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We de scribe de tri tal gold grains ob tained from sed i ments from the Skora River bed in the North Sudetic Trough, fo cus sing on 
iden ti fi ca tion of microinclusions of ore min er als, com bined with anal y ses of grain mor phol ogy and their chem i cal com po si -
tion, to con strain the or i gin of the de tri tal gold. A pop u la tion of gold grains of nat u ral or i gin was iden ti fied, rep re sented mostly
by phases of na tive gold. A few microinclusions of Pd selenides and tellurides were iden ti fied, sug gest ing that lo cal out crops
of the Rotliegend-Zechstein bound ary zone are the prob a ble source ar eas for the gold grains. In ad di tion, a large pop u la tion
of amal gams of prob a ble anthropogenic or i gin was iden ti fied. Their iden ti fi ca tion is of po ten tial im por tance in the study of en -
vi ron men tal mer cury con tam i na tion, while dis tin guish ing be tween the two grain pop u la tions is cru cial to study ing the or i gin of 
mod ern placer gold de pos its.
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INTRODUCTION

The Skora River is one of the best-known oc cur rences of
the de tri tal gold in Lower Silesia, much ap pre ci ated by lo cal
pros pec tors (Maciejak, 2011; Jakubowski, 2023) be cause of
the rel a tively high con tent of gold in lo cal chan nel-fill sed i ments. 
Al though the ma jor gold-bear ing de pos its lo cated in the Fore-
 Sudetic ar eas of Lwówek Œl¹ski-Boles³awiec, Z³otoryja, Miko-
³ajo wice-Legnickie Pole-W¹dro¿e Wielkie and Sudetic ar eas of
Wleñ-Jelenia Góra have al ready been in ves ti gated for their
min er al og i cal and chem i cal com po si tion (Grodzicki, 1998,
2011, and the ref er ences therein; £uszczkiewicz and Muszer,
1999; Urbañski, 2010; Muszer, 2011; Mikulski and Wiercho -
wiec, 2013; Wierchowiec et al., 2018, 2021; Kania, 2018,
2023), few pub li ca tions have con sid ered de tri tal gold from the
Skora River Ba sin (Muszer et al., 2016; Wierchowiec and
Zieliñski, 2017).

This work con tin ues pre vi ous stud ies on the search for and
iden ti fi ca tion of ore min eral mi cro-in clu sions in Ho lo cene al lu -

vial de pos its of the Pol ish part of the Sudetes and the Sudetes
Foot hills. Stud ies of microinclusions, com bined with anal y ses of 
grain mor phol ogy and chem i cal com po si tion, have so far been
used in the pros pect ing of pri mary gold de pos its in Af rica,
south-east Asia and the West ern Hemi sphere (Leake et al.,
1995; Styles, 1995; Kelley et al., 2003; Chap man et al., 2023).
The re sults we de scribe herein ex tend this re search meth od ol -
ogy to Pol ish de tri tal gold-bear ing sed i ments and to con trib ute
to re search on their gen e sis.

How ever, in con trast to the pre vi ously pub lished re sults of
anal y ses of de tri tal gold from the Wleñ (Kania, 2018) and
Lwówek Œl¹ski-Boles³awiec re gions (Kania, 2023), in the Skora
riverbed sed i ments, in ad di tion to grains of nat u ral or i gin, a
larger pop u la tion of grains with fea tures char ac ter is tic of amal -
gams of anthropogenic or i gin was iden ti fied. Their for ma tion is
mainly at trib uted to the de vel op ment and ac tiv ity of artisanal
min ing, and the ac com pa ny ing mer cury con tam i na tion car ries
with it strongly neg a tive en vi ron men tal ef fects (Alpers et al.,
2016; Gerson et al., 2022; Abdelaal et al., 2023). The pres ence
of anthropogenic amal gams in Pol ish river sed i ments and re -
cords of the oc cur rence of na tive mer cury within them (Muszer
and Æwiertnia, 2018) there fore raise ques tions about their or i gin 
and en vi ron men tal im pact. The co-oc cur rence of nat u ral and
anthropogenic gold grains fur ther com pli cates re search on the
or i gin of de tri tal gold and re quires prior dis tinc tion of grains of
both pop u la tions.
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GEOLOGICAL SETTING

Sam pled gold-bear ing al lu vial de pos its con sti tute part of the 
Ce no zoic sed i men tary cover, formed on the top of the Up per
Pa leo zoic-Me so zoic suc ces sion of the North Sudetic Ba sin
(NSB), which de vel oped in turn on the Pa leo zoic struc ture of
the Kaczawa Meta mor phic Com plex (KMC).

The KMC, also re ferred to the lit er a ture as the Z³otoryja-
 Luboradz Unit (Baranowski et al., 1990) or the Kaczawa
Schist- Greenstone Fold Belt (¯elaŸniewicz et al., 2011), com -
prises a thick suc ces sion of vol ca nic and sed i men tary rocks.
The ex tent of the Com plex is lim ited by the Intra-Sudetic Fault
to the south-west, to the north and the east by the Odra Dis lo ca -
tion Zone, and to the south by units of the Strzegom-Sobótka
Gran ite and the Œlê¿a Mas sif (¯elaŸniewicz et al., 2011). It ex -
tends to the west, pass ing into the Zgorzelec Phyllitic Fold Belt
(Baranowski et al., 1990; ¯elaŸniewicz et al., 2011). Evo lu tion
of KMC in volved two phases. First, a pre-orogenic phase con -
sists of an ini tial stage of Cam brian-Or do vi cian age and a ma -
ture stage of oce anic crust for ma tion, dated to the Si lu rian-Early 
Car bon if er ous. Dur ing the fol low ing, Variscan, orogenic phase,
the KMC was de formed and al tered in greenstone fa cies con di -
tions (Furnes et al., 1994; Kryza, 2008).

