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De tailed mor pho log i cal and geo chem i cal stud ies of placer gold grains and other heavy min er als from Ce no zoic flu vial clastic
sed i ments in the area of the Zimnik Creek drain age ba sin (North Sudetic Trough, Lower Silesia) al lowed the de scrip tion of
their spe cific fea tures: shape and mor phol ogy, flat ness in dex, in ter nal tex tural fea tures and chem i cal com po si tion of the gold
grains. It en ables an es ti ma tion of the dis tance from the source area and de ter mi na tion of the source of the ore min er ali sa -
tion, along with es tab lish ing the feeder ar eas for placer min er ali sa tion in clud ing Rote Fäule-re lated gold hosted by
Rotliegend-Zechstein tran si tional sed i ments. The com par i son of the heavy min eral con tents of placer grains from the Zimnik
Creek drain age ba sin makes it pos si ble to iden tify the area of or i gin for the gold par ti cles. The crys tal line Au-Ag-Pd-Hg
(polymetallic) al loy grains of flu vial gold are as sumed to come from the tran si tional sed i ments be tween the Rotliegend and
the Zechstein in the North Sudetic Ba sin. The mor pho log i cal and geo chem i cal fea tures of the polymetallic grains strongly
sug gest that the grains from the up per course of the Zimnik Creek val ley sed i ments rep re sent what has eroded from the lo cal
gold min er ali sa tion and this min er ali sa tion is prob a bly in the vi cin ity of the up stream sam pling site. The bi modal chem i cal
com po si tion of the Au-Ag-Pd-Hg al loy grains with electrum and me dium-Ag grains (<15 wt.% Ag) found in the study area is
typ i cal of the Rote Fäule and Kupferschiefer-re lated gold min er ali sa tion on the south ern side of the North Sudetic Trough
and the Sieroszowice-Polkowice cop per min ing dis trict of the Fore-Sudetic Monocline. The study of the Ag con tents of placer 
grains from the Zimnik Creek drain age ba sin high lights the con trast be tween the placer gold grains de rived from Paleozoic
orogenic gold min er ali sa tion in the Sudetes (typ i cally sim ple Au-Ag al loys con tain ing be tween 5 and 20 wt.% of Ag) and the
one formed by the ox i diz ing chlo ride hy dro ther mal sys tems. The grains iden ti fied in this man ner as orig i nat ing from the ox i -
diz ing hy dro ther mal sys tem of the tran si tional zone can be dis tin guished from the placer gold de rived from other styles of
min er ali sa tion, which are not Rote Fäule-re lated. It is par tic u larly im por tant con sid er ing the on go ing re con nais sance ex plo -
ra tion in the North Sudetic Trough (SW Po land), which em ploys gold grain anal y ses as a pros pect ing tool for the de tec tion of
po ten tially eco nomic pri mary gold min er ali sa tion.
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INTRODUCTION

Mor pho log i cal and geo chem i cal stud ies of placer gold and
other heavy min er als are widely used in min eral ex plo ra tion and 
may con sid er ably con trib ute to the de ter mi na tion of the source
of ore min er ali sa tion and to es tab lish ing the par ent area for
placer min eral ac cu mu la tions (e.g., Youngson, 1998; Chap man 
et al., 2000; Wierchowiec, 2002; Townley et al., 2003;
Nikolaeva and Yablokova, 2007; Dill et al., 2014). The study of
the phys i cal/me chan i cal dis per sion around ore de pos its has
been con sid ered a valu able tool in prospection and ex plo ra tion
(Averill, 2011, 2014; Beaudoin, 2014). The re sul tant eluvial-col -

lu vial and al lu vial sed i ments con tain ing min er als and lithoclasts
can be checked for di ag nos tic heavy min er als which may as sist
in the cre ation of an im age of the pri mary de posit much better
than us ing chem i cal ex plo ra tion as a stand-alone method
(McClengahan, 2005; McClengahan and Cabri, 2011; Mikulski
and Wierchowiec, 2013; Youngson, 2014). Joint min er al og i cal
and chem i cal stud ies of placer min eral as sem blages from trib u -
tary rivers to ephem eral drain age sys tems of small creeks con -
tain ing placer min er als of fer a tool to de lin eate fer tile source ar -
eas in base ment rocks (Chap man and Mortensen, 2006; Dill et
al., 2009; Chap man et al., 2010).

The de tailed sur vey and stud ies of the geo log i cal ma te rial
col lected from nu mer ous lo ca tions in the North Sudetic Trough
re vealed high con cen tra tions of gold in lim ited sam ples of the
Rotliegend-Zechstein tran si tional rocks (Speczik and Wojcie -
chowski, 1997; Wojciechowski, 2001; Oszczepalski et al.,
2011). The in creased amounts of gold with a max i mum of up to
5.190 ppb of Au are closely as so ci ated with the red-col oured
(Rote Fäule) ox i dized se quence – in the Weissliegend to Basal
Lime stone tran si tional zone of the Kupferschiefer se ries that
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un der lies the reductive Cu-Ag-bear ing strata (Wojciechowski,
2001). The pres ence of gold in the ox i dized rocks is char ac ter i -
zed by sub mi cro scopic dis sem i na tion (Oszczepalski et al.,
2011). Mac ro scop i cally or mi cro scop i cally vis i ble gold or com -
pos ites of na tive gold and electrum with iron oxyhydroxides and
cop per sulphides were not ob served. These types of heavy
min er als are the cen ter piece of the cur rent in ves ti ga tion. 

This pa per pres ents the min er al og i cal data for Ce no zoic
Au-Pd-Hg placer min er ali sa tion in the Zimnik River stream sed -
i ments and its ephem eral trib u tary un named creeks (up stream
prox i mal plac ers). The Au-Pd-Hg placer min er ali sa tion, al -
though sub-eco nomic in size and grade, may be used as an ore 
guide lead ing the ex plor ing ge ol o gists to the po ten tial pri mary
de pos its. 

METHODS AND MATERIALS

The re ported re sults were ob tained us ing a wide spec trum
of meth ods in volv ing field and lab o ra tory in ves ti ga tions. From
each sam pling site, a batch of sam ples was taken for fur ther
lab o ra tory work, and an other batch was ob tained us ing a sluice
box and a pan in or der to get a rough im age of the ma jor heavy
min er als al ready in the field, and to sched ule the sub se quent
activities in the laboratory. 

The sam ple ma te rial pro cessed in this work was col lected
from 1.5–2.5 m deep pro spec tive out crops, not reach ing the
sur face of the fresh protore rock wall. In or der to ob tain rep re -
sen ta tive sam ples, each ho ri zon was sam pled by means of the
chan nel chip sam pling tech nique along its thick ness and thor -
oughly mixed to yield a ho mo ge neous 10–20 l sample. 

A to tal of 64 panned heavy min eral sam ples have been
taken from the eluvial-col lu vial and al lu vial sed i ments and from
the ac tive chan nels of the Zimnik River stream sed i ments and
its ephem eral trib u tary un named creeks.

Field sam ples were re pro cessed in the lab o ra tory by re -
peated care ful pan ning of con cen trates in com bi na tion with the
lab o ra tory Knelson cen trif u gal con cen tra tor which can han dle
par ti cle sizes from >10 mm to a max i mum of 5–6 mm and was
orig i nally de signed for con cen tra tion of gold and plat i num from
placer and bed rock sam ples (McClengahan, 2014; www.knel -
so ngravitysolutions.com). Spe cial care was taken to save as
much of the fine gold as pos si ble, but some ex tremely fine gold
grains (<10 µm) may have been lost.

Dur ing the rou tine anal y ses, the heavy min eral con cen -
trates were di vided into fer ro mag netic, para mag netic and non -
-mag netic frac tions us ing the Ventouse mag net (made by
Allevard Ugine, France). The light part of non-mag netic frac tion
was re moved by sep a ra tion in bromoform (den sity 2.89 g/cm3).
The heavy min er als were iden ti fied, with 200 to 300 grains per
sam ple counted un der the petrographic mi cro scope in re flected 
and trans mit ted light as de scribed by Mange and Mau rer
(1992). Pho to mi cro graphs were taken us ing the Nicon au to -
matic mi cro scope cam era. 

All vis i ble gold grains were sep a rated from the re pro cessed
sam ples by hand-pick ing un der a bin oc u lar mi cro scope and
weighed. The gold con tent was ex pressed as the num ber of
grains counted in the sam ple per cu bic metre (Kanasiewicz,
1982). The grains were clas si fied ac cord ing to their mor phol -
ogy; some were se lected for fur ther study.

