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A B S T R A C T

Being the most recently exposed, gold grains from historical tailings of underground and surface workings offer
the opportunity to study supergene transformations occurring over historic periods. In this study, gold grains
were collected from the abandoned, historically mined deposits of Wądroże Wielkie at Lower Silesia.

All three distinct gold sub-types of detrital gold display surface morphotypes and internal textures of Au and
Ag dissolution indicative of supergene gold modification, as well as authigenic Au nanoparticle formation and
aggregation. The indicative morphotypes include nano-particulate semispherical or bubble-like gold and ag-
gregates of bacteriomorphic gold that could be evidence for microbial gold biomineralization. SEM investigation
of the microtopography and internal texture of gold grains revealed indications of post-depositional dissolution
of Au-Ag alloys and redistribution of these components within the sediment. Some of seed and bubble-like
growths are also embedded in clayey (kaolinite) masses within crevices suggesting that dissolution/re-pre-
cipitation processes occur at the gold grain interface.

Authigenic gold occurs as overgrowths and aggregates of nearly pure gold on a detrital Au-Ag alloy that are
readily removed during transport, but are replaced by re-precipitation occurring over historic rather than
geological periods.

1. Introduction

Nanogold particles have been documented in both hypogene ores
(e.g. Palenik et al., 2004; Koneev, 2006; Hough and Noble, 2010) and
supergene-related environments (Freyssinet et al., 2005; Reith et al.,
2010; Hough et al., 2011; Zhmodik et al., 2012; Naumova et al., 2013).
Nanoparticles of gold are increasingly recognized as a critical compo-
nent in weathering processes (Mann, 1984; Hong and Tie 2005;
Osovetsky, 2012, 2013; Craw et al., 2015), biomineralization (Lengke
and Southam 2006; Shuster et al., 2015) and formation of geochemical
anomalies (Cao et al., 2009). Recent research has directly recorded a
natural population of gold nanoparticles in weathered environments
where secondary gold mobilization and redeposition leads to the ag-
gregation of nanometer-sized gold particles into grains, 50–100 μm in
size, as well as the formation of supergene deposits (Hough et al., 2007;
Fairbrother et al., 2012; Reith et al., 2012). Nanogold is usually re-
presented by isolated particles dispersed in clay minerals and goethite,
surrounding the primary deposits (Greffié et al., 1996; Hong and Tie,
2005), but under certain conditions, gold nanoparticles are able to

merge with each other and compose simple or complex aggregates
leading to the formation of supergene (authigenic) gold (Hough et al.,
2008; Osovetsky, 2016; Shuster et al., 2017).

The phenomenon of supergene gold transformation and re-pre-
cipitation ‘in situ’ of authigenic gold in oxidation zones of mine dumps,
gold-bearing tailings and alluvial placers was discovered in the first half
of the 20 th century (Friese, 1931).

The recent study of the gold-bearing tailings from historical mining
activity regions of the Lower Silesia revealed processes of gold mod-
ification, including changes in the composition of intermetallic com-
ponents, grain enlargement due to gold particle adsorption, as well as
the formation of authigenic gold precipitated from colloidal solutions
(Wierchowiec, 2010, 2011; Mikulski and Wierchowiec, 2013). This
phenomenon is of tremendous interest, because the origin of gold in
weathered horizons containing tailings from mining activity is still in-
completely understood.

Investigations of these human-induced (technogenic) sediments,
carried out by the authors in the historical mining area of the Wądroże
Wielkie (Lower Silesia) during the last few years, provided new data
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and observations of nano- and micrometer-sized phases of authigenic
gold, which are presented in this paper.

2. Sampling and analytical techniques

Field observations were made in and around the historical placer
gold mine, where excavations reveal details of the sedimentary se-
quence, in which the placer gold occurs. The sample material processed
in this work was collected from 1.5 to 2.5 m deep prospective outcrops,
which correspond to the level of groundwater table. In order to obtain
representative samples, each horizon was sampled by means of the
channel chip sampling technique along its thickness and thoroughly
mixed to yield a homogeneous 0.01–0.02m3 sample.

A total of 24 panned heavy mineral samples have been taken from
the gold-bearing tailings.

