area of the sampling site comprises unlithified deposits
of the younger Cenozoic, from Oligocene to Holocene, as de-
scribed below. These directly overlies the Mesozoic basement,
which outcrops occur in the entire study area and is repre-
sented by various sedimentary rocks, from Permian to Creta-
ceous age, though lacking the Jurassic (Fig. 2).

The Mesozoic strata are underlain by the rocks of the
Kaczawa Metamorphic Complex (KMC), also called the
Ztotoryja-Luboradz Unit (Baranowski et al., 1990) or the
Kaczawa Schist-Greenstone Fold Belt (Zelazniewicz et al.,
2011). The Belt is composed of Paleozoic volcanic-sedimen-
tary rocks, metamorphosed during the Variscan orogeny. This
complex is bounded to the south-west by the Intra-Sudetic
Fault, on the north, to the east by the Odra Dislocation Zone,
and to the south by the Strzegom-Sobdtka Granite Massif and
the Sleza Massif (Zelazniewicz et al., 2011). The Belt extends
to the west, beyond the Polish-German border, passing into the
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Zgorzelec Phyllitic Fold Belt (Baranowski et al.,
Zelazniewicz et al., 2011).

The KMC'’s evolution can be divided into two phases.
Firstly, a pre-orogenic phase comprised initial (Cambrian-Ordo-
vician) and mature (Silurian-Early Carboniferous) stages of
oceanic crust formation. Secondly, there was the Variscan
orogeny, when the Kaczawa Complex was deformed and al-
tered, mainly in greenstone facies conditions (Furnes et al.,
1994; Kryza, 2008).

The Variscan massif of the Kaczawa Complex was rebuilt
during the Asturian phase, having undergone subsidence
caused by NNE-SSW crustal stretching. In the western part of
the stretched Variscan basement a sedimentary basin formed,
the beginning of the North Sudetic Basin development
(Baranowski et al., 1990; Karnkowski, 1999; Solecki, 2008).
The basin is filled with unaltered, weakly tectonically disturbed
sedimentary rocks dating from the Upper Carboniferous to the
Upper Cretaceous. Sedimentation was brought to an end by
the Laramian phase of the Alpine orogeny (Baranowski et al.,
1990; Solecki, 2011).

Initially, in the Late Carboniferous, this Basin formed as a
number of isolated fault troughs, filled by the products of ero-
sion of the surrounding Variscan basement highs (Mastalerz
and Raczynski, 1993; Solecki, 2008). Lithified clastic rocks
comprise the sedimentary succession of the Upper Carbonifer-
ous-Lower Permian, in typical Rotliegend facies (Gorecka,
1970; Baranowski et al., 1990; Solecki, 2008). During the
orogenic movements of the Saalian phase renewed volcanism
took place (Kozlowski and Parachoniak, 1967; Kiersnowski et
al., 1995). Around the end of the Early Permian, the isolated
fault troughs amalgamated into one, extensive sedimentary ba-
sin (Sliwinski et al., 2003).

Simultaneously, the late Carboniferous to early Permian
witnessed the formation of the gold-bearing polymetallic quartz
veins of the KMC, known mainly from the area of Radzimowice,
Klecza-Radomice, Nielestno-Pilchowice, and Wielistaw Zioto-
ryjski. This hydrothermal mineralization was generated by local
magmatic and volcanic phases, from the Bashkirian to the
Artinskian (Mikulski, 2007a, c; Mikulski and Williams, 2014).

The Zechstein marine transgression resulted in a thick se-
quence of evaporitic deposits: metal-bearing marls, limestones,
dolomites, anhydrites and sandstones (Baranowski et al., 1990;
Solecki, 2008, 2011). The evaporites represent PZ1, PZ2 and
PZ3 cyclothems (Raczynski, 1997; Sliwinski et al., 2003). Con-
tinental sediments of the Buntsandstein were deposited after
the Zechstein regression. Marine sedimentation was re-estab-
lished locally in part of the basin during the Middle Triassic and
continued during the Late Triassic (Baranowski et al., 1990;
Solecki, 2008, 2011). A further marine transgression occurred
in the Cenomanian. As a result, a thick (~600 m) succession of
sedimentary rocks accumulated (Baranowski et al., 1990). To-
wards the top of the Cretaceous succession, the deposits be-
come finer, from Cenomanian conglomerates and sandstones,
through Turonian and Coniacian sandstones, to Santonian
continental clays and clayey sandstones, interbedded with
brown coal seams (Milewicz, 1997; Solecki, 2008, 2011).

The Laramian tectonic activity around the Creta-
ceous-Paleogene boundary resulted in a change of a tectonic
regime from tensional to compressive (Solecki, 1995, 2011). In-
version of the sedimentary basin led to development of the
North Sudetic Basin. Regional NNE-SSW and NE-SW com-
pression produced tectonic structures such as Wlen and
Swierzawa troughs, and Leszczyna and Bolestawiec synclines
(Baranowski et al., 1990; Solecki, 2011).

1990;

In the Cenozoic further subsidence and sedimentary depo-
sition took place (Solecki, 2008). In the Oligocene gravels were
deposited, and in the Miocene sands, gravels, clays and muds
with a few lignite seems (Grocholski, 1956; Milewicz, 1959;
Grodzicki, 1969, 1998), in the Miocene and Pliocene, kaolinic
sands and gravels accumulated (Baranowski et al., 1990).
Meanwhile, around the Paleogene-Neogene boundary, basaltic
volcanism developed (Birkenmaijer et al., 1977; Baranowski et
al., 1990; Solecki, 2008). During the Pleistocene preglacial
gravels and postglacial sediments of the South Polish (Mindel)
and Mid-Polish (Riss) glaciations were deposited. The Pleisto-
cene fluvioglacial and alluvial, Holocene alluvial and
anthropogenic deposits represent the youngest strata in the
study area (Baranowski et al., 1990).

OCCURRENCE OF THE GOLD ORE
MINERALIZATION IN THE STUDY AREA

In the study area and its vicinity, gold mineralization has
been found in two settings. Locally, higher contents of Au occur
in deposits that overlie epi-Variscan and Cenozoic strata; these
result from a range of deposit-forming processes and include
red-bed formations and unlithified gold-bearing sediments.

Gold mineralization is observed in stratabound, polyme-
tallic, red-bed Permian strata across a large area of the North
Sudetic Basin. Initial reports were limited to the ,0ld copper dis-
trict” mining area. The presence of Au traces within local
Cu-bearing marls was shown by Konstantynowicz (1971),
whilst Kucha et al. (1982) determined the content of gold in ore
samples from the Konrad Mine as 4-10 ppm and indicated na-
tive silver as a main Au-bearing mineral (Oszczepalski et al.,
2011). Gold prospecting in the North Sudetic Basin was ex-
panded in the 1990s to the Rotliegend-Zechstein contact zone
(Speczik and Wojciechowski, 1997; Wojciechowski, 1998,
2001, 2011; Oszczepalski et al., 2011).