Round ness was as sessed qual i ta tively us ing the class
sys tem of Pow ers (1953). Par ti cle flat ness was de ter mined
un der a bin oc u lar mi cro scope fit ted with a mi crom e ter oc u lar
by mea sur ing the length of the three mu tu ally per pen dic u lar

axes of gold par ti cles. This data was used to cal cu late the flat -
ness in dex:

F.I. = (a + b)/2c

where: “a” and “b” are the long and in ter me di ate axes of the gold par -
ti cle and “c” is the short axis that is re duced by flat ten ing (see
Cailleux, 1945; Wierchowiec, 2002). 

The Cailleux in dex is a mea sure of the trans port-in duced
mass re dis tri bu tion (i.e. shape change) of gold grains by pro -
gres sive ham mer ing and/or fold ing in the flu vial sys tem. It has
been used for Bo liv ian (Hérail et al., 1990), New Zea land
(Youngson and Craw, 1999) and Lower Silesian (Mikulski and
Wierchowiec, 2013) placer gold stud ies. 

Gold grains rep re sent ing dif fer ent mor pho log i cal classes
were in ves ti gated un der the Jeol JSM-6380LA scan ning elec -
tron mi cro scope in an en ergy-dispersive mode (EDS Link An a -
lyt i cal ISIS) in or der to study the mor phol ogy and ob tain the
semi-quan ti ta tive chem i cal data. The op er at ing con di tions
were: 20kV ac cel er at ing volt age, 5 mm spot size and 6 nA sam -
ple cur rent. The ZAF-4 cor rec tion pro gram was ap plied. Ad di -
tion ally, gold grains rep re sent ing dif fer ent morphologies were
em bed ded in ep oxy resin, pol ished and viewed un der re flected
po lar ized light. Quan ti ta tive chem i cal anal y ses (EMPA) of gold
grains were con ducted by means of the Cameca SX100 elec -
tron microprobe equipped with five wave length-dispersive
spec trom e ters. Rep re sen ta tive gold grains were ana lysed for:
Ag, As, Au, Bi, Cu, Fe, Hg, Pb, Pd, Pt, S, Sb, Se, Sn, Te and Zn. 
Pure met als (Ag, Au, Cu, Pd, Se, Pt), pure ga lena (Pb, S),
sphalerite (Zn), HgTe (Hg), GaAs (As), InSb (Sb), cas sit er ite
(Sn), and he ma tite (Fe) were used as stan dards. The op er at ing
con di tions for EMPA were: 25kV ac cel er at ing volt age, 2 x
10–8A pri mary beam cur rent, 25 sec count ing time, and the de -
tec tion thresh olds (wt.%): for Au – 0.121, Ag – 0.033, Cu –
0.015, Te – 0.019, Se – 0.006, Bi – 0.046, Hg – 0.038 and for Pd 
– 0.017. Nat u ral min eral stan dards and the ZAF-4 were used.     

Core and rim com po si tions of gold grains were ob tained
sep a rately. “Core” anal y ses re fer to the cen tral part of the grain
in a pol ished sec tion. Mappings were made for rep re sen ta tive
grains to check for changes in the chem i cal com po si tion from
the grain cen tres to the edges. SEM and microprobe anal y ses
were per formed at War saw Uni ver sity of Technology (Poland).

GEOLOGICAL SETTING

The stud ied eluvial-col lu vial and al lu vial sed i ments are un -
der lain by the rocks of the Kaczawa Meta mor phic Com plex (the
Z³otoryja-Luboradz Unit) and the Grodziec Syncline, which con -
sti tutes the north east ern mar gin of the North Sudetic Trough
where Rotliegend-Zechstein tran si tional sed i ments are ex po -
sed in sev eral out crops (e.g., the Grodziec area, the Leszczy -
na–Nowy Koœció³–Lwówek Œl¹ski area; S³awiñska-Krolisz,
1958; Konstantynowicz, 1965; Krasoñ, 1967; Skowronek,
1968; Speczik and Wojciechowski, 1997; Wojciechowski, 2001, 
2011). Cur rently, these Rotliegend-Zechstein brown to grey col -
oured rocks (con glom er ates, sand stones and claystones) form
a nar row zone in the outer part of the North Sudetic Ba sin (NSB) 
(Figs. 1 and 2). 

The Kaczawa Com plex is com posed of low-grade meta -
mor phic rocks of sed i men tary and vol ca nic or i gin (Cam brian to
Early Car bon if er ous age) and com prises frag ments of a Varis -
can accretionary prism (Baranowski et al., 1990; Mazur et al.,
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2007). Within the Z³otoryja-Luboradz Unit there are dis tinc tive
mélanges in ter preted as prod ucts of con tin u ous con cur rent
sed i men tary and tec tonic pro cesses which formed struc tures
com pa ra ble to those re corded in the re cent accretionary
wedges (Col lins et al., 2000; Kryza, 2008).

The NSB de vel oped as a late Paleozoic intramontane
trough at the end of the Variscan orog eny. The post-Variscan
Rotliegend molasse, fol lowed by Zechstein ma rine de pos its,
Buntsandstein sand stones and Muschelkalk cal car e ous sed i -
ments, was ul ti mately cov ered by the Up per Cre ta ceous
transgressive ma rine sand stones and marls. Sed i men ta tion of
the Rotliegend clastic sed i ments was ac com pa nied by stretch -
ing of the sub strate along WNW–ESE trending faults and by
Early Permian bimodal volcanism.

The Lower Zechstein se ries within the NSB over lies the Up -
per Rotliegend polymictic brown to red con glom er ates and
sand stones, mostly con sist ing of flu vial, al lu vial fan and minorly

ae olian sed i ments (Pokorski, 1997). The Zechstein sec tion
within the North Sudetic Ba sin is con densed in com par i son to
that of the cen tral part of the Zechstein Ba sin due to
intraformational and epigenetic ero sion, and formed by sed i -
ments of the first (PZ1) and third (PZ3) Zechstein cy cles (Peryt,
1978; Peryt and Kasprzyk, 1992). There fore, di rect ap pli ca tion
of the Zechstein cyclothem lithostratigraphy has turned out to
be prob lem atic (Raczyñski, 1997, 2010).

The low est part of the PZ1 cy cle was de vel oped in near -
shore palaeoenvironment and is rep re sented by fa cies sim i lar
to those of the Kupferschiefer se ries of the Fore-Sudetic
Monocline. In the North Sudetic Trough, where the Konrad,
Lena and Nowy Koœció³ cop per mines op er ated, the low er most
parts of the mine sec tions typ i cally com prise Zechstein sand -
stones (con glom er ates) of grey or mot tled col our (lighter in tint
com pared to Rotliegend) above the red-col oured Rotliegend
sand stones (Konstantynowicz, 1965; Krasoñ, 1967; Speczik et
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Fig. 1. Gen er al ized geo log i cal-struc tural map of the Lower Silesia (com piled af ter Sawicki 
and Teisseyre, 1978; Oszczepalski et al., 2011) show ing the lo ca tion of the study area 
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al., 1986; Kubiak et al., 1996). The Zechstein con glom er ates
and sand stones cor re spond to the Weissliegend sand stones of 
the Fore-Sudetic Monocline, which are con ti nen tal in the lower
part and ma rine in or i gin in the up per most part (Oszczepalski,
1989). The Weissliegend is cov ered by micritic lime stones
(Basal Lime stone). The bot tom part of the Basal Lime stone is
com monly com posed of mot tled, brown to grey sandy clay -
stones, clas si fied as the low er most Zechstein (Speczik and
Wojciechowski, 1997; Wojciechowski, 2001). The car bon ates
of the Basal Lime stone are over lain by spot ted marls and cop -
per-bear ing marls, re garded as an equiv a lent of the Kupfers -
chiefer ho ri zon, lead-bear ing marls, and the mid dle part of the
Zechstein Lime stone (Biernacka et al., 2005; Raczyñski, 2010;
Oszczepalski et al., 2011).

The marly-limy se ries along with the un der ly ing Basal Lime -
stone rep re sent the car bon ate rocks of the Zechstein Lime -
stone (Ca1) of the evaporite-car bon ate se quence of the first
evaporitic Zechstein cy cle (PZ1). The Ca1 sed i ments are usu -
ally 15 to 40 m thick and they were de pos ited in a nar row
(20–30 km) and long (about 100 km) la goon ex tend ing
WNW–ESE. The PZ1 units are over lain by PZ3 car bon ate and

heterolithic sed i ments of the Perm ian/Tri as sic tran si tional se -
ries (Raczyñski, 2010).