Field samples were reprocessed in the laboratory by repeated
careful panning of concentrates in combination with the Knelson cen-
trifugal concentrator (McClenaghan, 2014; www.
knelsongravitysolutions.com). Special care was taken to save as much
of the fine gold as possible, but some extremely fine gold grains
(< 10 µm) might have been lost.

All visible gold grains were separated from the reprocessed samples
by hand-picking under a binocular microscope and weighed. The gold
content was expressed as the number of grains counted in the sample
per cubic meter (Kanasiewicz, 1982). The grains were classified ac-
cording to their morphology; some were selected for further study.

Gold grains, representing different morphological classes, were in-
vestigated under the Sigma VP and Ariga 60 scanning electron micro-
scopes (both produced by Zeiss, Germany) in order to study the nano-
and micro-morphology. Energy-dispersive detectors (XFlash 6/10 and
X/Flash 6/30) were used to obtain the semiquantitative chemical data
and mapping of elements. Gold particles were mounted with sticky
carbon tape on aluminium holders and placed directly into the instru-
ment without any addition of conductive coating. Gold grains pre-
viously investigated under a scanning electron microscope were sub-
sequently embedded in epoxy resin, polished and viewed under
reflected polarized light. The BSE imaging and EDS analysis, including
mappings, were performed on these thin sections. The operating con-
ditions were: 20 kV accelerating voltage, 150 µm aperture size with
20 nA regulated current. Quantitative chemical analyses (EMPA) of
gold grains were conducted by means of the CAMECA SX Five electron
microprobe equipped with five wavelength-dispersive spectrometers.
Representative gold grains were analysed for Ag, As, Au, Bi, Cu, Hg, Pb,
Pd, Pt, Tl and Zn. Pure metals (AuMα where: Au – analysed element
and Mα – measurement line, PdLα, PtMα), chalcopyrite (CuKα), ZnAs
(ZnKα, AsLα), Bi2Te3 (BiMα), Tl (Tl Mα,), crocoite (PbMα), HgTe
(HgMα) and Ag2S (AgLα) were used as standards. The operating con-
ditions for EMPA were: 15 kV accelerating voltage, 10 nA primary beam
current, 25 sec counting time.

Mappings were made for representative grains to check for changes
in chemical composition. The element contents of mineral grains
smaller than the beam spot (many particles < 1 μm and porous,
polymorphic aggregates) were estimated from relative major element
contents by subtracting the elements of the host mineral. SEM and
microprobe analyses were performed at the Warsaw University of
Technology (Poland).

3. Geological setting and mining activity

3.1. Historical mining activity in the region

Gold-bearing tailings from historical mining activities are quite
widespread in the Wądroże Wielkie area, a region with a long history of
mining. As early as in the 14th century, gold was recovered from
Neogene eluvial/alluvial sediments and hydrothermal quartz veins in
the vicinity of Mikołajowice and Wądroże Wielkie villages (Figs. 1 and

2).
According to historical records, in 1343 there were 15,000 miners,

extracting between 1500–3000 g of gold daily (Quiring, 1913;

Fig. 1. Generalized geological-structural map of Lower Silesia (after Sawicki
and Teisseyre, 1978) with location of historical mining activity in the Wądroże
Wielkie region. GT – Grodziec Trough, ISF – Intra Sudetic Fault Zone, LT –
Leszczyna-Jerzmanice Trough, LwT – Lwówek Trough, OSD – Orlica-Śnieżnik
Dome, SBF – Sudetic Boundary Fault, SSG – Strzegom-Sobótka Granite Massif,
VU – Vrbno Unit, WW – Wądroże Wielkie gneisses, WG – Wleń Graben, ZG
–Žulowa Granite, ZL – Złotoryja-Luboradz Unit.

Fig. 2. Simplified geological map (compiled after Berezowska and Berezowski,
1979) showing the approximate extent of historical mining activity in the
Wądroże Wielkie region and location of the sampling sites (outcrops); 1 –
granite gneisses (Precambrian), 2 – quartz vein (Carboniferous), 3 – basalt
(Neogene), 4 – kaolin-rich clastic sedimentary series (Tertiary), 5 – glaciofluvial
sand and gravel (Saalian), 6 – till (Saalian), 7 – fine- to coarse-grained eluvium
and colluvium, 8 – alluvial sediments (Weichselian to Holocene), 9 – kaolin-
dominated regolith, 10 – field with heaps of post-mining material, 11 – hy-
pothetical fault, 12 – inferred extent of historical mining field 13 – historical
gold mine, 14 – sampling site (location of the outcrop section).
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Domaszewska, 1964). Gold mining declined at the turn of the 14th
century, mainly due to the depletion of surface gold resources and the
lack of technology to prevent flooding of deeper workings.