Gold within the superficial sedimentary rocks of the Basin
was best characterized around Nowy Kosciét. Conglomeratic
sandstone of Rotliegend age forms the lowest part of the local
Cu-bearing succession, above which are Lower Zechstein car-
bonates (Basal Limestone), then mottled marl, Cu-bearing marl
and Pb-bearing marl. These are overlain by karstic limestones
with cavities filled with residual rock material: breccia, calcite
and clay minerals. The Upper Zechstein clastic rocks, repre-
sented by metalliferous claystones and red sandstones, consti-
tute the uppermost part of the profile (Romaniec and Janiec,
1957; Wojciechowski, 2001).

A two-part structure is characteristic of the polymetallic
red-beds in Poland. The upper part of the metal-bearing profile
is represented by sedimentary rocks formed in a reducing envi-
ronment, and the lower part by oxidized deposits. According to
Konstantynowicz (1965) and Skowronek (1968), the oxidized
zone is of primary, synsedimentary origin, though more recent
studies (Oszczepalski, 1989, 1999; Oszczepalski and
Rydzewski, 1995, 1997; Piestrzynski et al., 1997, 2002;
Speczik et al., 1997, 2003; Kucha and Przybytowicz, 1999;
Piestrzynski and Wodzicki, 2000; Oszczepalski et al., 2011)
suggest that it has a post-sedimentary origin, with oxidation of
rocks originally deposited in reducing conditions. Its character-
istic red colour is due to hematite and Fe hydroxides as both
grains and components of the cement (Rentzsch and Langer,
1963; Skowronek, 1968; Oszczepalski, 1989; Oszczepalski
and Rydzewski, 1995 vide Oszczepalski et al., 2011). A transi-
tional redox zone is characterized by a gradual colour change
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from red to grey. Within this zone Fe oxides coexist with
Cu-bearing sulphides: covellite, bornite, pyrite, chalcopyrite, of-
ten replaced by haematite.

The boundary between the oxidized and reduced zones is
discordant in the strata of the North Sudetic Basin. The redox
front is generally located within the marls, and locally involves
the underlying Basal Limestone (Oszczepalski et al., 2011).
The two-fold structure of the polymetallic succession is a conse-
quence of its geochemical diversity: lead and silver are concen-
trated within the reduced zone, while deeper transition and oxi-
dized zones are enriched in noble metals such as gold and
PGEs. Au content in the oxidized zone is higher than that in the
reduced and transition zones by one to nearly three orders
(Oszczepalski et al., 2011).

Gold concentrations within the Rotliegend-Zechstein con-
tact zone are much higher in the area of the Fore-Sudetic
Monocline than in the North Sudetic Basin (Oszczepalski, 2007;
Oszczepalski et al., 2011). Around Lwoéwek Slaski it reaches
18—40 ppb, while within Permian sedimentary rocks located
along the southern edge of the Basin it does not exceed 100
ppb (Wojciechowski, 2001). There is a gold-bearing horizon,
0.6 m thick, located within Permian strata in the area of Nowy
Koscidt, enriched with Au up to 5.19 ppm. This higher concen-
tration of gold coexists with a positive anomaly of Hg and F (up
to 4.4 ppm and 0.12 wt.%, respectively). The local Au-bearing
horizon comprises a sandy - argillaceous interval that separates
conglomeratic sandstones from the Basal Limestone. The gold
here was identified only by chemical methods, apparently in a
form of adsorbate on Fe and Mn oxides and within pore spaces
combined with haematite (\Wojciechowski, 2001).

Cenozoic gold-bearing deposits constitute the second type
of the gold ore in the study area, having one of the highest gold
content amongst unlithified deposits in Poland. They occur as
isolated layers, which extend from Bozejowice, Nowe
Jaroszowice and t.aziska in the north to Dworek and Sobota in
the south (Domaszewska, 1964; Grodzicki, 1969). Grodzicki
(1998, 2011) distinguished four phases of their development.
He indicated that the Oligocene-Neogene strata are the oldest
that are genuinely Au-bearing and that the younger deposits
(preglacial, Pleistocene and Holocene) were formed due to
washing of the older ones. The deposits created during the first
two phases are characterized by a significantly higher amount
of native gold, of up to 15 g/t in places (Quiring, 1913, 1914;
Schumacher, 1924; Grodzicki, 1963, 1969).

The Oligocene-Neogene phase occurred under warm and
humid climatic conditions. The gold-bearing source rocks un-
derwent intense mechanical erosion, to form eluvial - deluvial
covers of gravel and sand. The gravels and sands contain im-
purities and interlayers of argillaceous — loamy material with
higher Au concentrations (Grodzicki, 1966, 1998). According to
Grodzicki (1972, 1998) the Oligocene-Neogene phase is repre-
sented by part of the alluvial white and yellow quartz gravels
and sands occurring north of Lwéwek Slaski. In the area of
Wiodzice these >4 m-thick deposits directly overlie lithified
basement composed of Upper Cretaceous sandstones
(Grodzicki, 1969). The gold grains appear in the form of yellow
scales, flakes and wires with a red coloration, mostly <0.5 mm in
size (Grodzicki, 1969, 1998).

The second, preglacial phase includes the Upper Pliocene
and the Lower Pleistocene. Alpine (Rodanian and Wallachian)
orogenic tectonic processes and climate cooling intensified flu-
vial erosion. Partial washout of older gold-bearing deposits oc-
curred east of Lwéwek Slgski and north-east of Ztotoryja. The
redeposited sediments are characterized by considerable
petrographic and mineralogical variety, with co-existence of
pebbles and minerals of varying resistance to abrasion and

chemical weathering. The content of less weathering-resistant
minerals is higher than in the Oligocene-Neogene deposits,
while native gold occurs in trace amounts (Grodzicki, 1963,
1972, 1998).

Pleistocene climate cooling led to suppression of chemical
weathering of the gold-bearing source rocks. With reduced
weathering, there was impoverishment of the Pleistocene de-
posits in gold. Higher concentrations of native gold occur only
within the postglacial deposits of the South Polish glaciation
(Mindel), enriched via reworking of older Au-bearing deposits
(Grodzicki, 1963, 1998).

According to Grodzicki (1963) Holocene gold-bearing sedi-
ments are composed of both Au grains redeposited from older
deposits and deposited directly from currently eroded source
rocks. The average content of native gold within the contempo-
rary alluvium of the Kaczawa river basin is 0.02 g/t. The main
mineral components of the Holocene deposits of the Ztotoryja
area are quartz grains, porphyry and quartzite clasts, and minor
amounts of crystalline schist, phyllite, amphibolite and granite.
The heavy mineral composition is dominated by epidote, mag-
netite, iimenite, leucoxene, zircon and rutile, minor amounts of
garnet, kyanite, hornblende, tourmaline and haematite. Grains
of anatase, sphene, topaz, chrysoberyl and corundum coexist
with native gold in trace amounts (Grodzicki, 1963).

RESULTS

MORPHOLOGY AND CHEMICAL COMPOSITION

Fourteen gold grains were selected for detailed mineralogi-
cal-chemical study. The gold grains from the Zeliszowski Potok
sediments are mostly of modified type sensu DiLabio (1991).
They are characterized by dendritic, partially rounded shapes
(grains Z-1, Z-6, Z-11, Z-12), and numerous overgrowths and
voids after rock-forming minerals (Z-2, Z-3, Z-13). The Z-8 gold
grain is characterized by the highest K index value with its irreg-
ular, dendritic shape, typical of pristine grains. Single, discoidal
reshaped grains with elongated outlines (Z-9, Z-10) also occur
(Fig. 3). The K index values vary from 1.13 to 5.83, although
most common are particles with the index value ranges of 1-2
and 2-3 (average value 2.85). Even within the group of grains
with rounded corners suggesting heavy abrasion (such as Z-4,
Z-5and Z-11), the K indices are varied and reflect the presence
of the discrete forms of grain morphology, such as cavities,
bends, folds, cracks, dissolution pits and canals.