The main stage of the epi-Variscan cover de for ma tion con -
trolled by the NE–SW com pres sion took place dur ing the post -
-Cre ta ceous in ver sion of the ba sin. As a re sult of this pro cess,
the main frame work of the North Sudetic Trough has been
formed. Dur ing the Ce no zoic the de formed sub strate with nu -
mer ous horsts and grabens was sub jected to in ten sive chem i -
cal weath er ing and was punc tured by ba saltic necks (Badura et
al., 2004). A low-re lief land scape evolved dur ing the Neo gene
in sub trop i cal cli mates. Dur ing the Pleis to cene glaciations, an
al lu vium con sist ing of coarse-sized, well-strat i fied gravel with
sandy ma trix was de pos ited by deeply scour ing streams. Af ter
the last gla ci ation the com pe tence of streams de creased and
sand-sized sed i ments be gan to pre dom i nate in the stream de -
pos its. Eluvial-col lu vial and al lu vial sed i ments which host placer 
gold and other heavy min er als in ques tion were ac cu mu lated in
bed rock de pres sions and intergraded with al lu via dur ing the
Late Pleis to cene (Wierchowiec, 2010). At the end of the gla cial
pe riod, chan nels of the pres ent-day flu vial drain age sys tem in -
cised into the rocks and shaped the north east ern part of the

Fig. 2. Sim pli fied geo log i cal map of the Zimnik Creek catch ment ba sin area (North Sudetic Trough) 
(com piled af ter S³awiñska-Krolisz, 1958; Milewicz and Jerzmañski, 1959) show ing 

the lo ca tion of sam pling sites (out crops) for this study

The area is out lined in Fig ure 1
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North Sudetic Trough base. The mod ern streams (the Zimnik
Creek drain age ba sin) drain the Ce no zoic slopewash clays with 
rock wastes, loess-like loams as well as Qua ter nary al lu vial and 
gla cial sed i ments.

ROTE FÄULE-RELATED MINERALISATION

Geo log i cal stud ies of the red-col oured basal Zechstein sed i -
ments re ferred to as “Rote Fäule” al tered rocks (fa cies) and the
re lated min er ali sa tion show that the dis tri bu tion of these fa cies
and the Rote Fäule-re lated min eral zon ing is use ful as ex plor -
atory guide lines for both the Cu-Ag and Au-Pt-Pd de pos its
(Oszczepalski, 1999). In the North Sudetic Trough, the clearly
ox i dized Rote Fäule sed i ments are well-doc u mented by nu mer -
ous bore holes that pen e trate the Kupferschiefer se ries in the
area of the Konrad-Wartowice, Lena and Nowy Koœció³ de pos its
(Konstantynowicz, 1965; Skowronek, 1968; Oszczepalski et al.,
2011) and in out crops at the south ern side of the North Sudetic
Trough (Speczik and Wojciechowski, 1997; Wojcie chowski,
2001). Ox i da tion af fects pre dom i nantly (en tirely or partly) the
Weissliegend, Basal Lime stone and Kupferschiefer (spot ted
marls and cop per-bear ing marls), but lo cally also the low er most
por tion of the Zechstein Lime stone (Oszczepalski et al., 2011). 

Ox i dized sed i ments con tain he ma tite and iron oxyhy -
droxides in the form of grains and spher ules, and as red pig -
ment dis persed in the rock ma trix. Iron oxyhydroxide pseudo -
morphs af ter framboidal py rite and par tial re place ments of
cop per sulphides by he ma tite were also ob served (Skowro -
nek, 1968; Oszczepalski, 1989, 1999). Sim i lar to the Fore -
-Sudetic Monocline, a tran si tional zone be tween the ox i dized
and redu ctive sed i ments is ob served in the bore hole pro files
(Oszcze palski et al., 2011). This zone is char ac ter ized by co -
ex is tence of dis persed iron oxyhydroxides and sulphides
(mainly covel lite, bornite, chal co py rite, py rite and marcasite),
the pres ence of cop per sul phide rel ics cor roded by he ma tite,
and an in ter me di ate cop per con tent. This zone is also dis tin -
guished by a grad ual up ward change from red, through red -
dish to grey or black rocks. 

The Rote Fäule-re lated gold min er ali sa tion man i fests it self
as a thin bed (0.5 to 3.4 m in thick ness) that in ter sects the
lithostratigraphic units and un der lies the cop per orebodies
(Oszczepalski et al., 2011). While the reductive sed i ments in -
clud ing Cu-Ag ores are com monly bar ren in gold, the high est
gold con cen tra tions are as so ci ated with the ox i dized sed i ments 
of the Weissliegend – Basal Lime stone con tact zone (mot tled,
brown to grey sandy claystones), but not di rectly with the re dox
in ter face. Gold con cen tra tions are lo cally ac com pa nied by el e -
vated amounts of Pd and Pt. The gold ho ri zon is also char ac ter -
i zed by low cop per and low or ganic mat ter con tents (Oszcze -
palski et al., 2011). The re sults of re cent stud ies (Wierchowiec,
2010; Oszczepalski et al., 2011; Wojciechowski, 2011; Oszcze -
palski and Chmielewski, 2015) strongly sug gest that fur ther re -
search and ex plo ra tion for gold should be con cen trated in the
ar eas of post-depositional Rote Fäule ox i da tion. It seems likely
that no ble met als were pri mar ily de pos ited in the ox i dized sec -
tions of the Rotliegend-Zechstein tran si tional sed i ments over a
large area of the Fore-Sudetic Block and were later re moved by 
ero sion, start ing with intraformational Zechstein pro cesses, and 
re dis trib uted dur ing the Cim mer ian and Al pine tec tonic move -
ments, be ing one of the ma jor sources for Ce no zoic placer min -
er ali sa tion in the re gion. 

RESULTS

LITHOLOGY AND DISTRIBUTION 
OF PLACER DEPOSITS

Placer (heavy min eral) de pos its are wide spread in the
chan nels of the pres ent-day flu vial drain age sys tem of the
north east ern part of the North Sudetic Trough in cised into the
nar row zone of the Rotliegend-Zechstein tran si tional sed i -
ments. The trap sites of these heavy min er als are in the stream
sed i ments of the Zimnik Creek and its trib u tary un named
creeks (up stream prox i mal plac ers; Figs. 1 and 2). 

Stream chan nels in the study area con tain flu vial sed i ments
that vary in com po si tion and char ac ter from one chan nel to an -
other and along the same stream val ley. The chan nel-fill sed i -
ments are crudely bed ded and con sist es sen tially of peb ble to
sandy grav els with thin mud and clay lenses form ing the top
sec tion. The peb ble beds have a fine to coarse sandy ma trix
with a siz able pro por tion of silt par ti cles; boul ders are rare. Iron
and man ga nese-stained beds oc cur at the base of some up -
ward-fin ing se quences. Peb bles ac count for ~20–30% of these
sed i ments by vol ume. Subangular to sub rounded peb bles are
dom i nated by milky quartz (60–80%) ac com pa nied by rock
frag ments of si li ceous schists, melaphyres, quartzites and
quartzy sand stones as well as clasts of grani toids and lo cally
bas alts. A few-per cent ad mix tures of gla cially de rived rocks
were also noted. 

In a lon gi tu di nal sec tion from the head wa ters to the river
mouth, no reg u lar vari a tion of placer min er als is rec og nized
(patchy heavy min eral ac cu mu la tions are a few metres in
length). The high est con cen tra tion was noted at the base of the
chan nel grav els, be tween large peb bles and cob bles, which are 
known to cre ate lo cal tur bu lent zones with good placer traps
(Wierchowiec, 2010).

GOLD AND OTHER HEAVY MINERAL CONTENT

Con cen tra tions of placer gold and other heavy min er als in
the sam pled sed i ments vary con sid er ably de pend ing on the
sam pling site, be ing the high est at the base of the gravel ho ri -
zons and sig nif i cantly lower in the fine sandy sed i ments. In the
grav els, heavy min eral con cen tra tions vary from 506 to 2
430 g/m3 for sam ples Z4/2 and Z8/3 (Ta ble 1). The gold is lo -
cally abun dant in coarse-grained sed i ments, but var ies widely
in con cen tra tion as re flected by the num ber of grains re cov ered
at dif fer ent ho ri zons (Fig. 3). The Au grades range be tween
traces and 0.03 g/m3 with the max i mum Au con cen tra tion noted 
in pock ets of grav els at the base of the gold-bear ing ho ri zons
(see Fig. 3, Z4).