In the 18th and 19th centuries, the area was encompassed by
German territorial borders and the Germans attempted further mining
of the goldfields, but they were also unable to address problems in-
volving dewatering of the richest bottom parts of the placers.

Efforts to resume mining were then made up until the 20th century.
In 1924, Scholler & Co. from Frankfurt (Germany) initiated a new phase
of gold exploration in the area. Their drilling works found scattered
occurrences of gold at the bottom of the coarse-grained eluvial/alluvial
sediments. Gold was mainly associated with pyrite and pitted vein
quartz. The chemical analysis indicated grades of about 1.5 g/t (Zöller
and Heuseler, 1926), which were considered too low for further eva-
luation. However, the recent analysis of the medieval tailings returned
gold contents of up to 5 g/t (Hefton, 1999). These preliminary in-
vestigations showed that such technogenic sediments still contain sig-
nificant amounts of gold.

3.2. Background geology

The study area lies in the crystalline basement of the Fore-Sudetic
Block (Fig. 2), at the north-eastern edge of the Bohemian Massif and is
underlain mainly by Precambrian granite gneisses (Grocholski, 1986;
Cwojdziński and Żelaźniewicz, 1995). The typical granite gneiss of the
Wądroże Wielkie massif is a grey, coarse-grained rock, composed of
bluish quartz, tabular grey-white feldspars, and aggregates of dark mica
and remnants of black schist.

Selective chemical weathering of granite gneisses, occurring on the
top of the Wądroże Wielkie Massif, controlled by tectonics, has led to
the formation of a characteristic etchplain-type landscape, which was
partly buried under Cainozoic clastic sediments and relics of regoliths
(Migoń, 1997; Badura and Przybylski, 2004). Regolith profiles show
gradual transition from poorly weathered host rock to totally kaoli-
nized, structureless sediment at the surface. Veins of quartz, of different
thickness, which formerly cut the granite gneisses, accompany these
kaolin-reach regoliths.

Primary mineralized zones consist mainly of quartz, with minor
pyrite, chalcopyrite, feldspars, and hematite (Berezowska and
Berezowski, 1979). Sulfides are preserved in massive quartz and com-
monly are goethitized on grain margins and fractures. Native gold is
rare, occurring mostly as sub-microscopic blobs in pyrite and as free,
fine (< 0.1–0.2mm) grains of gold in association with pitted quartz
with clayish material (Zöller and Heuseler, 1926; Grodzicki, 1966). This
gold-bearing pyrite has only been observed in fresh material from the
post-mining heaps. No sub-microscopic gold was detected within the
sulfides down to the microprobe detection limit of about 0.1 wt%
(Wierchowiec, 2010).

The gold-bearing clastic sediments in the Wądroże Wielkie area can
be grouped into the following two categories: 1) Eluvial and colluvial,
coarse, loosely cemented gravels and gravely sands with a kaolinite-rich
sandy matrix of the Tertiary and Quaternary age. In these sediments,
irregular placer gold concentrations may reach 0.1–0.3 g/m3 (Quiring,
1913);

2) Late Quaternary low-grade auriferous alluvial deposits, present in
the Wierzbiak River valley and its tributaries. Their gold content is of
the order of 0.08–0.12 g/m3 (Grodzicki, 1966). In waste heaps of sand
left behind after sluicing and panning, a residual gold content of
0.02–0.20 g/m3 is still present (Wierchowiec, 2010).

3.3. Technogenic gold-bearing sediments

In the post-mining technogenic cross-sections, the ‘normal’ compo-
sition of the gold-bearing layer is complicated by pits filled with mixed
artificial material. In part of these sediments, there are various layers of
alluvium or fragments of bedrock, interlayered with organic remnants

and peat, while the upper section consists mostly of sand. The sandy
sediments contain high percentages of kaolinite.