The grains analysed vary in circumference from 15 to al-
most 800 uym, with an average diameter of 295 uym. Grains of
100-200 pm in size occur most frequently. Microinclusions of
rock-forming minerals (mainly clay minerals and quartz, excep-
tionally feldspars, zircon and calcite) were found inside most ex-
amined grains, and microinclusions of ore minerals (sulphides
and selenides) only in two of them.

Silver, copper and mercury were present within the gold
grains. Silver is the most common admixture, its content not ex-
ceeding the first metastable phase (22—-38 wt.%), which formed
i.a. a multiphase Z-8 amalgam (Fig. 4). In structure and ele-
mental distribution this 150 um particle is similar to the bimodal
gold grains distinguished by Wierchowiec and Zielinski (2017).
The core of the grain is composed of a metastable phase, while
the rim is composed of a native gold phase, often porous; the
contact between the phases is always sharp. Mercury is limited
to the metastable phase. Although grain Z-8 is devoid of ore
mineral microinclusions, its angular shape and multiphase
structure are features indicating the natural origin of this type of
amalgam (Kania and Muszer, 2017).
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Fig. 3. Outlines of the gold grains prepared for the detailed analyses, relative to the calculated K index values
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Au 95.97-98.97 wt.%
Ag 1.03-4.03 wt.%

-

Au 59.74-78.17 wt.%
Ag 2 33.56 wt.%
-6.95 wt.%

Fig. 4. The Z-8 multiphase amalgam

A —image in reflected light; B — BSE image; C — silver distribution: green, yellow, up to red
colours indicate the higher concentration of Ag

Au 86.22 wt.%
Ag 13.78 wt.%

Fig. 5. The single-phase Z-6 gold grain with edges impoverished in silver

A — image in reflected light; B — BSE image with the marked profile of the linear analyses
(results in Fig. 6); C — silver distribution: green colour indicates the higher concentration of Ag
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Fig. 6. Linear analyses of the Au and Ag contents within the Z-6 gold grain
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Among the examined gold particles there are no rounded
grains with well-developed spongy structure, which are the
characteristic features of anthropogenic amalgams (Leake et
al., 1995; Kelley et al., 2003; Muszer et al., 2016; Kania and
Muszer, 2017).

The distribution of silver within the most examined grains is
often variable, though the phase compositions is stable, with Ag
contents not exceeding 15 wt.% in any of the points analysed.
Enrichments in silver are present both in central and outer parts
of the grains, locally marked by distinct boundaries (Fig. 5).

Au 100 wt.%

C

§ ."::"*
" ‘ ..,p‘”:

The copper content within the gold grains does not gener-
ally exceed 1 wt.%, though in one case it reaches 22.42 wt.%.
The gold significantly enriched in copper (<17.44 wt.%) occurs
within the Z-2 gold grain as individual rounded phases, finer
than 1 ym. The phase locations have no spatial relation to the
silver distribution (Fig. 7) and are distinguished by their charac-
teristic reddish/pinkish colour (Fig. 8). Their Au:Cu ratio varies
between 1:1 and 1.5:1 and corresponds to the tetraaricupride
phase CuAu. No microinclusions of ore minerals were identified
within the Z-2 grain.

Au 85.65 wt.%

L

Ag 13.73 wt.%
Cu 0.62 wt.%

Fig. 7. The cupriferous Z-2 gold grain

A — image in reflected light; B — BSE image with the marked profile of the linear analyses
(results in Fig. 9), q - quartz; C -—silver distribution: green, yellow, up to red colours indicate
the higher concentration of Ag
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Fig. 8. Phases of cupriferous gold of tetraauricupride composition within the Z-2 gold grain, reflected light

1

80

W
Ag
.

204

Fig. 9. Linear analyses of Au, Ag and Cu contents within the Z-2 gold grain

Location of the profile in Figure 7
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Au 95.21-99.07 wt.%
Ag 0.93-4.47 wt.%
Cu 0.00-0.32 wt.%

Au 86.13-87.57 wt.%
Ag 12.43-13.87 wt.%

Fig. 10. The ore-bearing Z-1 gold grain

A — image in reflected light; B — BSE image, marked location of the sections; C — silver
distribution: green, yellow, up to red colours indicate the higher concentration of Ag

MICROINCLUSIONS

Ore mineral inclusions were identified in the two of the gold
grains, and one further grain with a polycrystalline, granular ag-
gregate was found. The ore-bearing gold grains are composed
of the homogeneous native gold phase.

The Z-1 gold grain previously described by Kania and
Muszer (2017) remains the richest in microinclusions among all
the grains examined (Fig. 10). It has a diameter of 105 ym. Sil-
ver occurs in amounts up to 13.87 wt.%. Numerous fine
microinclusions appear throughout the grain. They include

- 4
e
= ’
- 4 > » J
) Hg selenide
“ (tiemannite?)
Cu sulphide el
(covellite?)
Z40 v
' 8
J
-~ -
> .7 2
4 ‘ . - .
a /
- & ‘ F-
N L 5‘pm ]
' » . l‘ 1

Fig. 11. Enlargement of section A — inclusions of tiemannite and covellite compositions
within the Z-1 gold grain

BSE image with the marked location of the analysed points (the results in the Appendix 1),
the location of the zoomed section in Figure 10
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8
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Fig. 12. Enlargement of section B — inclusions of selenide composition within the Z-1
gold grain

BSE image with the marked location of the analysed points (the results in the Appendix 1),
the location of the zoomed section in Figure 10

selenides of tiemannite composition, several Cu selenides of
klockmannite-athabaskaite-umangite series compositions, a
single Ag-Cu-Au selenide of fischesserite composition, covellite
and a diphase inclusion of klockmannite-covellite composition.
Hipautomorphic tiemannite, a xenomorphic overgrowth of
klockmannite and covellite and automorphic athabaskaite and
fischesserite form the largest inclusions with diameters of
>1 um, up to 5 ym (Figs. 11 and 12). The remaining ore miner-
als identified form xenomorphic microinclusions (Fig. 13). The

“Cu selenide o
.(Umangite?) . -
AKX ) L et
e’ “Cu selenide
T e _(k}ckmannite?) y

ZA NI
K Cu selenide
. (kKlockmannite?) -

] Z-1.VI!I
-3y

AL
_Cu selenide . -
(athabascaite?)
8N 57

grain is composed of the native gold phase with additions of sil-
ver and copper of up to 13.87 and 0.32 wt.%, respectively
(Fig. 10). Repeated point analyses, performed after the re-pol-
ishing of the grain, excluded the presence of mercury within the
gold alloy (Kania and Muszer, 2017). Its presence was most
likely connected with subsurface, imperceptible microinclusions
of Hg-bearing ore minerals such as the Hg selenide
(tiemannite?) described.