As the Car bon if er ous gave way to the Perm ian, the Kacza -
wa Meta mor phic Com plex was lo cally cut by polymetallic quartz 
veins en riched with gold, lo cated mainly along the Intra-Sudetic
Fault. In ad di tion, there are smaller gold-bear ing quartz-sul -
phide occurrences in the KMC. Met al lif er ous hy dro ther mal min -
er al iza tion events date from the Bashkirian to Artiskian stages
(Mikulski, 2007a, b; Mikulski and Wil liams, 2014).

The Asturian phase of the Variscan orog eny caused re -
build ing of the Com plex, which sub sided as a re sult of lo cal
crustal stretch ing. Stretched Variscan base ment gave rise to
the de vel op ment of a sed i men tary North Sudetic Ba sin, now a -
days filled with un al tered, weakly tec toni cally de formed strata,
de pos ited from the Late Car bon if er ous to the Laramian phase
of the Al pine orog eny in the Late Cre ta ceous (Baranowski et al., 
1990; Solecki, 2011).

The old est sed i men tary rocks fill ing the NSB are rep re -
sented by lithified clastic de pos its of the Rotliegend fa cies, con -
sti tut ing the Up per Car bon if er ous-Lower Perm ian suc ces sion
(Górecka, 1970; Baranowski et al., 1990; Solecki, 2008). The
ba sin was re peat edly flooded by the Zechstein Sea, re sult ing in
the de po si tion of thick se quence of evaporites, com pris ing
PZ1–PZ3 cyclothems (Peryt, 1978; Raczyñski, 1997; Œliwiñski
et al., 2003; Fija³kowska-Mader et al., 2019).

The sec tion of the Perm ian pro file that in cludes the strati -
graphic bound ary be tween the Rotliegend and Zechstein sed i -
men tary units com prises Cu-polymetallic, red-bed type de pos -
its, known in the NSB area as the ”old cop per min ing dis trict”.
Gold was rec og nized within it mainly as an ad di tive in na tive sil -
ver in amounts of up to 10 ppm (Konstantynowicz, 1971; Kucha
et al., 1982; Oszczepalski et al., 2011). To this day, the ex plo ra -
tion and iden ti fi ca tion of gold in the NSB area has in cluded the
Rotliegend-Zechstein con tact zone in the shal lower parts of the
orogen and at out crop (Speczik and Wojciechowski, 1997;
Wojciechowski, 2001, 2011; Oszczepalski et al., 2011).

Red-bed type de pos its in Po land have a two-part, geo -
chemically di verse struc ture. The up per part of the de posit pro -
file was formed un der re duced, and the lower un der ox i dized
con di tions. The na ture of this dif fer en ti a tion (synsedimentary or
postsedimentary) has been widely de bated (e.g., Oszczepalski
and Rydzewski, 1995, 1997; Oszczepalski, 1999; Piestrzyñski
et al., 2002; Oszczepalski et al., 2011, and the ref er ences

there in). The re dox front is dis cor dant with re spect to the strat i fi -
ca tion. It is typ i cally lo cated within the marl lay ers, though in
some in stances in the un der ly ing Basal Lime stone. Gen er ally,
the re duced zone is en riched in Cu, Pb and Ag. No ble met als
(Au, PGEs) oc cur mainly in the tran si tion and ox i dized zones;
the gold con cen tra tions within them are sig nif i cant com pared to
the re duced zone, be ing nearly three or ders of mag ni tude
higher (Oszczepalski et al., 2011).

Af ter the re gres sion of the Zechstein Sea, the North Sudetic 
Ba sin ini tially filled with ter res trial Buntsantstein sed i ments,
then dur ing the Mid dle to Late Tri as sic, ma rine sed i men ta tion
re com menced. Af ter a strati graphic gap en com pass ing the Ju -
ras sic and Lower Cre ta ceous, the NSB wit nessed fur ther trans -
gres sion, in the Cenomanian (Baranowski et al., 1990). The
Cre ta ceous pro file starts with con glom er ates and sand stones,
then passes up wards into in creas ingly finer de pos its, cul mi nat -
ing in Santonian clay-rich lay ers with seams of brown coal
(Milewicz, 1997; Solecki, 2008, 2011). Ba sin de vel op ment ends 
with the tec tonic Laramian event around the Cre ta ce ous/Pa -
leogene bound ary, the change in tec tonic re gime from ten sional 
to com pres sive caus ing ba sin in ver sion. In ad di tion, aux il iary
tec tonic struc tures were formed within the NSB, such as
troughs, fault ridges and syn clines (Baranowski et al., 1990;
Solecki, 2011).