The basic stratigraphic sequence at the Wądroże Wielkie historic
mining area, from bottom to top, consists of a loosely cemented light-
coloured eluvial-colluvial very poorly sorted mixture of gravels and
gravely sands with a kaolinite-rich sandy matrix of the Tertiary and
Quaternary age. Large amounts of these sediments had been processed
in the past. Remnants of mining activities are particularly abundant in
the area of Mikołajowice (Fig. 2).

The remains of former mining activities are preserved here as fields
with depressions after prospecting and exploration shafts (Pingenfelds)
and heaps of post-mining material (Fig. 3). The post-mining debris
occurs as 1–3m thick irregular heaps of poorly rounded quartz gravel
and angular clasts of vein quartz (80–95%), minor quartz and siliceous
schists (Fig. 4). Their lower parts are commonly formed of matrix-
supported diamictons, whereas the upper parts are composed of layers
of sandy silts and clays with single cobbles and pebbles. All this ma-
terial has been cemented, to some extent, by a kaolinite-rich matrix.
Groundwater composition is controlled by pH and Eh changes during
the wet and dry season of moderately cold climate, which is typical for
the mountain sides in central Europe. Lateral migration of gold depends
dominantly on the chemical characteristic in surrounding environ-
ments. The pH of groundwater ranges from 5 to 8 under supergene
conditions (Fe-Ti oxyhydroxides and kaolinite commonly occur). In
groundwaters dominate ions are SO-2, HS-, as well as humid acids.

Technogenic deposits locally contain high amounts of placer gold
but are generally small in extent, with the best gold grades found in
pockets of virgin gravels (up to 0.2 g/m3), and the lowest gold grades
found in fine tailings. In this locality, irregular placer gold concentra-
tions may reach 0.1–0.3 g/m3 (Quiring 1913; Wierchowiec 2010).

4. Results

Three visibly distinct gold sub-types are identified based on their
overall morphology: 1) flaky gold, flattened, two dimensional (2-D)
shaped; 2) reshaped, multiply refolded flakes; 3) craggy, irregular,

Fig. 3. Detailed locality map showing the remnants of shafts and surrounding
heaps of post-mining wastes in the area north-west of Mikołajowice (modified
after Wierchowiec, 2010), and the sampling sites (outcrops) for this study. The
location is outlined in Fig. 2.
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three-dimensional (3-D) shaped grains. The following section docu-
ments dissolution textures in each sub-type and supergene transfor-
mation features, which characterize them.

4.1. Flaky gold

Flaky, recycled gold is generally fine grained, ranging within
0.05–0.8 mm in size, and over 70% of particles are within 0.1–0.5mm.
Most flakes have flat and smooth surfaces with numerous irregular
cavities and discontinuities, and the edges of individual particles are
moderately to well-rounded (Fig. 5A).

In this gold sub-type, remnants of crystal shapes are still preserved
on the surface of some particles, especially in topographically low areas
(concavities) that were protected against abrasion (Fig. 5B). In detail,
anhedral crystal boundaries and other discontinuities in the original
gold particles have been preferentially etched by the dissolution of
particle surfaces, to expose the internal grain texture with crystalline
appearance.

Dissolution pits, embayments and valleys on flaky grain surfaces are
often filled with clayey masses and ferruginous material, composed of
Al, Si, O and C, mixed with small amounts of Fe, Ti oxyhydroxides
(SEM–EDS analysis) (Fig. 5C).

In addition, delicate and crystalline exterior overgrowths protrude
from surface and infill protected cavities. Micrometer-scale overgrows
have coalesced in places to form initial plates, some of which are
elongated with irregular ribs (Fig. 5D). The individual plates are made
up of microcrystalline gold with sharp crystal boundaries. More rarely,
the abraded and etched surfaces have been coated with these nano- to
μm-scale gold plates (Fig. 5E).

The flaky grains also display no crystalline gold morphotypes that
occur either on open surfaces or in protected cavities: bud-like pro-
trusions and bubbly forms, as well as compact flattened aggregates or
complex, porous aggregates with coral-like appearance (Fig. 5F, G, H).
All of these inferred gold forms are well preserved with no physical
deformation.

Typically, gold aggregates in cavities merge into extended irregular
layers, forming a sheet-like gold morphotypes. On these newly formed
layers, the individual bubbles of gold often remain clearly distin-
guishable. Most of layers are in direct contact with grain surfaces, some
appear to be embedded within polymorphic clay-ferruginous coats
(Fig. 5F).