Sands and sandy diamictons con tained neg li gi ble amounts
of gold. In all sam pling sites the max i mum Au con cen tra tion was
noted in zones en riched in other heavy min er als, es pe cially Fe-Ti 
ox ides which pre dom i nate in the heavy min eral frac tion of the
stud ied sed i ments (Ap pen dix 1*). Grains of ho mo ge neous he -
ma tite, most of which are an gu lar to slightly rounded, sig nif i cantly 
pre vail among the opaque phases (Fig. 4). Con cen tra tion of iron
oxyhydroxides ranges from 16 to 35 vol.%. The poly phase grains 
(with mag ne tite-he ma tite, mag ne tite-il men ite or mag ne -
tite-martite inter growths), mag ne tite (all iso tro pic pha ses, in clud -
ing Ti-mag ne tite) and il men ite are pres ent in vari able amounts.
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Some he ma tite grains con tain “nu cleus-like” in clu sions of fresh
or goethitised py rite, chal co py rite and sphalerite (Fig. 5).

The sed i ments con tain con sid er able amount of ap a tite.
Ap pen dix 1 shows that the ap a tite con tent in the fine frac tion
(62–125 µm) of the Zimnik Creek av er ages at 7.3 vol.%, while
a con cen tra tion of 4.3% oc curs in the coarse frac tion
(126–250 µm). Lower con cen tra tions (av er ag ing 2.3 vol.%) of
ap a tite oc cur in sam ples from the Golden Creek. The ap a tite
forms anhedral to subhedral ho mo ge neous grains (Fig. 6A).
Zir con, rutile and cin na bar are other com mon non-mag netic
min er als. Lo cally, zir con amounts up to 12.1% of the to tal vol -
ume of the fine-grained (62–125 µm) heavy min eral frac tion
and av er ages 3.1%. Lower con cen tra tions (up to 6.5 vol.%) of
zir con oc cur in sam ples from the Golden Creek (Ap pen dix 1).
Most of the zir cons com prise trans par ent, short pris matic crys -
tals with poorly to mod er ately rounded edges (Fig. 6B).

Rutile is pres ent in all sam ples from the sed i ments with the
con cen tra tions vary ing be tween 1.5 and 6.1 vol.%, reach ing its
max i mum in the fine-grained sand (Ap pen dix 1). Typ i cally, rutile 
oc curs as rounded brown ish red grains and does not show any
pe cu liar mor phol ogy (Fig. 6C). Cin na bar oc curs as red
subangular to an gu lar, un evenly shaped grains (see Fig. 6D).
This min eral reaches the con cen tra tions of 1.0 to 2.6 vol.% only 
in part of the sam ples, with a max i mum in the fine-grained sand
of the Zimnik Creek (Ap pen dix 1). Cin na bar grains are also
found in sam ples from the Golden Creek, but their con tent does 
not ex ceed 1.8 vol.%. This min eral dem on strates close re la tion
to ap a tite.

The heavy min eral grains also con tain gar nets, epidote,
am phi boles, py rox enes, monazite, kyan ite, tour ma line, an da lu -
site, silimanite and to paz, but their con cen tra tions for the in di -
vid ual min er als are <1wt.%. 

GOLD CHARACTERISTICS

GRAIN SIZE, SHAPE AND MORPHOLOGY

Gold grains vary in size and shape along the sec tions stud -
ied. They are mostly free, only a few have inter- or overgrowths
with other min er als (Figs. 7–10). In gen eral, the gold grain-size
var ies in the stud ied placer from 0.13 to 0.90 mm. The av er age

grain size of gold in dif fer ent lo cal ar eas of the Zimnik placer
var ies in sig nif i cantly (be tween 0.41 and 0.50 mm, with an av er -
age from the whole placer equal ling 0.46 mm). Dis tri bu tions
within this range are typ i cal of the Lower Silesia placer gold (see 
Grodzicki, 1963, 1969; Wierchowiec, 2006, 2007, 2011).

Most grains en coun tered in the heavy min eral sands from
the Zimnik drain age sys tem are flaky in shape, with folded
edges. Some par ti cles have been folded and then reflattened,
or re peat edly folded (Fig. 7). A char ac ter is tic fea ture of these
folded gold par ti cles is the pres ence of pe cu liar forms known as
“sand wich-like” gold grains. The “sand wiches” are formed as a
re sult of in tense de for ma tions in the mar ginal parts of the grains 
with an oma lously high flat ness in dex. The high pro por tion of
“sand wiches” in the stud ied sed i ments sug gests that such par ti -
cles have been ex posed to lengthy trans port. Sim i lar con clu -
sions were made by Hérail et al. (1990), Wierchowiec (2002)
and Youngson (2014).

Most of the rounded and folded gold par ti cles have rough
sur faces, with scratches, ham mer-marks, ir reg u lar sur face
etch ing pits and abraded embayments, from <1 to 30 mm
across (Fig. 7). Some times, sur face iron oxyhydroxide coat ings
which can form from the ox i diz ing fine clayey ma te rial are noted
on placer gold par ti cles (Figs. 7 and 10).

A de tailed study re veals that some of the gold grains from
the sed i ments of the up per course of the Zimnik Creek val ley,
close to the area where the chan nels of the pres ent-day flu vial
drain age sys tem of Zimnik in cised into the nar row zone of the
Rotliegend-Zechstein tran si tional sed i ments, have a pre served
“ore” ap pear ance with crys tal inter growths and only par tially
cor roded sur face or dis torted crys tal line out lines (Fig. 7A–D).
A few flaky gold par ti cles with el e ments of skel e tal growth were
also found here. 

The mor phol ogy of gold grains from the mid dle course (in
the vil lage of Grodziec) is gen er ally sim i lar to that of the gold
from the up per part of the placer. How ever, there is a sig nif i -
cantly in creased amount of flaky forms and a higher de gree of
their round ness, with mod er ately rounded and even well -
-rounded grains (Fig. 7E–H). Some of the gold par ti cles show
marks of slight press ing and abra sion, due to which nu mer ous
quartz and Ti-min eral in clu sions are over printed by the sur -
round ing el e va tions in the host gold grain sur face. 

In an at tempt to give some quan ti ta tive mea sure on the de -
gree of flat ness of gold par ti cles, the Cailleux flat ness in dex
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T a  b l e  1

Gold and other heavy min eral con tent with the pro por tion di vided be tween the mag netic, para- and non mag netic
frac tions of the rich est gold-bear ing sam ples

Sam pling

site

Sam ple

No.1
Vol ume of the 
sam ple [m3]

Num ber of
gold grains in 
the sam ple

Wt of gold
[mg]

Heavy min eral con tent  [g/m3]
Gold con tent 

[g/m3]
mag netic

frac tion
para mag netic 

frac tion
non-mag netic 

frac tion

Zimnik
Creek

Z2/3 0.02 6 <10 52.4   804.4  49.1 <0.01

Z4/2 0.04 7 <1.0 22.0   506.3   51.2 <0.01

Z4/3 0.04 15   1.3 42.7 1223.0 116.0   0.03

Z4/4 0.04 7   1.2 35.9   997.2 123.1   0.03

Z5/3 0.02 11 <1.0 24.2   793.0 118.6 <0.01

Z6/3 0.04 7 <1.0 56.8 1352.3 293.2 <0.01

Z7/3 0.04 5 <1.0 89.3 1827.4 352.4 <0.01

Z8/3 0.04 5 <1.0 175.0 2430.0 607.5 <0.01

Golden
Creek

A1/3 0.02 7 <1.0    8.5   216.3   19.7 <0.01

A3/3 0.02 6 <1.0   18.6   495.7   55.7 <0.01

1 – sam pling lo ca tions are shown in Fig ures 2 and 3

https://gq.pgi.gov.pl/article/view/7414/6064
https://gq.pgi.gov.pl/rt/suppFileMetadata/25126/0/2911
https://gq.pgi.gov.pl/rt/suppFileMetadata/25126/0/2911
https://gq.pgi.gov.pl/rt/suppFileMetadata/25126/0/2911
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Fig. 3. Sche matic out crop sec tions of the rep re sen ta tive gold-bear ing sed i ments show ing the lo ca tion
of sam ples pre sented in Fig ures 5–7 and 10 

Lo ca tions of the sec tions are shown in Fig ure 2



(F.I.) has been de vised as a mea sure of pro gres sive flat ten ing
(Hérail et al., 1990; Youngson and Craw, 1999; Wierchowiec,
2002). Low F.I. is in dic a tive of nearly spher i cal grains, whereas
high val ues point to highly flat tened par ti cles. For the pur pose of 
this pa per, par ti cles with the Cailleux in dex of >5 are re garded
as flaky.