Fur ther sed i men tary de po si tion oc curred dur ing the Ce no -
zoic, rep re sented by Oligocene grav els, Mio cene sands, grav -
els, clays and muds with lig nite, and Mio cene-Plio cene kaolini -
tic sands and grav els. Mean time, as the Neo gene be gan, sed i -
men ta tion was in ter rupted by in creased ba saltic vol ca nic ac tiv -
ity. Pre- and postglacial de pos its are re lated to the South Pol ish
(Mindel) and Mid-Pol ish (Riss) glaciations. The youn gest strata
are rep re sented by Pleis to cene-Ho lo cene flu vio gla cial and al lu -
vial de pos its (Grodzicki, 1969, 1998; Baranowski et al., 1990;
Solecki, 2008).

Lo cal gold-bear ing sec ond ary de pos its are of Oligocene to
Ho lo cene age. They are dis trib uted within the NSB’s Ce no zoic
cover, ex tend ing mainly from the area be tween Boles³awiec
and Lwówek Œl¹ski in the west to the close vi cin ity of Z³otoryja in 
the east. Ac cord ing to Grodzicki (1998, 2011) four phases of
their de vel op ment can be dis tin guished.

Dur ing the first, Oligocene-Neo gene phase, the source
rocks en riched with gold were in tensely eroded and formed
grav elly and sandy eluvial–deluvial cov ers. Such cov ers were
dis tin guished by Grodzicki (1972, 1998, 2011) within Ce no zoic
de pos its lo cated north of Lwówek Œl¹ski and south-west and
north-east of Z³otoryja. Later phases of de vel op ment in clude
win now ing of these par tic u lar, Oligocene-Neo gene de pos its
and are char ac ter ized by lower con tents of gold.

The sec ond, preglacial phase con sti tuted the first phase of
redeposition, ini ti ated by the Rodanian and Wallachian oro -
genic phases in the late Plio cene and early Pleis to cene. In -
creased tec tonic ac tiv ity caused in ten si fied flu vial ero sion and
par tial wash out of older de pos its, oc cur ring east of Lwówek
Œl¹ski and north-east of Z³otoryja (Grodzicki, 1972, 1998,
2011). Dur ing the third, Pleis to cene phase, cli mate cool ing in -
hib ited chem i cal weath er ing. As a re sult, the lo cal gold-bear ing
de pos its, rep re sented mainly by tills and flu vio gla cial grav els,
are poorer in gold com pared to older de pos its. Re cent, Ho lo -
cene de pos its of the fourth phase were formed both by ero sion
and redeposition of ear lier gold-bear ing de pos its and by di rect
mi gra tion from cur rently eroded pri mary de pos its (Grodzicki,
1998).

The study area and its geo graph ical lo ca tion are out lined in
Fig ure 1
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METHODS AND MATERIALS

Gold-bear ing chan nel-fill sed i ment col lected from a 200
metre sec tion of the river (Fig. 2), lo cated be tween the vil lages
of Pielgrzymka and Wojcieszyn, were sub jected to anal y -
sis.The field work in cluded col lect ing of chan nel-fill sed i ment
sam ples and pre lim i nary on-site con cen tra tion of gold-bear ing
ma te rial by the Mo bile Grav ity Con cen tra tor (Muszer et al.,
2016; Muszer and Æwiertnia, 2018; Kania, 2020). Suf fi cient
gold grains were col lected strictly to al low de tailed min er al og i -
cal and chem i cal stud ies, al though with out de ter min ing the con -
tent of gold in the sed i ments. For this rea son, sam pling was lim -
ited to points in the riverbed sec tion li a ble to con cen tra tion of
heavy min er als: cracks in boul ders and spaces be tween boul -
ders, evorsion hol lows, in ner bends of the river etc.

The sam ples of con cen trate were sub se quently washed us -
ing a pan, then the larg est, mac ro scop i cally iden ti fied par ti cles
of gold were se lected. The re main ing gold-bear ing ma te rial was 
sieved on a 2 mm mesh sieve and then pre pared in the lab o ra -
tory of the De part ment of Min eral Re sources Man age ment of
the In sti tute of Geo log i cal Sci ences, Uni ver sity of Wroc³aw. A
con cen tra tion ta ble of Wilfrey type was used, with a mul ti ple
re-pro cess ing pro ce dure.

De tailed rec og ni tion of heavy min er als at this sam pling site
had al ready been made by Muszer et al. (2016) – they rec og -
nized a di verse as sem blage of Fe-Ti ox ides, cas sit er ite, Mn ox -
ides, cu prite, monazite, wolf ram ite, zir con, schee lite, gar nets,
py rite, chal co py rite, ar seno py rite, sphalerite, ga lena, marcasite, 
na tive sil ver, me tal lic lead and cop per. There fore, the pres ent
re search fo cused on gold grains iso lated from the con cen trate,
which were sub se quently mea sured us ing a bin oc u lar mi cro -

scope and mounted in pol ished sec tions made with ep oxy rai -
sin. Prep a ra tion of sec tions in volved us ing Struers metalo -
graphic ma te ri als: a set of Pi ano type di a mond discs for grind -
ing and MD-Dur, -Mol and -Nap cloths for pol ish ing, ad di tion ally
ap ply ing ded i cated so lu tions.