Coral-like gold morphotypes are made up of conglomerates of small
buds and bubbles up to 200 nm in diameter, in which separate buds
appear to have nucleated from the previous buds resembling

Fig. 4. Schematic outcrop sections of the representative gold-bearing deposits of the Mikołajowice historical mining field showing the location of samples presented
in Figs. 5–9; the locations of the outcrop sections are shown in Fig. 2 (outcrops M4, M5) and 3 (outcrops M1-M3).
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bacteriomorphic gold. The space between separate bubbles is filled with
binding masses of gold, consisting of nearly pure gold (> 99wt%).
Because of the small particle size and the presence of Ag-bearing gold in
the background, only a qualitative analysis was possible.

The detailed analyses of electron micrographs show that the in-
dividual buds and bubbles of gold are in varying degrees of contact with
their parent grain surface. Some nanoparticles scarcely touch the

surface of the particle, while others have grown into the surface layer of
gold at a predetermined depth (Fig. 5G). This fact indicates the time
difference of nanoparticle deposition on the surface of a gold grain.
Likely, single nanoparticles immersed over time in the newly formed
layers of gold. The most ancient ones of them are probably not distin-
guishable, being overrun by the layer of authigenic gold.

Internally (in polished sections), flaky gold grains are optically
zoned with internal patches of nearly pure, silver-depleted gold in the
relict primary Ag-rich cores and external high purity rims and coatings
(Fig. 5I). The boundaries between Ag-bearing and Ag-poor gold are
sharp at the micron scale. Ag-depleted rims generally follow corrosion
pits on the surface of particles and prefer directions related to crystal-
line features.

All the cores are alloys of gold and silver, with Hg, Bi, Pt and As,
occurring as trace amounts (Table 1).

Rims are typically composed of low-Ag gold (< 0.01–2.87 wt%, the
mean of 20 analyses: 0.67 wt% Ag), whereas the composition of cores is
bimodal, with medium-Ag cores, containing<20wt% Ag (the average
of 11 analyses: 17.64 wt% Ag) or Ag-rich (electrum) cores with silver
content in the alloy, ranging from 24.63 to 28.96 wt% (the average of 9
samples: 26.75 wt%).

4.2. Reshaped flakes

The reshaped gold sub-type occurs predominantly as repeatedly
folded flakes forming discoidal ‘sandwiched’ gold grains (Fig. 6A) or
elongated cigar-shaped particles produced by rolling of flattened flaky
particle (Fig. 6B). Other gold forms that are included in the reshaped
gold category are stubby grains. These multiply refolded particles
produced by folding of highly flattened grains are short (typically
0.4 mm long by 0.3mm wide) and not flattened (Fig. 6C). Occasionally,
some reshaped particles have fine-grained rounded to angular quartz
detritus inclusions.

Scanning electron microscopy revealed numerous subcirculars to
meandering pits and valleys on the surfaces of reshaped gold grains.
These concavities are filled with polycrystalline layered crystal growth
of gold (Fig. 7A), as well as a number of gold nanoparticles and sub-μm
size gold aggregates (Fig. 7C) that are often associated with the ver-
miform clayey masses, consisting of Al, Si, O, C, Fe and Ti, based on an
SEM–EDS analysis (Fig. 7B).

The individual gold nano-particles are between 50 and 200 nm in
size and have a bud- or seed-like morphology (Fig. 7D, E). Most of these
nanogold particles are in direct contact with grain surfaces (budding
from crystalline grain surface); some are also dispersed throughout the
clayey material (Fig. 7B). Seed-like nanoparticles did not display clear
crystalline faces, suggesting that the particles were in an early stage of
aggregation. Other commonly encountered features of seed-like gold
are the distribution patterns of seed overgrowths (Fig. 7E), resembling
an electro-deposited gold film, as shown by Kim et al. (2009).

On the individual grains of gold, distinct forms of dissolution can be
seen, which reveal their crystallographic forms. Abraded surfaces of
plate-like gold morphotypes commonly show a tabular, terrace-like
texture, with a relief of a few microns, possibly representing former
bladed intergrowths (Fig. 7A). Unmodified, crystallographic over-
growths are rare. They are characterized by a size of 50 – 100 nm, a
smooth surface and an extremely pure composition (Fig. 7C).