Cu selenide
(athabascaite?
—umangite?)
Z1.VII

Fig. 13. Enlargement of section C — inclusions of selenide composition within the Z-1
gold grain

BSE image with the marked location of the analysed points (the results in the Appendix 1),
the location of the zoomed section in Figure 10
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Fig. 14. Enlargement of section D —

inclusions of selenide composition within the Z-1

gold grain

BSE image with the marked location of the analysed points (the results in the Appendix 1),
the location of the zoomed section in Figure 10

Z-11, the other ore-bearing gold grain (Fig. 15), is 450 ym in
diameter and contains two overgrowths of automorphic bis-
muthinite with hipautomorphic covellite composition. The first of
the bismuthinites is cut along the short axis (Fig. 16), and the
second along the long axis of the crystal reaching a length of
4 um (Fig. 17). The covellites are up to 1 ym in size. In addition,
a hipautomorphic, 2 ym galena particle occurs within the Z-11
gold grain (Fig. 18).

A unique polycrystalline aggregate was found inside the
300-micrometre Z-3 gold grain (Fig. 19), co-created by numer-
ous quartz grains measuring from 5 to 80 um in diameter, alkali
Na-K feldspars (up to 30 ym) and a single zircon grain. All these

A

rock-forming minerals are angular and free from visible signs of
the surface abrasion. They are cemented by Fe hydroxides
characterized by their rusty colour, visible in reflected light
(Fig. 19A). These iron compounds constitute a relict of primary
ore mineralization.

DISCUSSION
Both the chemical composition of the gold grains and the

mineralogical composition of the microinclusions indicate a
likely connection between the detrital gold occurrences of the

section C

N el ey

N

section A -

Fig. 15. The ore-bearing Z-11 gold grain

A —image in reflected light; B — BSE image, the marked sections (zoomed sections in Figs.
16-18); C — silver distribution: green, yellow, up to red colours indicate the higher
concentration of Ag
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Cu sulphide/

(covellite?)
Z-11.1

\ Bi sulphide

(bismuthinite?)
Z-11.1

5

20 ym

Fig. 16. Section A — overgrowth of Cu and Bi sulphides within the Z-11 gold grain

BSE image with the marked location of the analysed points (the results in the

the location of the zoom

Kaczawa Foothills, the Au-polymetallic mineralization of the lo-
cal Permian sedimentary rocks and the quartz veins of the
Kaczawa Metamorphic Complex. Evidence for this comprises
the coexistence of multiphase amalgams and copper-bearing
gold grains, the presence of the Cu- and Hg-bearing selenide
inclusions, and Cu-Pb-Bi sulphides.

The multiphase amalgams from the Zeliszowski and the
Jamna Creeks ( ) and the
bimodal gold particles from the vicinity of Grodziec
( ) are characterized by a simi-

Bi sulp
(bismuth
Z-11.

ed section in

lar structure and phase composition. The presence of mercury
as well as the Z-8 grain’s pristine shape are indicators of its brief
transport. According to , mer-
cury occurrence within gold minerals indicates a late, epither-
mal stage of their crystallization in the source rock. The Au-Ag
amalgams were formed by the recrystallization of the original
Au-Ag-Pd minerals under the influence of low-temperature
Hg-bearing solutions.

Moreover, the multiphase amalgams obtained from the

Jamna ( ) and Zeliszowski Creeks reveal a similar
hide
inite?)
I\

Cu sulphide

(covellite?)
Z-11.11

Fig. 17. Section B — overgrowth of Cu and Bi sulphides within the Z-11 gold grain

BSE image with the marked location of the analysed points (the results in the

the location of the zoomed section in
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Pb sulphide
(galena?)
Z-11.V

Q —

Fig. 18. Section C — an inclusion of Pb sulphide (galena?) within the Z-1 gold grain

BSE image with the marked location of the analysed point (the results in the Appendix 1), the
location of the zoomed section in Figure 15

structure and phase composition to the Hg-bearing electrum
from the cupriferous Zechstein Boundary Dolomite identified in
the Polkowice Mine. Within this electrum, described by
Piestrzynski et al. (2002) and Piestrzynski and Pieczonka
(1998), the first occurrence of rare tetraauricupride CuAu in Po-
land was identified. Numerous fine phases with an atomic
Cu:Au ratio close to one have been also found within the Z-2
gold grain from Zeliszowski Creek (Fig. 8), which may be the
second occurrence of tetraauricupride in Poland.

Au 98.92 wt.%
Ag 1.08 wt.%

-

The red to pink shade of the gold grains, characteristic of
Au-Cu alloys of both natural and artificial origin (Saeger and
Rodies, 1977; Cretu and Lingen, 1999), should be also attrib-
uted to the Cu-polymetallic mineralization in the Permian suc-
cession. Numerous detrital occurrences of reddish and pinkish
gold grains have been described in the vicinity of Lwowek
Slgski, Bolestawiec and Ziotoryja (Grodzicki, 1963, 1969;
Muszer, 2011).

SES==SAU 100,00 wt %

Fig. 19. The Z-3 gold grain with a polycrystalline aggregate of rock-forming minerals

A —image in reflected light; B — BSE image: q — quartz, fsp — Na-K-Ca feldspars, zr — zircon;
C - silver distribution: green, yellow, up to red colours indicate the higher concentration of Ag


https://doi.org/10.1007/BF03214796
https://doi.org/10.1007/s00126-002-0256-9
https://doi.org/10.1007/BF03216519
https://doi.org/10.1007/BF03216519

Marcin Kania / Geological Quarterly, 67: 12 15

The mineral composition results obtained for the
microinclusions indicate additional source areas for the detrital
gold analysed from the Permian red beds. The inclusions are
represented by an epithermal assemblage of ore minerals (es-
pecially selenides), previously identified in heavy mineral con-
centrates from Holocene alluvial deposits from around Lwéwek
Slgski (Muszer, 2011). Scarce selenides and Se-bearing
sulphides from the Lower Silesian copper deposits were de-
scribed by Kanasiewicz (1964, 1966, 1967), whilst Pieczonka et
al. (2008) and Pieczonka and Piestrzynski (2011, 2015) charac-
terized various selenides occurring in the secondarily oxidized
parts of the Permian Cu-polymetallic deposits.

However, the origin of the detrital gold present in the
Zeliszowki Creek sediments seems not as clear as in the case
of the gold grains from the Grodziec area (Wierchowiec and
Zielinski, 2017) and Jamna Creek (Kania, 2018). Nowadays
there are no outcrops of the metalliferous Rotliegend-
Zechstein contact zone in the vicinity of the Zeliszowski Creek.
The nearest potential source rocks of this type occur 10 km
south, up the Bébr River. In this case, the most likely direct
source area of these gold grains is represented by local
Oligocene quartz gravels (Fig. 2). According to Grodzicki
(1969), these are the richest gold-bearing deposits of the
Lwoéwek Slaski-Bolestawiec area, formed by redeposition of
eroded adjacent Permian, Triassic and Cretaceous strata.
Therefore, the source area of the gold grains does not have to
be limited to the the present Permian outcrops (Speczik and
Wotkowicz, 1995). Part of the gold-bearing source rocks that
formed originally within the North Sudetic Basin was apparently
elevated during the Laramian phase. In elevated parts of the
Epi-Variscan orogen, gold-bearing clastic rocks underwent ero-
sion and provided detritus to form younger, unlithified alluvial
deposits. According to Oszczepalski et al. (2011), the Au-bear-
ing Permian sedimentary rocks were originally deposited in the
area of the present-day Fore-Sudetic Block.