The as sess ment of the gold par ti cle mor phol ogy was made
by ap ply ing a sim pli fied DiLabio (1991) clas si fi ca tion. This clas -
si fi ca tion dis tin guished a pris tine class of ir reg u lar grains, a
mod i fied class of partly abraded grains and a re shaped class of
wholly rounded shapes with orig i nal fea tures erased. In this par -
tic u lar study, to en able ef fec tive com par i son of grains with re -
gard to their shape and chem i cal/min er al og i cal com po si tion,
the eval u a tion of mor phol ogy was based on the par ti cle cross-
 sec tions re vealed in pol ished sec tion. To make this com par i son 
more ob jec tive and re li able, an orig i nal pro ce dure of K in dex
eval u a tion was ap plied. This in dex is based on the re la tion be -
tween the grain out line lengths and their cross-sec tional ar eas
(Kania, 2020, 2023). The ge om e tries of par tic u lar grains were
mea sured us ing BSE im ages and Surfer® soft ware.

Min er al og i cal anal y ses in re flected light (de ter mi na tion of
Au al loy com po si tions, min eral in clu sions) were made us ing a
uni ver sal Nikon Eclipse LV100 POL mi cro scope. To up grade
the to tal mag ni fi ca tion up to 2500× and make ob ser va tions of
microinclusions finer than 10 µm fea si ble, the mi cro scope was
com bined with a dig i tal dis play. The re sults of anal y ses in re -
flected light were sub se quently com pared with SEM-EDS anal -
y ses, per formed in the Lab o ra tory of Elec tron Mi cros copy of the 
Wroc³aw Re search Cen tre EIT+. Ob ser va tions were made on a 
FEI Quanta SEM with SDD Bruker XFlash EDS de tec tors pro -
duced by Bruker. Mea sure ment ses sions were pre ceded by
cal i bra tion (En ergy-Chan nel Cal i bra tion/En ergy-Axis Cal i bra -
tion) us ing a cop per stan dard in ac cor dance with the pro ce -
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Fig. 1. Gen er al ized geo log i cal map of the west ern part of the Lower Silesian Block with out Ce no zoic de pos its
 (GeoLOG; Dadlez et al., 2000, mod i fied)

 Pt3 – Up per Pro tero zoic, Cm1 – Lower Cam brian, O – Or do vi cian, C1 – Lower Car bon if er ous, C2 – Up per Car bon if er ous, Ps – Rotliegend, Pz

– Zechstein, Tp – Tri as sic (Buntsandstein), Kc + t – Cre ta ceous (Cenomanian and Turonian), K2 – Up per Cre ta ceous (un dif fer en ti ated) 
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Fig. 2. Lo ca tion of the sam pling site, with sim pli fied geo log i cal map and re lief map 

Com piled af ter Sztromwasser (1998), Cymerman et al. (2012, 2013), Kozdrój et al. (2012), Badura (2013),
Cwojdziñski and Kozdrój (2013)



dures and rec om men da tions of Bruker. Due to the size of
microinclusions (up to 3 µm) and spec i fic ity of EDS anal y ses,
the re sults given of chem i cal com po si tion have to be con sid -
ered as semi-quan ti ta tive. There fore, hav ing re gard to the lim i -
ta tions of anal y ses, a con tent of 0.1 wt.% was ad di tion ally
adopted as a de tec tion limit for a par tic u lar el e ment. Mea sure -
ment er rors of par tic u lar anal y ses were in cluded in re sults given 
in Ap pen dix 1. The de tails of the EDS an a lyt i cal meth od ol o gies
have al ready been de scribed in an ear lier ar ti cle de tail ing
microinclusions in the de tri tal gold grains (Kania, 2023).

The EDS anal y ses (19 point anal y ses, a sin gle lin ear anal y -
sis and sets of con cen tra tion dis tri bu tions of 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 and Zn) were per formed with the fo cus
on chem i cal char ac ter iza tion and search ing for microinclusions
in gold grains that pos sessed fea tures of nat u ral or i gin, not of
anthropogenic amal gams.

RESULTS

De tailed min er al og i cal tests were per formed on 22 se lected 
grains of gold. Par ti cles dif fer in shape: a sin gle grain of den -
dritic, pri mary shape (sensu DiLabio, 1991) with ir reg u lar and
an gu lar out line (grain S-16) was ob served among more nu mer -
ous mod i fied grains of par tially rounded edges (grains S-5,
S-13) and re shaped, oval and elon gated discoidal grains (S-3,
S-7, S-19). Grains S-4, S-8, S-9, S-10, S-14, S-20, S-21 and
S-22 rep re sent a dis tinc tive group of highly po rous, oval par ti -
cles, char ac ter ized also by higher val ues of K in dex and gen er -
ally larger size (Fig. 3).

The grains ex am ined vary in di am e ter from 175 to over
900 µm (av er age of 483 µm), al though the grain frac tion
300–400 µm rep re sents the larg est group. Microinclusions of
rock-form ing min er als (quartz and clay min er als) were found
and iden ti fied only within four grains, and microinclusions of ore
min er als in just one of them. 