Both the plate-like gold overgrowths as well as the conglomerates of
bud- and bubble-gold display dissolution textures that expose the
crystal boundaries of individual gold crystals (Fig. 7A), marking the
nano-particle boundaries in the aggregates (Fig. 7D, F).

Rare mineral inclusions are partly coated by aggregates of nano- to
μm bud-like gold or layers of plate-like gold overgrowths (Fig. 7A, D).

Internally, reshaped gold grains are compositionally in-
homogeneous with internal veinlets and patches of nearly pure, silver-
depleted gold in the relict primary Ag-rich cores and external high
purity rims and coatings with a characteristic sponge-like texture

Fig. 5. Secondary electron micrographs (SEM) of flaky gold grain surfaces from
the Mikołajowice field and a back-scattered electron (BSE) image of a polished
section (micrograph I) showing: (A) the size and typical morphologies; (B) the
highly textured grain surface (A, inset); (C) the SEM micrograph of a concavity
containing nanophase gold; white square inside the concavity, represents the
analytical spot of EDS data shown on graph C1; (D, E) high-resolution SEM
micrographs of crystalline initial plates infilling protected cavities. Note the
sharp and irregular ribs of individual plates; (F) no crystalline gold morpho-
types occurring in the concavity; (G) a flattened aggregate of bud-like and
bubbly forms (F, inset); (H) porous aggregates with coral appearance; (I, section
of particle shown on micrograph A) an irregular, Ag-poor primary core (dark
grey) discontinuously surrounded by a fine rim (light grey); numbered black
dots correspond to microanalyses in Table 1.

J. Wierchowiec et al. Ore Geology Reviews 101 (2018) 211–220

215



(Fig. 6D).
The grain chemistry of the studied gold shows that silver is the only

element present in high concentrations (Table 1). The cores of gold
grains are relatively silver-rich, with variation in Au-Ag concentrations
from 9.1 to 24.7 wt% Ag. Rarely, the grain cores also contain Hg
(< 0.3 wt%) and trace amounts of Pt, Cu, Bi and As.

Rims are composed of high-purity gold (up to 99.0 wt%), with a

maximum silver content of 3.3 wt% in hotspots. Concentrations of other
metals in rims, including Hg, were below the level of detection.

4.3. Craggy grains

The craggy grains, in contrast to the widespread flaky or reshaped
(physically deformed) grains representing not recycled gold, are

Table 1
Representative EMPA analyses (wt. %) in polished sections of the gold grains from the post-mining sediments of the Mikołajowice field. For the locations of the
analyzed spots, see Figs. 5, 6 and 8.

Type of gold grain Analysis No. Position AuMα AgLα HgMα PtMα CuKα BiMα AsLα Total

flaky 1 core 72.975 26.137 0.245 0.019 0.000 0.046 0.004 99.426
4 rim 98.460 1.724 0.040 0.000 0.000 0.113 0.049 100.387

flaky 9 core 70.669 28.960 0.070 0.000 0.000 0.116 0.018 99.841
13 rim 98.651 0.716 0.000 0.000 0.000 0.000 0.017 99.385
14 core 82.290 16.499 0.095 0.000 0.000 0.062 0.000 98.946

flaky 16 core 98.267 0.467 0.000 0.005 0.000 0.075 0.014 98.828
17 rim 96.769 2.874 0.112 0.000 0.000 0.000 0.000 99.755

stubby 19 core 75.210 23.909 0.337 0.003 0.001 0.030 0.000 99.489
20 rim 96.014 3.256 0.000 0.000 0.025 0.000 0.002 99.298
21 core 68.524 30.459 0.112 0.018 0.000 0.046 0.020 99.180

craggy 22 rim 96.493 2.781 0.000 0.011 0.000 0.000 0.002 99.287
24 rim 98.223 1.270 0.000 0.000 0.000 0.039 0.023 99.554
25 core 82.399 17.871 0.000 0.000 0.000 0.043 0.000 100.313

flaky 26 rim 98.483 0.169 0.031 0.044 0.000 0.000 0.017 98.744
27 rim 100.071 0.074 0.000 0.007 0.000 0.000 0.009 100.161