The F.I. for the to tal sam pled gold grain pop u la tion ranges
from about 2 to as much as 19, with the pre dom i nance of grains
with the F.I. <15. The av er age flat ness in dex (X) is slightly lower 
for the gold from the up per course of the Zimnik Creek val ley (X
= 8.4) than for that from the lower part of the placer (X = 11.6).
The cor re la tion be tween the dis tri bu tion of flat ness in dex val ues 
and the lengths of the a-axis was rec og nized only for gold par ti -
cles in the sam ples from the mid dle course of the Zimnik Creek. 
For these gold grains an in crease in F.I. is ob served as pro gres -
sive ham mer ing in creases, which in di cates in creased flat ten ing 
along with an in crease in the grain size (x-axis length) (see Fig.
8). A his to gram of the edge round ness data for gold par ti cles
shows that rounded and well-rounded grains are the most com -
mon. Sub-an gu lar par ti cles are rare and an gu lar grains are to -
tally ab sent. There is no cor re la tion be tween flat ness and
round ness for the gold from dif fer ent sam pling sites (Fig. 9).
Some pop u la tions of the stud ied gold grains have been
reflattened af ter fold ing. These well-rounded gold par ti cles are
likely to have been re cy cled from palaeoplacer sources
(Wiercho wiec, 2002; Youngson, 2014).

The full range of flat ness in dexes for the in di vid ual sam ples
can rep re sent sev eral gold in puts en route and par ti cle fold ing.
In the stud ied sed i ments, these gold in puts are: par ti cles trans -
ported as free gold from lo cal pri mary sources, par ti cles re cy -
cled into the trunk rivers from palaeoplacers, par ti cles re cy cled
from Pleis to cene till and par ti cles re thick ened to the subcritical
flatness index by folding.

INTERNAL TEXTURE

A de tailed SEM in ves ti ga tion of the in ter nal tex tural fea tures 
of the col lected gold grains showed that, de spite the above -
-men tioned dif fer ences in mor phol ogy, a num ber of them ex -

hibit in ter nal zonation rang ing from rel a tively sil ver-rich cores to
vir tu ally sil ver-free rims. Sim i lar fea tures were re ported for gold
from else where in the world, in clud ing the Lower Silesia re gion
(e.g., Giusti, 1986; Hérail et al., 1990; Knight et al., 1999;
Wierchowiec, 2007, 2010). The gold par ti cles are rarely ho mo -
ge neous, with no marked core to rim Au/Ag vari a tion.

The rims are gen er ally dis con tin u ous, ei ther con form able to
the grain mar gin or ir reg u lar, usu ally rang ing from 5–50 µm in
thick ness and mas sive or po rous. In ad di tion, they have ir reg u -
lar in ter con nected pits and ca nals, pre dom i nantly at the edges
of the grains. Usu ally, the mar ginal pits and pock ets are filled
with fine-grained as sem blages of amor phous sil ica or iron
oxyhy droxides and clayey masses (Fig. 10). It sug gests that
this gold was sub ject to deep supergene cor ro sion and leach -
ing. In ter nal het er o ge ne ity in the zoned par ti cles is clearly vis i -
ble in pol ished sec tions (in re flected light or SEM back scat ter -
ing; see Fig. 10) and was quan ti fied by an EPMA anal y sis (Ap -
pen dix 2). A back-scat tered elec tron im age of some grains (Fig. 
10A) shows an in ter nal and un usual lin ear or more ir reg u lar
zonation (patches), which has a lower gold con tent (ca.
80 wt.%) than the brighter, outer area (>95 wt.%). The in ter nal
ge om e try of the het er o ge ne ity (chem i cal com po si tion) within
the pol ished sec tions of these grains in di cates the se quence of
em place ment with a mul ti tude of growth or dif fu sion zones. The
com po si tion of growth zones within the grains in di cates that the
Au, Ag and Pd el e ments must all have been car ried to gether in
the min er al is ing so lu tion. 

Some gold par ti cles also show an ap par ent sil ver en rich -
ment along frac tures. The pro cesses that formed the sil ver-en -
riched zones are not com pletely un der stood, but are thought to
be late- or post-min er ali sa tion due to their as so ci a tion with frac -
tures and grain bound aries. This in ter nal vari a tion is in ter preted
to be a pri mary fea ture within the grain, and not re lated to al ter -
ation of the grain during or after transport. 

Due to ex ten sive dis so lu tion, chem i cally pu ri fied grains
with ho mo ge neous chem is try from the in te rior to the mar gins
are also pres ent. In pol ished sec tions this type of par ti cles
shows a typ i cal sponge-like tex ture with ran dom pits and ir reg -
u lar ca nals (Fig. 10B, D). These po rous “pure” gold grains
(>99 wt.% Au) con sti tuted only 4–5% of the stud ied gold par ti -
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 Fig. 4. Dis tri bu tion of spe cific com po nents of the opaque phase in the 63–250 mm 
grain size range of heavy min eral sam ples in the stud ied sed i ments from

 the Zimnik Creek catch ment ba sin 

https://gq.pgi.gov.pl/rt/suppFiles/25126/
https://gq.pgi.gov.pl/rt/suppFiles/25126/


cles. This tex ture is equiv a lent, in two di men sions, to the tex -
tures ob served on cer tain gold grains as so ci ated with sandy
and gravely sed i ments from other re gions of Lower Silesia
(Wierchowiec, 2002, 2010, 2011).

CHEMISTRY OF GOLD 

The chem i cal com po si tion of the grains shows that gold is
pre dom i nantly an Au-Ag al loy (70–90 wt.%), with mi nor “pure”
gold (i.e., >99 wt.% Au). Some grains also have el e vated Pd
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Fig. 5. Re flected light pho to mi cro graphs and back-scat tered elec tron (BSE) im ages (E, F) of typ i cal 
opaque heavy min er als in the 63–250 mm grain size range of the stud ied sam ples

A – ex ten sive re place ment of py rite (Py) by goethite (Gt); the al ter ation pro ceeds along crys tal edges; sam ple no. Z5/3; B – a
close-up view of a grain show ing de tails of the re la tion ship be tween py rite, goethite (gt) and fill ing of voids and pock ets by iron
oxyhydroxides and amor phous sil ica; C – an ir reg u lar in clu sion of goethitised py rite (yel low) in goethite (dark); sam ple no. Z5/3; D
– chal co py rite (Ccp) (light rel ics) ex ten sively re placed by goethite (Gt) and he ma tite (Hem); sam ple no. Z4/4; E – a ho mo ge -
neous, subhedral he ma tite grain with in clu sion of chal co py rite and sphalerite inter growth (light), sam ple no. Z6/3; F – a close-up
view of chal co py rite (Ccp) and sphalerite (Sp) crys tals; the sam pling lo ca tions are shown in Fig ure 3 



and Hg con tents (Ap pen dix 2). These two dif fer ent gold types
(Au-Ag al loy and “pure” gold) are op ti cally dis tin guish able (in
pol ished sec tions) but do not ap pear to be char ac ter ized by any
spe cific mor pho log i cal forms.

Typ i cally, the Au-Ag al loys are het er o ge neous par ti cles with 
one or few bore holes (light yel low in re flected light) and the po -
rous Ag-de pleted rim (dark yel low; see Fig. 10). Sim i lar cat e go -
ries were re ported for gold from var i ous sites in Lower Silesia
(Banaœ et al., 1985; Wierchowiec, 2007, 2010).

In the gold-bear ing sam ples stud ied from the up per course
of the Zimnik Creek val ley, rare Au-Ag-Pd-Hg al loy grains oc cur 
with the dom i nant Au-Ag al loy flakes. These par ti cles are ir reg -
u lar in shape, with del i cate crys tal inter- and overgrowths (for
sim pli fi ca tion, we de scribe the lat ter as crys tal line in gen eral).
The shapes of the par ti cles sug gest that they have not been
sub jected to the same de gree of round ing and flat ten ing as the
flakes, and there fore have a some what dif fer ent or i gin (the bed -
rock source). The gold grains with el e vated amounts of Pd and
Hg (polymetallic al loys) are a sub ject of the fol low ing detailed
description and discussion.

An op ti cal in spec tion and X-ray microprobe anal y ses of
each in ves ti gated Au-Ag-Pd-Hg al loy grain in di cate inter-par ti -
cle and intra-grain vari a tions with re spect to the al loy com po si -
tion; some dif fer ence is ev i dent in the av er age com po si tion of
placer gold from the dif fer ent sam pling sites, es pe cially in the
sam ples from the up per course of the Zimnik Creek. Gen er ally,
Au-Ag-Pd-Hg al loy grains are free from quartz and sul phide in -

clu sions. In pol ished sec tions, the Au-Ag-Pd-Hg al loy grains are 
zoned sim i larly to what is ob served in the pol ished sec tions of
Au-Ag al loys (Fig. 11). The rims typ i cally have high gold
(>98 wt.% Au) and low Ag, Pd and Hg (<2 wt.% in to tal) con -
tents. The chem i cal com po si tion of the cores makes two types
of gold grains dis tin guish able: Ag-rich grains (>15 wt.% Ag) cor -
re spond ing to electrum, and me dium-Ag grains (<15 wt.% Ag).
Of high sig nif i cance is the re mark able in ter nal ir reg u lar or more
lin ear core-to-rim vari a tion in the com po si tion of al loys. Sil ver
and Pd, Hg-de pleted or en riched do mains form em place ment
with growths in the cores and also oc cur as veinlets along the
so lu tion fis sures within the grains (Figs. 10 and 11). 