Sil ver, mer cury and pal la dium were iden ti fied within the gold 
par ti cles. The con tent of sil ver, the most com mon ad di tive, is
gen er ally low, zones of char ac ter is tic pale yel low col our, char -
ac ter is tic of Au-Ag al loys be ing rare. In ad di tion, most point
anal y ses did not re veal the pres ence of Ag (as in the case of
sin gle spot anal y ses of grains S-3 and S-15, which re vealed the 
pres ence of pure gold), or con firmed its pres ence in only small
amounts, which ex cep tion ally reaches sev eral wt.% (S-17; Fig.
4). As a re sult, the pop u la tion of in ves ti gated gold grains from
the Skora River is rel a tively ho mo ge neous, com pared to de tri tal 
gold in re cent sed i ments of the North Sudetic Ba sin cover
(Jêczmyk and Krzemiñska, 1996; Urbañski, 2010; Muszer,
2011; Wierchowiec and Zieliñski, 2017; Kania, 2018, 2023),
their com po si tion rep re sent ing a na tive gold phase (sensu
Yushko-Zakharova et al., 1986). The S-16 grain of ir reg u lar,
branch ing shape, and char ac ter ized by a zonal struc ture of var -
ied Ag con tents, is an ex cep tion; its con tent of sil ver reaches up
to 39.4 wt.% (as a metastable Au-Ag phase). In this par tic u lar
case the bor ders of each zone have sharp, dis tinc tive edges.
The S-16 grain is mostly com pact, al though some outer, low-Ag 
parts are po rous. Zones en riched in sil ver are ir reg u larly dis trib -
uted and oc cur both in the outer and in ner parts of the grain
(Fig. 5).

Mer cury is com monly found within oval grains char ac ter ized 
by a highly po rous, spongy struc ture. Their pres ence was ear -
lier re vealed by Muszer et al. (2016). Amongst the grains ob -
tained, se lected for fur ther anal y ses and shown in Fig ure 3, one 
po ten tial amal gam of char ac ter is tic struc ture was tested for the

pres ence of Hg (gold grain S-1; Fig. 6). In this par tic u lar case,
point anal y ses re vealed mer cury con tents of of up to only 0.37
wt.%; how ever, the Hg con tent de ter mined by Muszer et al.
(2016) in other spongy amal gam grains col lected from the
same sam pling site reached 1.85 wt.%. The amal gams ana -
lysed are rel a tively ho mo ge neous (see Fig. 10); char ac ter is tic
light yel low zones en riched in sil ver are ex tremely rare and rel a -
tively small, al though the Ag con tent within them may amount to 
sev eral wt.% (Fig. 6). More over, it seems that the dis tri bu tions
of Hg and Ag are not spa tially re lated, as can be ob served in
some amal gams of pre sum ably nat u ral or i gin (Kania, 2018,
2023). In none of these ar ti fi cial amal gam-type grains have any
microinclusions of ore min er als been found.

The rel a tively fine gold par ti cle S-19 (Fig. 7) is the only one
in which microinclusions of ore min er als were iden ti fied. This
175 mm wide, elon gated grain with rounded edges is also en -
riched with pal la dium; a spot test re vealed a Pd con tent of
1.1 wt.%.

Fur ther in ves ti ga tions based on com bined ob ser va tions in
re flected light and im ages of el e men tal dis tri bu tion re vealed 5
microinclusions, not ex ceed ing 3 mm in size. Sharp-edged
min eral out lines, char ac ter is tic of hipautomorphic/auto mor -
phic forms, can be ob served. 

Anal y ses of three microinclusions in di cated a sim i lar qual i -
ta tive com po si tion, rep re sented by pal la dium, sil ver, se le nium,
tel lu rium and cop per. Semi-quan ti ta tive EDS re sults show that
their chem i cal com po si tion is most sim i lar to selenides like
palladseite Pd17Se15 or oosterboschite (Pd,Cu)7Se5, con tain ing
traces of sil ver, tel lu rium and cop per (Fig. 8). Anal y ses of two
other microinclusions re vealed a dom i nance of pal la dium and
tel lu rium, oc cur ring in sim i lar atomic quan ti ties (Figs. 8 and 9).
This chem i cal com po si tion is most sim i lar to kotulskite PdTe,
de void of Bi (Vymazalová et al., 2005), and con tain ing traces of
Se and Cu, or yanzhonghite – (in for mal, not rec og nized by the
In ter na tional Min er al og i cal As so ci a tion min eral, men tioned by
Yu et al., (1974), and then by Dodin et al. (2000), who quoted
the el e men tal com po si tion of yanzhonghite, as fol lows: 47.4
wt.% – Pd, 52.0 wt.% – Te and <1.0 wt.% – Ag, Bi, Hg.

DISCUSSION

Wierchowiec and Zieliñski (2017) de scribed bi modal gold
grains from Zimnik Creek and its drain age ba sin, which con sti -
tutes the left trib u tary of the Skora River, lo cated ~5 km NNW of
the sam pling site (Fig. 2). Bi modal par ti cles con sist of typ i cally
pure gold rims (>98 wt.%) with low con tents of sil ver, pal la dium
and mer cury (<2 wt.% in to tal). By con trast, the grain cores are
sig nif i cantly en riched in Ag (to >15 wt.%), and with Pd and Hg
con tents up to 1 wt.%. These au thors noted that the dis tri bu tion
of pal la dium is gen er ally sim i lar to that of sil ver; how ever, the
mer cury ap pears dis sem i nated within the grains and shows no
cor re la tion with Ag and Pd. Sim i lar Au-Ag-Pd-Hg al loy grains
were also iden ti fied in the al lu vial sed i ments of Czerwony Creek 
near Z³otoryja (Wierchowiec, 2010). The pres ence of sim i lar
multiphase amal gams formed of high Ag al loy en riched in mer -
cury and pure gold al loy was also con firmed in al lu vial sed i -
ments of the Jamna and ¯eliszowski creeks (Kania and Mu -
szer, 2017; Kania, 2018, 2023); how ever, in these in stances the 
au thors noted that pres ence of mer cury is closely re lated to al -
loys en riched in sil ver (metastable and electrum phases sensu
Yushko-Zakharova et al., 1986). Con tents of mer cury were also 
higher: from 1.53 to 4.90 wt.%. Fur ther more, the pres ence of
pal la dium was not con firmed.
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Fig. 3. Gold grain out lines rel a tive to cal cu lated K in dex val ues