craggy 28 core 87.408 12.290 0.000 0.000 0.000 0.035 0.025 99.758
29 rim 98.033 0.914 0.000 0.048 0.000 0.033 0.000 99.027
30 core 81.350 18.542 0.000 0.023 0.053 0.059 0.006 100.033

craggy 32 rim 89.841 6.325 0.000 0.000 0.000 0.036 0.001 96.203
33 rim 98.674 1.221 0.000 0.009 0.000 0.014 0.002 99.919
35 core 80.073 19.189 0.000 0.000 0.000 0.086 0.000 99.349

flaky 36 rim 96.887 1.431 0.035 0.000 0.000 0.092 0.004 98.449
37 rim 98.507 0.121 0.040 0.000 0.000 0.000 0.028 98.696

flaky 40 core 98.638 0.186 0.000 0.000 0.001 0.048 0.021 98.894
41 rim 73.180 24.634 0.065 0.000 0.004 0.033 0.000 97.916
42 core 89.503 9.077 0.046 0.000 0.000 0.114 0.000 98.740

stubby 43 core 74.389 24.687 0.000 0.016 0.000 0.068 0.000 99.160
44 rim 94.275 3.003 0.000 0.001 0.000 0.000 0.000 97.279
45 core 76.094 23.466 0.201 0.000 0.000 0.097 0.022 99.880

craggy 47 core 75.751 23.188 0.175 0.000 0.000 0.000 0.017 99.131
50 rim 96.252 3.729 0.000 0.000 0.000 0.000 0.000 99.982

Fig. 6. SEM micrographs of the typical reshaped gold
particles from the Mikołajowice field showing (A, B,
C) the size and typical morphologies of multiply re-
folded particles. A BSE image of sectioned gold par-
ticle shown on micrograph C with an irregular Ag-
rich core (dark gray), internal veinlets and patches
(light gray) and the external sponge-like zone (rim)
of pure gold (D).
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typically irregularly-shaped (craggy, lobate forms) and microcrystalline
in appearance, with straight grain boundaries that have suffered neg-
ligible deformation (Fig. 8A, B). These gold particles, three-dimensional
in shape, usually fall within the 0.2–0.5 mm size range and bear

abundant dissolution features (pits, irregularly-shaped cavities or
meandering valleys), occurring directly adjacent to precipitation fea-
tures, i.e., bud-like bacteriomorphic or seed-like gold, overgrowths of
microcrystals and agglomerates of gold nanoparticles (Fig. 9A–E).

The dissolution of the gold-enriched grain rim surface has locally
revealed the original internal crystal structure of the gold particle with
nano- to microcrystalline (from 100 nm to 10 µm) growths, forming a
stepped microrelief (Fig. 8A, 9C).

The cavernous surfaces are precisely the dissolution textures, as
confirmed by the equality of composition of massive, crystalline and
‘corroded’ areas. This characteristic corrosion sculpture seems to be
formed by the preferential dissolution of the more soluble silver from
enriched zones in processes that are controlled by the grain texture and
chemical composition.

The craggy grains also display delicate nano- to μm sized budding-
textures that protrude from the walls of topographic lows in the original
grain surfaces (Fig. 9B), as well as cluster gold textures that are re-
miniscent of bacteriomorphic gold (Fig. 9E). These complex aggregates
were observed exclusively in protected areas and appear to form via the
agglomeration of hundreds of individual nanometre-sized semispherical
gold particles.

Rarely, the aggregates of nano- to μm-Au particles form chains of
buds (a bacteriomorphic budding morphotype), in which each bud
appears to have nucleated from the previous one (Fig. 9F).

In addition, especially in irregularly-shaped cavities, precipitation
features of polycrystalline layer by layer overgrowths with plate-like
shapes are common, and these locally span across deeply etched pits
and valleys in the grain surfaces (Fig. 9G).

Earlier-formed microcrystalline growths are in turn commonly
overgrown by younger layers of gold, forming a comb-like gold mor-
photype. This may be a progressive process in a single overgrowth
generation. However, there is also evidence for more than one gen-
eration of exterior overgrowths in some deeply etched parts of grains,
where an earlier generation of plate-like gold has been abraded and
then overgrown by a later generation of irregularly-shaped plates of
gold (Fig. 9G).