Probably, the source areas of the Au-bearing alluvial sedi-
ments of the Zeliszowski Creek were not confined to the
Cu-polymetallic Permian deposits of the North Sudetic Basin.
Local Oligocene quartz gravels may also have been sourced

from weathered Au-bearing hydrothermal veins of the KMC
(Urbanski, 2010); this seems probable in view of the composi-
tion of the microinclusions and their host gold grains described
in this paper. The occurrence of bismuth minerals in associa-
tion with gold is similar to the mineralization of the polymetallic
veins that occur around Radzimowice and Klecza-Radomice
(Mikulski, 2005, 2007a, 2014).

The Na-K feldspar, quartz and Hf-bearing zircon composi-
tion of the aggregate found within the Z-3 gold grain (Fig. 19)
suggests yet another origin for this particle. Hafnium is a com-
mon impurity of zircons because of the similar ionic radii of Hf
and Zr atoms (Shannon, 1976; Bau, 1996). Consequently,
these elements show close geochemical affinity and can re-
place each other within a mineral due to isovalent diadochy
(Polanski and Smulikowski, 1969; Polanski, 1988). Therefore,
both the presence of the hafnium within this zircon and its con-
centration are of significance here.

Hafnium occurs in nature ~40 times less frequently than zir-
conium (Polanski, 1988), and its concentration in zircons rarely
exceeds 3 wt.% (Table 1). In general, the outer, late-crystallized
parts of zircons are richer in Hf than the inner parts (Wang et al.,
2010). Hafnium shows a greater predisposition to concentrate
within acid rather than basic igneous rocks (Brooks, 1970;
Condie and Lo, 1971; Cerny et al., 1985). The highest Hf con-
tents are found within post-magmatic rocks, especially in
pegmatites (Polanski and Smulikowski, 1969; Polanski, 1988).
Values of the Zr/Hf ratio of zircons from igneous rocks amount
to 40 (Polanski, 1988). According to Wang et al. (2010), this ra-
tio varies between 4.9 and 104.5 with a mean of 39.4. By com-
parison, the Zr/Hf value is ~25 for pegmatite zircons (Polanski,
1988), while according to Gbelsky (1979), Cerny et al. (1985)
and Wang et al. (1990) it does not exceed 20 (with a Hf content
of 2 to over 28 wt.%). Tables 1 and 2 show Zr/Hf ratio values
and contents of Hf from zircons originating in various rock
types. Compared to these, the zircon inclusion from the Z-3
gold grain is characterized by a particularly high hafnium con-
centration. A point analysis made in the middle of the zircon
crystal indicated a content of 8.49 wt.% Hf, with a Zr/Hf ratio of
6.06. The outer rims of the zircon are enriched in hafnium,

Table 1
Hafnium contents in zircons from the various rock types
Author Origin of the zircons examined Hf [wt.%]
Alluvial deposits of Skora (Pielgrzymka) 2.37-3.20
Alluvial deposits of Szreniawa (Kopacz near Ziotoryja) 2.89-2.99
Alluvial deposits of Wierzbiak (Strachowice) 2.37-3.70
Alluvial deposits of Jamna (Lupki) 2.69-3.57
Author's own analyses | Alluvial deposits of the Zeliszowski Creek (excluding the zircon grain from the Z-3 gold grain) 2.54
Alluvial deposits of Kraszéwka (Kraszowice) 1.19-2.86
Alluvial deposits of the Chrésnicki Creek (Nielestno) 3.38-3.67
Alluvial deposits of Olszanka (Wojcieszow) 0.92
Zircon from the Z-3 gold grain (Zeliszowski Creek) 8.49
Kimberlites (Russia, South Africa, Australia) 0.57-2.3
Lamproites (Australia, Ukraine) 0.79-1.3
Carbonatites (Australia, Russia) 0.79-1.27
Basalts (Australia, Thailand, Cambodia) 0.53-0.83
Dolerites (Ukraine) 0.87-1.03
Belousova et al. (2002) Granitoids (Australia, Ukraine) 0.65-3.07
Syenites (Canada, Norway) 0.59
Larvikites 0.86—-1.31
Syenitic pegmatites (Norway) 0.68-1.92
Nephelinitic — syenitic pegmatites (Norway) 1.16-2.79
Morawiecki (1962) Ti-, Zr-bearing sands (Guinea) >25
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Table 2
Zr/Hf ratios in zircons from various rock types

Author Origin of the zircons examined Zr/Hf
Alluvial deposits of Skora (Pielgrzymka) 17.04-24.27
Alluvial deposits of Szreniawa (Kopacz near Ztotoryja) 19.46-20.24
Alluvial deposits of Wierzbiak (Strachowice) 14.95-24.88
Alluvial deposits of Jamna (Lupki) 15.58-21.69

Author's own analyses (exclucfi:;\/ti:; iﬁzgiitgrg:nzsgfnz?&sg-grgec:all(j grain) 23.04
Alluvial deposits of Kraszéwka (Kraszowice) 19.08-24.51
Alluvial deposits of the Chrésnicki Creek (Nielestno) 15.08-16.31

Alluvial deposits of Olszanka (Wojcieszow) 24.1

Zircon from the Z-3 gold grain (Zeliszowski Creek) 6.06
Burda (2005) Migmatites of Smreczynski Wierch (Tatra Mts.) 33.9-57.15

Murtezi and Kryza (2001) Crystalline schists of Czarnéw (Rudawy Janowickie) 24.0-44.0

therefore, it seems reasonable to infer a higher total concentra-
tion of Hf within the whole grain. Such hafnium-rich zircons
crystallize from acid, postmagmatic solutions, probably as min-
eral components of granitoid pegmatites, less likely of syenitic
ones.

Well-known gold-bearing pegmatites near to the sampling
site occur within the Karkonosze Granite Massif. Mikulski
(2007b) found, in the pegmatite of the Michatowice quarry, crys-
tals of native gold associated with haematite, galena, sphalerite
and U-Th minerals. Koztowski (2011a) identified, in the several
Karkonosze pegmatites, scarce Au mineralization represented
by several crystals of native gold, the largest being 2 mm in di-
ameter; he suggested also that veins richer in gold could origi-
nally have occurred within the currently eroded parts of the
Massif.

A Scandinavian origin for the “pegmatite-type” Z-3 gold
grain should also be considered. There are ~100 documented
Au-polymetallic ore deposits located on the Fennoscandian
Shield, represented by various genetic types (Sundblad, 2003).
Koztowski (2011b) described quartz pebbles with gold mineral-
ization from the Western Pomerania coast. He suggested that
the Au-bearing sediments could have been transported by a
Scandinavian continental glacier from the territory of pres-
ent-day Scandinavia and deposited south of the Baltic Sea. The
Kaczawa Mountains and its Foothills were reached by the
South and Middle Polish glaciations (Lindner, 1988; Marks,
2005; Marks et al., 2016). According to Muszer and Cwiertnia
(2018), the grains of native gold from the Mata Panew (right trib-
utary of the Odra River near Opole) alluvium may be of Scandi-
navian origin. These grains are characterized by diameters of
up to ~200 pm, distinct roundness, high purity and an Ag con-
tent of up to 2.45 wt.%. These features make these gold grains
similar to the ,pegmatite-type” Z-3 grain from Zeliszowski
Creek.