The sil ver con tent of the rims ranges from 0.03 (de tec tion
limit) to 2.31 wt.%, with an av er age of 0.65 wt.% (the mean of 19 
anal y ses), whereas the pal la dium con tent ranges from 0.02
(de tec tion limit) to 0.09 wt.%, with an av er age of 0.05 wt.%. Pd
and mer cury are around the de tec tion limit (0.04–0.06 wt.%).
The com po si tion of cores is bi modal, with me dium-Ag cores
con tain ing <15 wt.% Ag (the av er age of 29 anal y ses be ing
10.46% Ag) or Ag-rich (electrum) cores with the sil ver con tent of 
the al loy rang ing from 15.78 to 25.69 wt.% (the av er age of 10
anal y ses was 19.93 wt.%). The ex tent of the intra-grain vari a -
tion is not con stant and var ies from grain to grain; some grains
vary by <2 wt.% Au, whereas others vary by 8–10 wt.% 

There are some dif fer ences, but not sig nif i cant or con sis tent 
in all cases, in the com po si tions among the di verse mor pho log i -
cal pop u la tions, ex cept for the sam ples from the up per course
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Fig. 6. Back-scat tered elec tron im age (A) and sec ond ary elec tron mi cro graphs of rep re sen ta tive
non-mag netic min er als from the stud ied heavy min eral grain size ranges

A – a subangular ap a tite grain with out any inter growths (pol ished sec tion); B – short pris matic zir con with
smooth faces and roughly equal de vel op ment of the two main prisms; sam ple no. Z4/4; C – a well-rounded grain
of monazite with ad vanced sur face cor ro sion; sam ple no. Z6/3; D – an gu lar, un evenly shaped cin na bar grain;
sam ple no. Z4/3; the sam pling lo ca tions are shown in Fig ure 3  

https://gq.pgi.gov.pl/rt/suppFiles/25126/
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Fig. 7. Sec ond ary elec tron mi cro graphs of typ i cal placer gold par ti cles from the stud ied sam ples

A – two par ti cles with ir reg u lar grain edge ge om e try; note the coat ings of iron oxyhydroxides (dark) and bright patches of kaolinitic -micaceous
clayey masses; sam ple no. Z4/3; B – a lobate, craggy gold par ti cle with crys tal line, platelet mor phol ogy and mul ti lay ered tex ture; sam ple no.
Z4/4; C – a branched gold grain with mul ti lay ered par ti cle tex ture (photo C1) and etch ing pits on the sur face; sam ple no. Z4/3; D – mod er ately
rounded gold par ti cle with el e ments of skel e tal growth on the sur face; sam ple no. A1/3; E – a rod-shaped par ti cle pro duced by fold ing of a flaky
gold grain, note the cav i ties filled with iron oxyhydroxides (dark); sam ple no. Z5/3; F – a typ i cal “sand wich-like” par ti cle with coat ings of iron
oxyhydroxides; sam ple no. Z7/3; G – an in tensely ham mered flaky par ti cle with rounded edges; sam ple no. Z8/3; H – a subrounded, stubby
gold grain with scratches, fur rows and ev i dence of ham mer ing; sam ple no. Z8/3; the sam pling lo ca tions are shown in Fig ure 3



of the Zimnik Creek (sam ples Z4 and Z5). In those sam ples, the 
core com po si tions of the rounded, flaky grains have a lower dis -
per sion in their fine ness than the crys tal line grains. The core
com po si tion of the gold grains in sam ples Z4 and Z5 ranges be -

tween 78 and 91 wt.% for the crys tal line va ri et ies, 
and be tween 88 and 92 wt.% for the populations
of flaky grains.

The pal la dium ranges from 0.02 (de tec tion
limit) to 0.97 wt.% in grain cores, with an av er age
of 0.68 wt.% Pd, and the mer cury from 0.04 (de -
tec tion limit) to 0.96 wt.% in grain cores, with an
av er age of 0.53 wt.% Hg (Ap pen dix 2). It should
be noted that the ex tremely low per cent age of
the ac com pa ny ing el e ments, in clud ing Bi, does
not in any way af fect the pre sumed or i gin of the
gold. The dis tri bu tion of Pd in the al loy gen er ally
fol lows that of Ag. How ever, there are sub tle dif -
fer ences in the dis tri bu tion of Ag and Pd within
the de pleted rims, with Ag form ing more ex ten -
sive and wider zones of de ple tion than Pd (Fig.
11). Stud ies on the dis tri bu tion of Hg re veal the
dis sem i nated char ac ter of this metal with no ev i -
dence of pre vail ing con cen tra tion in the zones
en riched with sil ver or pal la dium. No data was
col lected to es tab lish the re la tion ships be tween
Ag- and Pd-de pleted and en riched zones and the 
na ture of their con tact.

DISCUSSION

The mor pho log i cal and microchemical stud -
ies of placer gold grains, which are sup posed to
track the bed rock sources and styles of min er -
ali sa tion, mainly con sid er ing the Au-Ag al loy
con tent, oc ca sion ally Pd, Cu and Hg, help to
dis crim i nate the gold from dif fer ent sources
(e.g., Chap man et al., 2009; Moles et al., 2013).
This study fo cuses on placer gold in Ce no zoic
flu vial clastic sed i ments in the Zimnik Creek
drain age ba sin (North Sudetic Trough), where
the au rif er ous bed rock re mains un dis cov ered
and the com plex ge ol ogy is con sis tent with ei -
ther orogenic- (Mikulski, 2007) and sed i ment -
-hosted stratiform cop per min er ali sa tion of
Kupferschiefer-type that cuts across the strata
fol low ing the Rote Fäule al ter ation (Speczik,
1995; Oszczepalski et al., 2011). 

The pres ent mor phol ogy, in ter nal tex tural
fea tures and chem i cal com po si tion of gold grains 
in the placer are a prod uct of a long and com plex
his tory of weath er ing and sed i men ta tion un der
chang ing cli ma tic and tec tonic con di tions (Hérail
et al., 1990; Knight et al., 1999). At the sim plest
level, rec og ni tion of the na ture of gold grains and
other heavy min er als in the placer, the
eluvial-col lu vial and al lu vial sed i ments in which
they oc cur and their re la tion ship both to the
weath er ing his tory of the re gion and the spe cific
geo mor pho logical set ting of the pro spec tive
area, will ben e fit the ex plo ra tion by aid ing the se -
lec tion of sam pling sites and the in ter pre ta tion of
geo log i cal and microchemical data (Youngson,
1998). The same ap proach and pro ce dures ap -

ply to the ex plo ra tion for the pri mary min er ali sa tion, since the
placer de pos its are es sen tially the ex pres sion of such a source. 

The data pre sented here in di cates that Pd- and Hg-bear ing
placer gold grains are hypogene in or i gin, but some par ti cles
were sub jected to in tense dis so lu tion and pu ri fi ca tion (re mark -
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Fig. 8. The Cailleux flat ness in dex F.I. = (a + b)/2c vs. the length of a-axis 
for the gold par ti cle pop u la tion from the Zimnik Creek catch ment ba sin

A – sam ples Z1–Z5; B – sam ples Z6–Z11; C – sam ples A1–A3; 
the sam pling lo ca tions are shown in Fig ure 3

https://gq.pgi.gov.pl/rt/suppFiles/25126/


able zonation from rel a tively sil ver-rich cores to vir tu ally sil -
ver-free rims and rare sponge-like in ter nal tex tures). There is no 
ev i dence of supergene mod i fi ca tion of grain cores, there fore
the ob served in ner tex tures and Au-Ag-Pd-Hg al loy com po si -
tion are in ter preted as in dic a tive of grain aug men ta tion or re -
place ment through com plex hypogene pro cesses (hypogene
gold). Con se quently, placer gold grains can be used to study
the hypogene environment. 