Marcin Kania and Antoni Muszer / Geological Quarterly, 2024, 68, 35 7

Fig. 4. The sin gle-phase S-17 gold grain

A – im age in re flected light, B – BSE im age

Fig. 5. The multi-phase S-16 gold grain

A – im age in re flected light, B – BSE im age, C – sil ver dis tri bu tion: vi o let, blue, yel low, 
up to red colours in di cate in creas ingly high con cen tra tions of Ag

Fig. 6. The amal gam S-1

A – im age in re flected light, B – BSE im age



Among the ana lysed pop u la tion of gold grains from the
Skora river’s chan nel de pos its, no multiphase amal gams were
found. Al though the S-16 grain (Fig. 5) in di cates a dis tinct zonal
struc ture, typ i cal of bi modal-like gold grains char ac ter ized by
these au thors, the pres ence nei ther mer cury nor pal la dium was
con firmed. How ever, pal la dium was found in an other, re -
shaped- type, sin gle-phase gold grain (S-19; Fig. 7), in which Pd 

oc curs both in the form of an ad di tive in al loy and as a com -
pound of microinclusions of selenides and tel lu ride. This sug -
gests that not only the pres ence of mer cury, but also that of pal -
la dium seems to be closely re lated to the bed rock gold’s
sources, which con sti tute pri mary de pos its of wide spread de tri -
tal gold of the North Sudetic Trough’s Ce no zoic cover. 
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Fig. 7. The ore-bear ing S-19 gold grain

A – im age in re flected light, B – BSE im age, marked lo ca tion of the sec tions (zoomed sec tions in Figs. 8 and 9)

Fig. 8. En large ment of sec tion A – in clu sions of selenide and tel lu ride com po si tion within the S-19 gold grain

A – im age in re flected light, B – BSE im age, C – SE im age; BSE im age with the marked lo ca tion of the point anal y ses
(re sults in Ap pen dix 1), and the lo ca tion of the zoomed sec tion in Fig ure 7

Fig. 9. En large ment of sec tion B – in clu sion of tel lu ride com po si tion within the S-19 gold grain

A – im age in re flected light, B – BSE im age, C – SE im age; BSE im age with the marked lo ca tion of the point anal y sis 
(re sults in Ap pen dix 1), and the lo ca tion of the zoomed sec tion in Fig ure 7



Ac cord ing to the pre vi ously de scribed in fer ences (Urbañski, 
2010; Oszczepalski et al., 2011; Wierchowiec and Zieliñski,
2017; Kania, 2023), the source rocks should be sought mainly
among lo cal Cu-polymetallic Perm ian de pos its. The pres ence
of mer cury and pal la dium ad mix tures in the lo cal gold grains
had al ready been de scribed by Wierchowiec and Zieliñski
(2017) and as so ci ated with lo cal red bed-type min er al iza tion.
The re la tion ship be tween de tri tal gold en riched in pal la dium
and red-bed type de pos its was also sug gested by Leake et al.
(1995). Co ex is tence of gold and PGEs (plat i num and pal la -
dium) within the sec ond ary ox i dized sys tem of the Siero -
szowice -Polkowice cop per de posit was de scribed in de tail by
Piestrzyñski and Pieczonka (Piestrzyñski and Pieczonka,
1998; Piestrzyñski et al., 2002; Pieczonka and Piestrzyñski,
2011, 2015 and the ref er ences therein). Out crops of the Rotlie -
gend and Zechstein units with the met al lif er ous con tact zone
be tween them are com monly found in the up per part of the
Skora River drain age ba sin and near its cen tral part, where they 
form the tec tonic unit of the Grodziec Syncline (Fig. 2). 

The re sults of min er al og i cal stud ies to date in di cate that the
paragenesis of selenides is char ac ter is tic of placer gold from
Ho lo cene oc cur rences in the Kaczawskie Foot hills re gion; a
sim i lar min eral com po si tion is found in placer gold from al lu vial
de pos its be tween Lwówek Œl¹ski and Boles³awiec, where nu -
mer ous microinclusions of Cu, Ag-Au and Hg selenides are
pres ent (Kania, 2023). Ear lier min er al og i cal stud ies of the
Skora River sed i ments re vealed the pres ence of sul phide and
sulphoarsenide grains (Muszer et al., 2016). Their oc cur rence,
par tic u larly chal co py rite with char ac ter is tic struc tures re sult ing
from the de com po si tion of a chal co py rite – sphalerite solid so lu -
tion, sug gest the pos si bil ity that at least part of the gold grains
pres ent in the Skora River may have mi grated from weath er ing
hy dro ther mal veins of the Kaczawa Meta mor phic Com plex:
their min er al og i cal com po si tion has been doc u mented in de tail
by Mikulski (2005, 2007a, 2014 and the ref er ences therein). Al -
though no microinclusions of sulphides and sulpharsenides
were found in gold grains col lected from the Skora River, such a 
paragenesis of microinclusions was iden ti fied in de tri tal gold
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Fig. 10. Amal gams of pre sumed anthropogenic or i gin from the Skora River

A – im age in re flected light, B – BSE im age
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from mod ern al lu vial sed i ments of the Jamna Creek in the re -
gion of the Klecza-Radomice polymetallic veins, rep re sented
by ga lena and nu mer ous Co-Fe-Ni sulphoarsenides and ar sen -
ides (Kania, 2018).