Part of the detrital gold occurring within the Kaczawa region
sediments might therefore have been glacially transported and
deposited in local moraines. Such long-distance transport, al-
though possible, was probably of minor significance for the for-
mation of the local gold-bearing sediments. The significance of
glacial and fluvioglacial processes for development of these de-
posits was mainly limited to redistribution of the gold grains and
formation of the secondary, gold-depleted Pleistocene and Ho-
locene deposits.

CONCLUSIONS

1. The coexistence of primary, modified and reshaped
grains within the same gold-bearing sediment directly indicates
reworking of local secondary gold deposits, and the quantitative
relations between the grains representing each of these groups
depends on the reworking rate. This may also suggest that the
gold-bearing sediments examined are polygenetic.

2. The Holocene alluvial deposits of the Lwéwek Slaski-
Bolestawiec area were formed by redeposition of older Ceno-
zoic strata, combined with the contemporaneous transport and
deposition of gold-bearing sediments from presently eroded
source rocks. As in the previously published model for the
Jamna Creek gold deposits (Kania, 2018), the alluvial
gold-bearing deposits of Zeliszowski Creek seem to be poly-
genetic.

3. The source rocks (primary deposits) of the detrital gold in-
vestigated from the Zeliszowski Creek are represented both by
local Permian red beds and quartz veins of the Kaczawa Meta-
morphic Complex, together with pegmatite-type deposits of un-
specified location. Further analyses of the “pegmatite-type” gold
grains should determine whether the source rocks of such gold
grains are local (Izera-Karkonosze Block?) or not (Scandina-
vian?).

4. The application of the mineralogical analyses of the
microinclusions within the gold grains combined with chemical
and morphological investigations of the detrital gold is a useful
tool for research into gold grain origin. Grains containing
microinclusions are represented by various sizes, shapes and
chemical composition, from electrum to pure native gold. For
this reason the implemented methodology can distinguish be-
tween the grains of different origins, regardless of their morpho-
logical and chemical features.

5. This analytical method may be included in mineralogical
prospecting of Au-polymetallic deposits such as those per-
formed by Kelley et al. (2003) and Leake et al. (1995), where
analyses limited to comparative chemical analyses or of grain
size and morphology may be insufficient. For instance the rela-
tionship between grain size and the transport distance from a
source area (Kelley et al., 2003) can be applied only to grains
originating from the same, particular source. It is difficult to ap-
ply to polygenetic gold-bearing sediments, as in the Jamna
(Kania, 2018) and Zeliszowski Creeks.


https://www.appliedgeochemists.org/images/stories/IEGS_2003/O36_Kelley_IGESnotes.pdf
https://www.appliedgeochemists.org/images/stories/IEGS_2003/O36_Kelley_IGESnotes.pdf
https://doi.org/10.1515/agp-2016-0018
https://doi.org/10.2113/gsecongeo.98.7.1271

Marcin Kania / Geological Quarterly, 67: 12 17

Comparative analyses of gold grain chemical composition
should be treated with care for the same reason. This con-
cerns both decreases in silver within Au-Ag alloys (Grodzicki,
1963, 1966, 1969; Polanski, 1988) and the formation of Ag-de-
pleted rims on grain edges (Desborough, 1970; Banas et al.,
1985; Kelley et al., 2003) with increase in transport distance of
the detrital gold. In addition, the growth of depleted rims does
not exclusively take place in a hypergene environment. The
best evidence of this is that the rims are also present on irregu-

larly shaped, primary grains (Kania, 2018). In such cases,
forming of the Ag-depleted parts of the grains may have oc-
curred by hydrothermal leaching of chloride solutions
(Kotodziej et al., 2000).
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APPENDIX 1

For the EDS analyses, the polished sections with gold grains were graphite-coated. Each
measurement session was preceded by calibration (Energy-Channel Calibration/Energy-Axis
Calibration), in accordance with the recommendations of Bruker, the producer of the EDS detectors and
analytical software. Calibrations were performed using a copper standard because of the large difference
of the critical ionization values between the K, L and M lines, which provides a more precise match
between analysed and theoretical spectra.

The following setting was applied: electron acceleration of 25 keV, current of 15 nA, spot size from 5
to 500 nm. Processing of the characteristic X-ray spectra was performed by Bruker Esprit v1.9 software.
Point analyses of the particular grains were preceded by surface mapping of the following elements: Ag,
As, Au, Bi, Cd, Co, Cr, Cu, Fe, Hg, Ir, Mn, Mo, Ni, Os, Pb, Pd, Pt, Rh, Ru, S, Sb, Se, Si, Sn, Te, Ti, V, W,
Zn. These elements are present in most common ore- and rock-forming minerals accompanying Au
mineralization, and some (Ag, Cu, Hg, PGE, Te, Bi) co-create natural gold alloys, e.g. electrum (Mikulski,
2007a; Kania and Muszer, 2017; Kania, 2018), maldonite (Mikulski, 2007a), tetraauricupride
(Piestrzynski and Pieczonka, 1998), Au-Ag-Pd-Hg alloys (Wierchowiec and Zielinski, 2017). The spatial
distribution of these elements was used to identify the microinclusions and phases, which could be
missed during examination in reflected light. The selected gold grains with a complex phase composition
of Au-Ag-Hg-Cu were also examined by linear analyses. Close attention was paid to silver, the most
frequently-occurring metal which coexists with gold. Both of these elements co-create phase series of
unlimited miscibility. To determine the Au-Ag phase, the Yushko-Zakharova et al. (1986) classification
was adopted.

Acquisition time of the EDS analyses was 60, 90 and 120 s, respectively for point, linear and
mapping analyses. The extended acquisition time allowed gathering over a million counts for a single
spectrum, which authenticated the results of the semi-quantitative analyses of the trace elements. The
PB-ZAF procedure was adopted during quantification of the data, as well as in correction for the coating
element (Carbon Correction).