In the stud ied sam ples, there is no ev i dence of the pres ence 
of en tirely sec ond ary (newly formed) gold grains re lated to
chemogenic redeposition of pre lim i nar ily dis solved pri mary
gold, such as crys tal line (iso met ric, pris matic, acicular and tab -
u lar) par ti cles or worm like gold re ported by Law rence and Grif -
fin (1994) or McCready et al. (2003).  The chem i cal mech a -
nisms by way of which gold pre cip i tates in situ to form
supergene (authigenic) grains have been in ves ti gated by many
au thors (e.g., Bowell et al., 1992; Youngson and Craw, 1999;
Southam and Saunders, 2005; Wierchowiec, 2010). Authigenic 
grains were rec og nized ei ther by their mor phol ogy, which was
crys tal line and of ten very del i cate, or by the pres ence of con -
cen tric in ter nal zones re flect ing the de po si tion of Au-Ag al loys
vary ing in com po si tion. 

To date, over 200 gold grains have been ex am ined by the
au thors and at no time have any fea tures been ob served which
would in di cate the de po si tion of sig nif i cant authigenic gold. The
Perm ian, Rote Fäule-re lated gold from the Fore-Sudetic Mono -
cline and the North Sudetic Trough has many fea tures which
are sim i lar to those found in re cent authigenic gold in ar eas with
ag gres sive flu ids, since it was de pos ited from high-chlo ride
brines with tem per a tures reach ing a max i mum of 135°C
(Oszczepalski, 1999; Oszczepalski et al., 2011). There fore, the
source of Au al loys con tain ing Ag-Pd-Hg in the pres ent study
area is likely to be re lated to bed rock sources, and pro cesses
lead ing to the de vel op ment of authigenic gold in the supergene
en vi ron ment are ei ther ab sent or in sig nif i cant.

The ranges of the pres ent core com po si tions of the stud ied
gold grains sug gest that there were sig nif i cant dif fer ences in the 
pri mary com po si tions. In par tic u lar, palladiferous gold grains
from the up per course of the Zimnik Creek val ley are compo -
sitionally not at vari ance with the Au-Ag al loy gold grains ob -
served in the mid dle course of the “Zimnik” placer. Re mark able
is the bi modal chem i cal com po si tion of Au-Ag-Pd-Hg al loy
grains and the el e vated (av er ag ing 0.68 wt.%) pal la dium and
mer cury con tents (av er ag ing 0.53 wt.%) in gold par ti cles from
the up per course of the Zimnik Creek. Placer gold with a sim i lar
microchemical sig na ture to the “Zimnik” placer gold has been
re ported from the White Grav els palaeochannel of the
Czerwony Creek (the Kaczawa-Bóbr flu vial drain age sys tem)
to wards the south (Wierchowiec, 2010). At the Czerwony
Creek, the palladiferous Au min er ali sa tion oc curs near the
gold-bear ing Rotliegend-Zechstein tran si tional sed i ments, rep -
re sented by the ox i dized por tion of rocks typ i cal for the Nowy
Koœció³ area (see Wojciechowski, 2001).

The con di tions for Hg pre cip i ta tion within the Au-Ag-Pd sys -
tem are not un der stood. The oc cur rence of Hg within com plex
grains shows that they were formed rel a tively late in the min er -
al is ing pro cess, of ten by re place ment of the orig i nal Au-Ag-Pd
al loy. As re gards the source for the mer cury, there do ex ist sev -
eral pos si bil i ties. Au-Ag-Hg al loys of hy dro ther mal or i gin oc cur
in epi ther mal hot spring de pos its, fault-hosted veins in meta -
mor phic belts, mas sive sul phide de pos its, and in plac ers de -
rived from such sources (e.g., Mac Ken zie and Craw, 2005).
Mer cury of hy dro ther mal or i gin has been rec og nized within the
ox i dized low er most Zechstein Rote Fäule fa cies of the North
Sudetic Ba sin (Kucha et al., 1982; Speczik et al., 1999; Wojcie -
chowski, 2001) and in Au-Ag-Hg al loys stud ied in the Fore -
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Fig. 9. Round ness vs. the Cailleux flat ness in dex 
F.I. = (a + b)/2c for gold par ti cles in the stud ied

 gold-bear ing sed i ments

Round ness cat e go ries (af ter Pow ers, 1953) are rep re sented by
num bers (1–6): the val ues of round ness (1–6) rep re sent: 1 – very
an gu lar, 2 – an gu lar, 3 – subangular, 4 – subrounded, 5 – rounded,
6 – well-rounded; A – sam ples Z1–Z5; B – sam ples Z6–Z11; C –
sam ples A1–A3



-Sudetic cop per dis trict (Piestrzyñski et al., 2002; Pieczonka et
al., 2008). The pres ence of placer grains of cin na bar in the
stud ied de tri tal sed i ments (see Ap pen dix 1) sug gests that Hg is
prob a bly widely avail able in the min er al is ing sys tem. It is
well-known that ore-grade ar eas of the Kupferschiefer oc cur
ad ja cent to shear zones and to a strongly tec toni cally dis turbed

sub strate (Speczik, 1995). These fault-con trolled struc tures
were the ac tive zones of sub si dence dur ing the de po si tion of
the Rotliegend, and re mained ac tive dur ing the post -Variscan
time. More over, the main min er ali sa tion event took place in the
Late Tri as sic be tween 219 and 190 Ma (Bechtel et al., 1999;
Mikulski and Stein, 2015). Based on the chem i cal com po si tion
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Fig. 10. Back-scat tered elec tron im ages (A, B) and re flected light pho to mi cro graphs 
of placer gold show ing the sur face tex ture of grain (C), intra-grain tex ture 

and chem i cal het er o ge ne ity on pol ished par ti cle sec tions 

A, B – the lighter the tone the higher the fine ness (gold con tent); A – BSE im age show ing the in ter nal chem i cal
het er o ge ne ity of a par ti cle with ir reg u lar zonation (patches); sam ple no. Z4/4; num bers in di a monds cor re spond
to the microanalyses in Ap pen dix 2; B – pol ished sec tion of par ti cle show ing the in tri cate tex ture of grain with the
patches of ar gen ti fer ous gold (dark grey) and pure gold (light grey); the close-up view shows micropores in the
rim; sam ple no. Z4/3; C – branched gold par ti cle cov ered by fine-grained iron oxyhydroxides and clayey masses;
sam ple no. Z5/3; D – pol ished sec tion of the gold par ti cle shown in Fig ure 10C; note the rel ict pri mary core (light
yel low patches) and the spongy tex ture of the par ti cle in the ad vanced stage of cor ro sion with ir reg u lar pits and
pock ets filled with iron oxyhydroxides mixed with clayey masses; E – ir reg u lar, Ag-rich pri mary grain core (c) dis -
con tin u ously sur rounded by fine rim (r); sam ple no. Z4/3; F – a close-up view of the de tails of an ir reg u lar Ag-rich
core with well-de fined, sharp core/rim con tacts; note the com plex grain edge ge om e try with quartz (Qz) in clu -
sions and voids filled with iron oxyhydroxides and clayey masses; see Ap pen dix 2 for microprobe data for the
num bered points

https://gq.pgi.gov.pl/rt/suppFileMetadata/25126/0/2911


of the Au-Ag-Pd-Hg al loy, the source may be de scribed as
highly ox i dized chlo ride hy dro ther mal min er ali sa tion, sense of
Chap man et al. (2009). 

THE SOURCES OF PLACER GOLD

For sev eral rea sons, we as sume that there are mul ti ple
sources for the de tri tal gold en coun tered in the Zimnik Creek
drain age area. Most im por tant is the co ex is tence of rounded
grains and oth ers that have a more del i cate habit at the same
sam pling site (Fig. 7). The del i cate na ture of the arborescent
grains and the ease with which they are de formed in the placer
en vi ron ment sug gest that they may come from a source closer
than ei ther the rounded grains or the as so ci ated folded flakes.

This in ter pre ta tion is sup ported by the co ex is tence of fam i lies of 
grains with dif fer ent core com po si tions at the same sam pling
site, which also sug gests mul ti ple sources of the gold grains
(Knight et al., 1999). 

Based on mul ti ple anal y ses of sin gle grains, they seem to
be het er o ge neous in com po si tion and the ex tent of the het er o -
ge ne ity var ies be tween the in di vid ual grains. Com po si tion of the 
core is in ter preted here as re flect ing the com po si tion of the pri -
mary gold source, be cause of be ing the least af fected by
supergene leach ing or chem i cal ac cre tion. The vari a tion of both 
intra- and inter-grain chem i cal het er o ge ne ity sug gests that pri -
mary grain cores are de rived from mul ti ple sources. Wide -
spread dis tri bu tion and var i ous ge netic styles of pri mary min er -
ali sa tion pres ent in the North Sudetic Ba sin (see Banaœ et al.,
1985; Mikulski, 2007, 2011) are con sis tent with this the ory. The
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Fig. 11. Microchemical X-ray maps of in di vid ual el e ments (Au, Ag, Pd, Hg, Pt, Cu, Fe,
Ti, Al, Si) show ing the dis tri bu tion of al loy com po nents and the re la tion ships be -
tween the Au-Ag-Pd-Hg al loy and the in clu sions of other min er als in the gold grain
shown in Fig ure 10E; the black and white scale shows the rel a tive in ten sity of the
X-ray sig nal in counts per sec ond



above re sults agree with the data of Wierchowiec (2010), sug -
gest ing that the bulk of the gold is de tri tal in or i gin, and the dif -
fer en ti a tion in the com po si tion of gold par ti cles is the re sult of
dif fer ent gold sources. 