The gold grains oc cur ring within the Ho lo cene al lu vial de -
pos its of the Skora River are dis tinct from the other par ti cles
col lected from nearby mod ern de tri tal de pos its in the pres ence
of nu mer ous spongy and oval grains of gold. Due to their
shape, char ac ter is tic struc ture and pres ence of mer cury they
are con sid ered as anthropogenic amal gams (Leake et al.,
1995; Sty les, 1995; Kelley et al., 2003; Muszer et al., 2016):
prod ucts of the amal gam ation pro cess, com monly used for ob -
tain ing the fin est gold grains of the dust frac tion, that are dif fi cult 
to ob tain man u ally or by meth ods of grav i ta tional sep a ra tion. In
the case of gold grains of this type, per form ing anal y ses us ing
pol ished sec tions is of par tic u lar im por tance. As can be ob -
served based on Fig ure 3, anthropogenic amal gams are char -
ac ter ized by their rel a tively high K in dex (of ten >4.0), con di -
tioned not so much by their com plex out lines as by the high po -
ros ity. The K in dex in her ently con sid ers only ef fec tive po ros ity
(Kania, 2020), while ob ser va tions made in re flected light re veal
the ac tual com plex ity of the anthropogenic amal gams’ in ter nal
struc ture (Fig. 10). This di ag nos tic fea ture can be noted only
where gold grains have been sec tioned. Mor pho log i cal anal y -
ses lim ited only to mac ro scopic ob ser va tions and anal y ses of
un cut grains may lead to their rec og ni tion as well-rounded, re -
shaped gold par ti cles (sensu DiLabio, 1991) and er ro ne ous
con clu sions re gard ing long-dis tance trans port of grains from
the source rocks.

Also, gold grains with char ac ter is tics in di cat ing their nat u ral
or i gin (such as S-16, S-17 and S-19) are finer than their an a -
logues with dis tinct anthropogenic fea tures, set to gether on Fig -
ure 10 (com pare with Fig. 3). The max i mum di am e ter of the
three grains noted ranges from ~175 to 700 mm (av er age 372
mm), whereas the amal gams shown in Figures 6 and 10 range
from ~300 to over 900 mm (av er age 546 mm). The size dif fer -
ences be tween the grains from the two pop u la tions seem to re -
sult from the na ture of the amal gam ation pro cess, in which finer 
gold grains, dif fi cult to iden tify mac ro scop i cally, are dis solved in
mer cury. By evap o rat ing the mer cury from the re sult ing Hg-Au
so lu tion, larger gold grains are ob tained, mak ing them eas ier to
sep a rate.

The pres ence of nu mer ous po rous Hg-bear ing grains in the
lo cal al lu vial sed i ments may in di cate in ten sive use of mer cury,
though de ter mi na tion of the tim ing of their for ma tion re mains
prob lem atic (Muszer et al., 2016). The ap pli ca tion of amal gam -
ation meth ods in gold re cov ery in Lower Silesia dates back to
the 1770s, but its use on an in dus trial scale was aban doned af -
ter a short time due to the sig nif i cant con sump tion of mer cury
and high pro duc tion costs (Quiring, 1913; Dziekoñski, 1974).
How ever, mer cury is also used now a days for gold amal gam -
ation both by am a teur pros pec tors and by artisanal and small-
 scale gold min ing (ASGM). �Am a teur” amal gam ation seems to
be tak ing place in Po land from the ev i dence of pure mer cury in
the mod ern chan nel-fill de pos its (Muszer and Æwiertnia, 2018).
Amal gam ation on a larger scale, re al ized by ASGM, is a huge
en vi ron men tal prob lem (Alpers et al., 2016), es pe cially in the
Am a zon Ba sin and in Af rica, de spite the fact that ap pli ca tion of
Hg in gold re cov ery is con sid ered il le gal in most coun tries
(Gerson et al., 2022; Abdelaal et al., 2023 and ref er ences
therein).

Be sides amal gams, the chan nel-fill de pos its of the Skora
River are also en riched in other grains of pre sumed in dus trial
or i gin, rep re sented by Fe-Ti-V-Si spher ules. The spher ules’
size and com po si tion in di cate their for ma tion through spe cial -
ized met al lur gi cal ac tiv ity (Muszer, 2007; Muszer et al., 2016).

CONCLUSIONS

1. The oc cur rence of the Skora River gold-bear ing sed i -
ments rep re sents the third case, af ter the Jamna (Kania, 2018)
and ¯eliszowski (Kania, 2023) creeks, where iden ti fi ca tion of
microinclusions of ore min er als within gold grains from Pol ish
placer de pos its has been made. The ad di tion of such anal y ses
to the stan dard chem i cal and mor pho log i cal tests can pro vide a
valu able tool for in ves ti ga tions into the or i gin of de tri tal gold.