The spectra acquired were interpreted manually with particular attention to fake peaks (artefacts),
especially summary ones, which usually formed in the 4.5-5.0 keV range as an effect of the Au Ma peak
creation. The shapes of the Bremsstrahlung spectra were also fitted manually. Moreover, a
deconvolution tool built into the software was used. This allows comparison of the theoretical, summary
spectra of the chosen elements with the real ones acquired during analysis. As a result, the presence of
particular elements within the measured sample can be precisely evaluated and, if required, these
elements can be deleted or new elements can be added into the spectra. This procedure allowed careful
evaluation of Au and Hg (Ma line) or Ag and Pd coexistence (lines La—Lj). A content of 0.1 wt % was
adopted as a detection limit for the particular element. The EDS characteristic spectra and elemental
compositions of the microinclusions were identified within the gold grains examined from the Zeliszowski
Creek channel-fill deposits:
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Fig. I. X-ray spectrum and results of the point analysis Z-1.I — selenide with the elemental composition of tiemannite within the Z-1 gold grain

cps/eV
2207 CElement  series  [wt.%] [nom.wt.%] [norm. at.%] Erorinwt.% (1 Sigma)|
Sulfur  K-series 3.51 4.64 18.68 0.15]
200+ Copper  K-series 6.91 9.12 18.55 0.20
Selenium  K-series 0.98 1.30 212 0.05
180+ Siher  L-series 6.85 9.04 10.84 0.24
Gold  L-series 57.50 75.90 49.80 1.49|
160+ Sum:  75.75 100.00 100.00 _ _ I
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Fig. Il. X-ray spectrum and results of the point analysis Z-1.Il — sulphide with the elemental composition of covellite within the Z-1 gold grain

cps/eV
s Element  series  [wL%] [norm. wt.%] [norm. at.%] Errorinwt.% (1 Sigma)
Copper K-series 568 7.46 13.85 0.17
1464 Selenium  K-series 15.37 20.18 30.17 042
Siher Lseres  19.41 25.49 27.90 0.63
Gold Lseries 3568 46.86 28.08 094
156] Sum: 7613 100.00 100.00
1004

Ag

i8 20 22 24

Fig. lll. X-ray spectrum and results of the point analysis Z-1.1l — selenide with the elemental composition of fischesserite within the Z-1 gold grain



cps/eV

Element series  [wt.%] [norm. wt.%] [norm. at.%] Errorin wt.% (1 Sigma)

200+ Sulfur  K-series 1.85 257 10.52 0.09
Iron K-series 0.08 0.11 0.25 0.03
180 Copper  K-series 6.71 9.34 19.29 0.19
Selenium  K-series 5.47 7.61 12.66 0.17
160 Silver  L-series  4.85 6.75 8.21 0.18
Gold L-series 52.87 73.62 49.06 1.37

san] Sum: 71.82 100.00 100.00

120

Fig. IV. X-ray spectrum and results of the point analysis Z-1.V — biphase microinclusion with the elemental composition of klockmannite-covellite within the Z-1 gold grain

cps/eV
201 Element series [wt.%] [nomm.wt.%] [nom. at.%] Emorinwt.% (1 Sigma)
Copper  K-series  10.26 14.08 27.99 0.28
180 Selenium  K-series 9.90 13.58 21.73 0.28
Silver L-series 3.46 4.74 5.55 0.13
160 Gold L-series  48.94 67.16 43.07 1.27
Sum: 72.87 100.00 100.00
140
1204
100
Ag
16 18 20 22 24

Fig. V. X-ray spectrum and results of the point analysis Z-1.V — selenide with the elemental composition of athabascaite within the Z-1 gold grain

cps/eV
Element series  [wt.%)] [norm. wt.%] [norm. at.%] Errorin wt.% (1 Sigma)
1307 Sulfur  K-series 1.21 1.75 5.9 0.07
Copper  K-series  13.85 20.03 34.15 0.37
Selenium  K-series  12.16 17.59 24.13 0.34
Lz Silver  L-series  3.75 5.43 5.45 0.14
Gold L-series 38.15 55.19 30.35 1.00
Sum:  69.12 100.00 100.00
100

Fig. VI. X-ray spectrum and results of the point analysis Z-1.VI — selenide with the elemental composition of klockmannite within the Z-1 gold grain
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240+ =
| Element  series [wt.%] [norm.wt.%] [nom. at.%] Errorin wt.% (1 Sigma)

2204 Copper K-series 2.91 3.77 9.75 0.10
Selenium  K-series 2.60 3.37 7.02 0.09

200+ Silver  L-series 6.39 8.28 12.63 0.23

Gold L-series 65.24 84.58 70.60 1.69
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Fig. VII. X-ray spectrum and results of the point analysis Z-1.VII — microinclusion with the intermediate composition of athabascaite-umangite within the Z-1 gold grain

cps/eV
2404
Element series  [wt.%)] [norm. wt.%] [norm. at.%] Error in wt.% (1 Sigma)
220 Copper  K-series 0.87 1.16 3.27 0.05
Selenium K-series 1.01 1.35 3.05 0.05
200 Silver  L-series 5.21 6.94 11.50 0.19
Gold  L-series 67.90 90.55 82.17 1.76
180 Sum:  74.98 100.00 100.00
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Fig. VIII. X-ray spectrum and results of the point analysis Z-1.VIIl — selenide with the elemental composition of klockmannite within the Z-1 gold grain

cps/eV
Element  series [wt.%] [norm.wt.%] [norm. at.%] Errorinwt.% (1 Sigma)
160 Copper K-series  9.01 11.97 25.96 0.25
Selenium K-series 7.03 9.35 16.32 0.21
sool Siher L-seres  3.47 461 5.8 0.13
Gold L-series 55.75 74.08 51.84 1.45
5 Sum: 75.26 100.00 100.00
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Fig. IX. X-ray spectrum and results of the point analysis Z-1.1X — selenide with the elemental composition of umangite within the Z-1 gold grain
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e Element  series [wt.%] [norm.wt.%] [norm.at%] Erorinwt.% (1 Sigma) |
2201 lon K-seres  0.08 0.11 0.33 0.03

Copper  K-series  1.71 2.24 6.14 0.07
i Selenium  K-series 1.73 227 5.00 0.07

Siver  Lseres  4.43 5.81 9.37 0.16
460 Gold L-series 68.36 89.57 79.14 1.77

Sum:  76.32 100.00 100.00
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Fig. X. X-ray spectrum and results of the point analysis Z-1.X — selenide with the elemental composition of athabascaite within the Z-1 gold grain

cps/eV
] i Element series [wt.%] [nom. wt.%] [nom. at.%] Error in wt.% (1 Sigma)
Copper  K-series 9.67 13.25 27.05 0.27
Selenium  K-series  11.19 15.33 25.19 0.31
160+ Silver  L-series 0.79 1.08 1.30 0.05
Antimony  L-series 0.26 0.35 0.38 0.03
140 Gold  L-series 51.06 69.98 46.09 1.33
Sum:  72.96 100.00 100.00
120
100 {1581
Ag
16 18 20 22 24

Fig. XI. X-ray spectrum and results of the point analysis Z-1.XI — selenide with the elemental composition of klockmannite within the Z-1 gold grain

cps/eV
Element series [wt.%] [norm. wt.%] [nomm. at.%)] Errorin wt.% (1 Sigma)
220+ Copper  K-series 2.16 2.86 7.64 0.08
Selenium  K-series 2.35 3.1 6.68 0.09
2007 Silver  L-series 4.90 6.49 10.20 0.18
Antimony  L-series 0.12 0.17 0.23 0.03
TG Gold L-series  65.94 87.37 75.25 171
Sum: 7547 100.00 100.00 ‘
160
140
Ag.
tivurrm y ’ v ; '
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Fig. XII. X-ray spectrum and results of the point analysis Z-1.XIl — selenide with the elemental composition of klockmannite within the Z-1 gold grain




cps/eV

\ Element series  [wt.%] [norm. wt.%] [norm. at.%] Error in wt.% (1 Sigma)