The crys tal line Au-Ag-Pd-Hg al loy grains of flu vial gold are
as sumed to orig i nate from the tran si tional sed i ments be tween
the Rotligend and Zechstein from the North Sudetic Ba sin. The
key fea tures of gold grains sup port ing this in ter pre ta tion is their
chem i cal com po si tion which sug gests der i va tion from a highly
ox i diz ing hy dro ther mal en vi ron ment char ac ter is tic for the above
tran si tional sed i ments, pris tine sur faces and low F.I. of crys tal line 
polymetallic al loy grains re flect ing flat ness in her ited from lo cal
pri mary sources rather than par ti cle flat ten ing dur ing trans port.

Sec ond ary placer gold con cen tra tions in flu vial sed i ments
with the dom i nant Au-Ag al loy flakes were par tic u larly de vel -
oped in the Late Neo gene and re de pos ited dur ing Pleis to cene
to Ho lo cene time. Some gold grains were prob a bly de rived from 
re worked pre-ex ist ing plac ers or were formed dur ing Neo gene
weath er ing of the gold-bear ing regolith. The lat ter sit u a tion ap -
pears to be true for some of the po rous pure gold grains found
in the stud ied sam ples, but this type of grains con sti tutes only
few per cent of the gold, there fore the bed rock source of gold in
the study area is likely to be re lated to the lo cal sources in the
Zimnik Creek drain age ba sin. 

The bi modal chem i cal com po si tion of Au-Ag-Pd-Hg al loy
grains with electrum (>15 wt.% Ag) and me dium-Ag grains
(<15 wt.% Ag) found in the study area is typ i cal of the Rote
Fäule- and Kupferschiefer-re lated gold min er ali sa tion in the
Siero szowice-Polkowice cop per min ing dis trict of the Fore -
-Sudetic Monocline (Piestrzyñski et al., 2002) and the south ern
side of the North Sudetic Trough (Oszczepalski et al., 2011).
The ev i dence pre sented above in di cates the pos si bil ity that the
al lu vial Au-Ag-Pd-Hg al loy grains from the up per course of the
Zimnik Creek val ley sed i ments rep re sent what has eroded from 
lo cal gold min er ali sa tion, some of them be ing sim i lar in style to
what is found at the Sieroszowice-Polkowice mine, and this
min er ali sa tion is prob a bly in the vi cin ity of the up stream sam -
pling site. 

APPLICATION OF THE PLACER GOLD MINERALOGY
TO EXPLORATION 

A de tailed study of de tri tal gold in Ce no zoic clastic sed i -
ments from the northeast ern part of the North Sudetic Trough
doc u ments sev eral mor pho log i cal and microchemical fea tures
which may po ten tially be a pre dic tive tool in pri mary gold source 
ex plo ra tion. The re sult is par tic u larly im por tant con sid er ing the
on go ing re con nais sance ex plo ra tion in the North Sudetic
Trough, which em ploys gold grain anal y sis to as sist in defining
the exploration targets.

This study com prised a rel a tively small num ber of anal y ses
from lim ited sam pling sites. How ever, the data clearly dem on -
strates that a re la tion ship ex ists be tween the com po si tion of
placer gold and the style of hypogene min er ali sa tion from which 
the placer gold was de rived. A larger dataset for the de pos its
used in this study would be needed be fore this re la tion ship
could be widely ap plied to gold ex plo ra tion in the re gion. Gold
pros pect ing and ex plo ra tion in the re gion over the past two de -
cades has also iden ti fied a very large num ber of gold anom a lies 
in min eral sur veys (Speczik and Wierchowiec, 1991; Speczik
and Wojciechowski, 1997; Wojciechowski, 2001; Wierchowiec,
2010). Many dif fer ent styles of hypogene gold are known to ex -

ist in the re gion (Mikulski, 2007), but only a small num ber of
these are likely to have eco nomic po ten tial. A larger dataset
could cre ate a more de fined sta tis ti cal range of com po si tions
and cre ate a more spe cific microchemical fin ger print for the
Rote Fäule and Kupferschiefer-re lated gold min er ali sa tion type. 
This would al low the fol low ing ex plor atory work to be fo cused on 
anom a lies that were re lated to po ten tially eco nomic sources,
and would thus make ex plo ra tion pro grams more time- and
cost-ef fec tive. 

The ben e fit of the cur rent study for fu ture gold ex plo ra tion is
two fold. Firstly, it has es tab lished that data on placer gold com -
po si tion can pro vide a microchemical fin ger print for con strain -
ing the likely pri mary source(s) of placer gold. Sec ondly, the
study of placer gold grains of this type al lows eval u at ing the
eco nomic po ten tial of the source mineralisation.

Of the var i ous ox i diz ing rock types which fa cil i tate dis so lu -
tion and trans port of pre cious met als by chlo ride brines, the red
bed en vi ron ment is the most wide spread within the geo logic
col umn, and the iden ti fi ca tion of gold min er ali sa tion within the
Perm ian red beds (the North Sudetic Through) ex tends the po -
ten tial ex plo ra tion tar gets be yond the Fore Sudetic Monocline.
Speczik (1995) sug gested that the de vel op ment of Au min er ali -
sa tion was in flu enced by the orig i nal metal con tent in the ba sin
as in di cated by the oc cur rence of vol ca nic rocks or vol ca nic de -
tri tus. It is also the case that the North Sudetic Ba sin is sur -
rounded by au rif er ous Lower Pa leo zoic rocks which have been
eroded, con trib ut ing to the gold con cen tra tion within its sed i -
ments. The com par i son of the Ag con tents of placer grains from 
the Zimnik Creek drain age ba sin, pre sented in Ap pen dix 2,
high lights the con trast be tween the orogenic gold and the one
formed by the ox i diz ing chlo ride hy dro ther mal sys tems. The
pop u la tions of placer gold grains de rived from Pa leo zoic
orogenic gold min er al iza tion in the Sudetes are typ i cally sim ple
Au-Ag al loys con tain ing be tween 5 and 20 wt.% Ag, of ten show -
ing a con stant com po si tion from a sin gle source (Mikulski,
2005, 2007; Mikulski and Speczik, 2016).

CONCLUSIONS

The tech nique of mor pho log i cal and geo chem i cal char ac -
ter iza tion can be ap plied to al lu vial lo cal i ties over a wide area,
in or der to es tab lish the pres ent styles of min er ali sa tion and
their geo graph ical range, thereby fa cil i tat ing a re gional anal y -
sis. In ter pre ta tion of microchemical sig na tures of placer gold
will al ways re quire con sid er ation of the rel e vant as pects of re -
gional and lo cal ge ol ogy wher ever they are known. Al though
our study was some what lim ited both in the scope and in the
to tal num ber of the con ducted anal y ses, sev eral sig nif i cant
first-or der im pli ca tions for gold ex plo ra tion in the area can be
de rived from the data.

1. The re sults of our stud ies have shown that the tech nique
of de tailed mor pho log i cal and microchemical gold grain char ac -
ter iza tion is a ro bust method used for ob tain ing valu able in for -
ma tion re gard ing the source min er al iza tion of the pop u la tion of
alluvial gold grains.

2. A re gional anal y sis of al lu vial gold pop u la tions may es -
tab lish the ex tent of spe cific styles of min er ali sa tion, thereby
help ing to eval u ate the tar gets for fur ther exploration.

3. The meth od ol ogy de scribed here not only in di cates the
pos si ble or i gin of gold from Rote Fäule and Kupferschiefer- re -
lated gold min er al isa tion that formed in an ox i diz ing hy dro ther -
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mal sys tem, but can also ap ply such a study of the al loy com po -
si tion to limit the likely pri mary source(s) of placer gold, and thus 
eval u ate the anom a lies. This in for ma tion may be ob tained at an 
early stage in the prospection pro cess from the gold grains col -
lected during routine placer sampling. 

The re sult is par tic u larly im por tant con sid er ing the on go ing
re con nais sance ex plo ra tion in the North Sudetic Trough (SW

Po land), which em ploys gold grain anal y sis to as sist in de fin ing
the po ten tially eco nomic primary gold targets.
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