2. The source rocks of the de tri tal gold col lected from the
Skora riverbed are rep re sented most likely by the lo cal Perm ian 
red beds, what makes their pre sumed or i gin sim i lar to that of
most gold grains oc cur ring in the mod ern al lu vial sed i ments of
the Kaczawa and Izera foot hills (Urbañski, 2010; Muszer, 2011; 
Wierchowiec and Zieliñski, 2017; Kania, 2018, 2023). This in -
ter pre ta tion is sup ported by the chem i cal com po si tion of the
microinclusions pres ent in the gold grains, though other types of 
source rock, es pe cially hy dro ther mal veins of the Kaczawa
meta mor phic com plex, can not be ex cluded.

3. Ho lo cene gold-bear ing sed i ments of the Skora River con -
sti tute a model ex am ple of a sig nif i cantly anthropogenically
mod i fied placer gold de posit, in which amal gam ation prod ucts
amount to sev eral tens of per cent of all gold grains col lected
and ana lysed. More over, the in flu ence of hu man ac tiv ity on the
de vel op ment of lo cal river sed i ments is also shown by the pres -
ence of spher ules of in dus trial or i gin (Muszer et al., 2016). De -
ter min ing the ex tent of the use of the amal gam ation method for
gold ex trac tion both lo cally and gen er ally for Lower Silesian
gold-bear ing de pos its, and as re gards sources of the mer cury,
the im pact of mer cury emis sions on the en vi ron ment, and the
for ma tion of mod ern gold-bear ing sed i ments, re quires fur ther
study.

4. To iden tify amal gams of pre sumed anthropogenic or i gin,
anal y ses must be per formed on sec tioned par ti cles, oth er wise
they may ap pear as nat u rally rounded grains, typ i cal for long-
 dis tance trans port from a source area. In ad di tion to their
curved shape and rel a tively large size (in com par i son to gold
grains of nat u ral or i gin), the di ag nos tic fea tures of ar ti fi cial
amal gams in clude a strongly de vel oped spongy tex ture
through out the en tire vol ume of the grains, as well as trace
amounts of mer cury, whose dis tri bu tion within the grains shows
no spa tial re la tion to the dis tri bu tion of sil ver. 

5. Nat u ral amal gams, iden ti fied so far in the Ce no zoic de -
pos its of the Kaczawa and Izera foot hills re gion (Wierchowiec
and Zieliñski, 2017; Kania, 2018, 2023), dif fer from ar ti fi cial
amal gams by more di verse mor phol ogy and a bi modal struc -
ture, in which mer cury ap pears to pref er en tially con cen trate in
phases with higher sil ver con tent, while the sil ver-de pleted
phases com monly show a po rous struc ture.
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APPENDIX 1

Char ac ter is tic EDS spec tra and el e men tal com po si tions of the microinclusions iden ti fied within the gold grains
ex am ined from the Skora chan nel-fill de pos its. The de tailed meth od ol ogy of the EDS anal y ses is de scribed in

Kania (2023)
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Pd
Ag

Au

Au

Pd
Ag

Te
Te Cu

Cu AuSe Se

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

Copper 29 K-series 0.69 0.94 1.67 0.04

Selenium 34 K-series 16.40 22.24 31.83 0.45

Palladium 46 L-series 29.08 39.42 41.87 0.96

Silver 47 L-series 3.35 4.55 4.77 0.13

Tellurium 52 L-series 2.36 3.21 2.84 0.09

Gold 79 L-series 21.87 29.65 17.02 0.58

Sum: 73.76 100.00 100

Fig. I. X-ray spec trum and re sults of point anal y sis S-19.I: a selenide with the el e men tal com po si tion 
of oosterboschite within the S-19 gold grain

Fig. II. X-ray spec trum of point anal y sis S-19.II: a selenide with the el e men tal com po si tion 
of palladseite within the S-19 gold grain
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Au

Pd
Ag Te

Cu
Se Au Pd

Ag
Te Cu Au Se

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

Copper 29 K-series 0.22 0.26 0.64 0.03

Selenium 34 K-series 3.95 4.61 9.36 0.13

Palladium 46 L-series 10.40 12.14 18.28 0.36

Silver 47 L-series 4.95 5.78 8.58 0.18

Tellurium 52 L-series 0.70 0.81 1.02 0.05

Gold 79 L-series 65.44 76.40 62.12 1.69

Sum: 85.67 100.00 100

Fig. III. X-ray spec trum of point anal y sis S-19.III: a selenide with the el e men tal com po si tion 
of oosterboschite within the S-19 gold grain

Au
Ag

Te

Au Pd
Ag

Te Au

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

Palladium 46 L-series 21.10 29.46 37.36 0.7

Silver 47 L-series 0.62 0.87 1.09 0.04

Tellurium 52 L-series 26.58 37.12 39.26 0.78

Gold 79 L-series 23.31 32.54 22.3 0.62

Sum: 71.61 100.00 100.01

Fig. IV. X-ray spec trum of point anal y sis S-19.IV: a tel lu ride with the el e men tal com po si tion 
of kotulskite within the S-19 gold grain
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Au

Pd
Te

Se
Cu

Au Pd Te Cu Au Se Pd

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

Copper 29 K-series 0.10 0.12 0.28 0.03

Selenium 34 K-series 0.72 0.87 1.63 0.04

Palladium 46 L-series 17.64 21.42 29.73 0.59

Tellurium 52 L-series 20.53 24.93 28.86 0.61

Gold 79 L-series 43.36 52.66 39.49 1.13

Sum: 82.33 100.00 99.99

Fig. V. X-ray spec trum of point anal y sis S-19.V: a tel lu ride with the el e men tal com po si tion 
of kotulskite within the S-19 gold grain