{56 Sulfur K-series  10.25 14.00 42.88 0.40
Copper  K-series 7.14 9.75 15.07 0.20
Arsenic  K-series 0.99 1.36 1.78 0.05
Selenium  K-series 1.69 2.31 2.87 0.07
100+ Silver  L-series 3.94 5.38 4.90 0.15
Gold L-series  23.53 32.13 16.02 0.63
Bismuth L-series 25.68 35.07 16.48 0.69
. Sum: 73.23 100.00 100.00

18 20 22 24

Fig. XIll. X-ray spectrum and results of the point analysis Z-11.1 — biphase microinclusion with the elemental composition of covellite - bismuthinite within the Z-11 gold grain

cps/eV

Element series  [wt.%] [norm. wt.%)] [norm. at.%] Error in wt.% (1 Sigma)
Sulfur  K-series 7.32 9.72 34.89 0.29
1004 Copper  K-series 4.71 6.25 11.32 0.14
Arsenic  K-series 0.26 0.34 0.53 0.03
Selenium  K-series 1.83 2.43 3.54 0.07
Silver L-series 5.29 7.03 7.50 0.19
80+ Gold  L-series 30.24 40.17 23.47 0.80
Bismuth L-series  25.64 34.06 18.76 0.69

Sum: 75.29 100.00 100.00
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Fig. XIV. X-ray spectrum and results of the point analysis Z-11.1l — biphase microinclusion with the elemental composition of covellite-bismuthinite within the Z-11 gold grain

cps/eV
Element series  [wt.%] [norm.wt.%] [norm. at.%] Error in wt.% (1 Sigma)
1607 Sulfur K-series  9.49 12.92 38.87 0.37
Iron K-series 1.07 1.46 2.51 0.05
5] Copper K-series 9.85 13.42 20.36 0.27
Arsenic  K-series 1.31 1.79 2.30 0.06
Selenium  K-series 0.18 0.25 0.30 0.03
1204 Silver  L-series 0.55 0.75 0.67 0.04
Antimony  L-series 3.24 4.42 3.50 0.12
Gold L-series 38.96 53.05 25.97 1.02
100+ Bismuth  L-series 8.78 11.95 5.52 0.25
s | Sum 7343 10000 10000
Ag
|
|
|
| u
16 18 20 22 24

keV

Fig. XV. X-ray spectrum and results of the point analysis Z-11.1ll — biphase microinclusion with the elemental composition of covellite-bismuthinite within the Z-11 gold grain
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Fig. XVI. X-ray spectrum and results of the point analysis Z-11.IV — biphase microinclusion with the elemental composition of covellite-bismuthinite within the Z-11 gold grain
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Sulfur
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Copper
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Selenium
Silver
Gold
Bismuth

series
K-series
K-series
K-series
K-series
K-series
L-series
L-series
L-series
Sum:

[Wt.%] [norm. wt.%] [nom. at.%] Ermor in wt.% (1 Sigma)

9.34 11.88 41.27 0.36

0.10 0.13 0.25 0.03

5.38 6.85 12.01 0.16

0.09 0.1 0.17 0.03

0.75 0.95 1.34 0.04

1.41 1.80 1.85 0.07
33.34 42.41 23.99 0.88
28.20 35.87 19.12 0.76
78.60 100.00 100.00

Ag
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cps/eV
180 Element series  [Wt.%] [norm. wt.%] [norm. at.%] Errorin wt.% (1 Sigma) \
Sulfur  K-series 5.68 7.38 32.66 0.23
60 Silver ~ L-series 299 3.89 5.12 0.12
Gold L-series  32.10 41.75 30.06 0.84
Lead L-series  36.12 46.98 32.16 0.96
1404 Sum: 76.90 100.00 100.00
1204
1004
‘Ag
16 18 20 22 24

Fig. XVII. X-ray spectrum and results of the point analysis Z-11.V — microinclusion with the elemental composition of galena within the Z-11 gold grain
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300
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Fig. XVIII. X-ray spectrum and results of the point analysis Z-3.1 — zircon within the Z-3 gold grain

Element series  [wt.%] [norm. wt.%] [norm. at.%] Error in wt.% (1 Sigma)
Oxygen  K-series 9.45 19.52 52.13 1.05
Silicon  K-series 6.56 13.54 20.59 0.31
Iron  K-series 0.44 0.91 0.70 0.04
Nickel  K-series 0.65 1.34 0.98 0.04
Zrconium  L-series  21.96 45.36 21.24 0.87
Hafmium  L-series 3.63 7.49 1.79 0.12
Gold  L-series 573 11.84 257 0.17
Sum: 48.41 100.00 100.00
Au Zr
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Element series  [wt.%] [norm. wt.%] [norm. at.%] Errorin wt.% (1 Sigma)

Oxygen K-series 13.67 39.32 52.16 1.45

Sodium  K-series 4.42 12.71 11.73 0.32

Aluminium  K-series 5.22 15.01 11.80 0.28

Silicon K-series 10.51 30.24 22.85 0.48

Potassium K-series 0.34 0.97 0.52 0.04

Calcium K-series 0.61 1.75 0.93 0.04

Sum: 34.76 100.00 100.00
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Fig. XIX. X-ray spectrum and results of the point analysis Z-3.11 — Na feldspar within the Z-3 gold grain

500 cps/eV
Element series  [Wt.%] [norm. wt.%] [norm. at.%]  Error in wt.% (1 Sigma)
Oxygen K-series 17.89 39.91 56.08 1.91
Sodium  K-series 0.29 0.64 0.63 0.04
Aluminium  K-series 5.63 12.55 10.45 0.30
400+ Silicon  K-series  12.66 28.23 22.60 0.58
Potassium  K-series 7.84 17.48 10.05 0.26
Barium  L-series 0.54 1.20 0.20 0.04
Sum:  44.84 100.00 100.00
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B
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Fig. XX. X-ray spectrum and results of the point analysis Z-3.1Il — K feldspar within the Z-3 gold grain
cps/eV
Element series  [wt.%)] [norm. wt.%] [normm. at.%)] Errorin wt.% (1 Sigma)
500+ Oxygen K-series  15.48 38.55 53.83 1.65
Sodium  K-series 1.40 3.48 3.38 0.12
Aluminium  K-series 5.59 13.94 11.54 0.30
Silicon  K-series 12.15 30.26 24.08 0.55
i Potassium  K-series 4.84 12.06 6.89 0.17
Barium L-series 0.69 1.71 0.28 0.04
Sum: 40.14 100.00 100.00
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B
o ml
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Fig. XXI. X-ray spectrum and results of the point analysis Z-3.IV — K feldspar within the Z-3 gold grain




cps/eV

0664 | Element series  [wt.%] [norm. wt.%] [norm. at.%] Error in wt.% (1 Sigma) ‘
Oxygen K-series  24.33 28.97 63.32 2.59
Aluminium K-series 0.50 0.60 0.77 0.05
Silicon K-series 18.14 21.60 26.89 0.81
disc] Potassium K-series 0.41 0.49 0.43 0.04
Gold L-series  40.59 48.35 8.58 1.086
Sum:  83.97 100.00 100.00
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Fig. XXII. X-ray spectrum and results of the point analysis Z-3.V — quartz with microinclusions of native gold within the Z-3 gold grain