Analyses of representative craggy gold grains show that all they
consist of variable proportions of gold and silver (Table 1). In polished
sections (Fig. 8C, D), this type of particles has a distinct but irregularly-

Fig. 7. SEM micrographs of concavities filled with polycrystalline layered
crystal growth of gold (A); Au nano-particles associated with vermiform clayey
material (B). Note that some particles are partially embedded within clay. High
resolution SEM micrographs of nano- and sub-μm size Au aggregates (C); nano-
particles of gold with different morphologies (D, E); mineral inclusion (D, white
arrow) partly coated with aggregates of bud-like gold; dissolution textures
marking the nano-particle boundaries in the aggregates (F).

Fig. 8. SEM micrographs (A, B) and BSE images of
the polished section of gold particles shown on the
micrographs (C, D) of representative craggy grains
from the Mikołajowice field. Typical irregularly
shaped forms, microcrystalline in appearance (A, B);
particles with well-defined irregular cores (dark
gray) surrounded by porous, high purity Au rims
(light gray) (C, D).
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shaped core zone, consisting of silver-bearing gold (12.3–30.5 wt% Ag)
and high purity rims, spots and external coatings with variable silver
contents (0.9–6.3 wt%).

5. Discussion

All the considered morphological gold varieties in the studied se-
diments bear traces of dissolution/re-precipitation and reveal particu-
larities of authigenic gold morphology and grain textures, like those
described earlier by Wierchowiec (2010).

In some cases, it is difficult to establish the true nature of gold
particle morphology (microtopography) and their internal hetero-
geneous texture. On many grains, there are both traces of dissolution
and traces of growth. These confirm the cyclical character of the phy-
sicochemically unstable environment of post-mining, human-induced
sediments with multiple episodes of gold dissolution and re-precipita-
tion.

However, independent of the predominance of dissolution or re-
precipitation processes, one characteristic feature of the distinguished
gold grain sub-types is the presence of a nanogold phase. Nanogold
particles are actually found in many geological environments as a
component of colloidal or ionic solutions. Nano-particulate gold

precipitates from colloidal and other solutions at geochemical barriers
of different types, leading to the formation of geochemical anomalies
and high-grade supergene accumulations (Hough et al., 2011; Craw
et al., 2015). During chemical migration, nanophase colloids can be
absorbed due to changes in pH and Eh by various minerals, including
placer gold (Shuster and Southam, 2015; Kirillov et al., 2016; Shuster
et al., 2017).

In polished sections, most of the studied gold grains are optically
zoned with internal veinlets and patches of nearly pure, silver-depleted
gold in the relict primary Au-Ag cores and external high purity porous
rims and coatings. Silver-depleted domains occurring along solution
veinlets within the grains indicate that weathering fluids penetrated the
gold grains from outside through micro- or nano internal discontinuities
or crystallographic planes and leached silver (Desborough, 1970;
Knight et al., 1999; Oliveira and Larizzatti, 2006). Silver-depleted rim
of authigenic gold grains was commonly observed in technogenic se-
diments in the Wądroże region. It was due to gold and silver mobili-
zation and redeposition, controlled by pH and Eh changes in ground-
water table composition during the wet and dry seasons. Lateral
migration of gold depends dominantly on its occurrence in the miner-
alized parent rock (quartz, clay minerals with dominant kaolinite, Fe-Ti
oxyhydroxides; pH range 5–8), and, under supergene conditions gold
was dissolved as thiosulphates complexes – Au(S2O3)23– or, under more
reduced conditions, as HS- and humic acid complexes in a chloride-poor
surficial environment (Webster, 1986). However, complexing by S2O3

-2

results in poor or no partitioning of Au and Ag, so the high purity rims
are rather results of HS- and humic acid complexes, transporting agents
for the pure gold overgrowths (Webster and Mann, 1984; Clough and
Craw, 1989; Kerr and Craw, 2017).

This phenomenon has been used in nano-industry to produce thin
films, possessing novel nanoporous textures with unique properties
(Cobley and Xia, 2009).

In favourable supergene conditions, assemblages of younger seed-
like gold, bud-like bacteriomorphic gold and complex aggregates of
coral-like gold were precipitated on the inside of the dissolution voids
and cavities.

Furthermore, it is not clear as to when the re-precipitation of gold
occurred in relation to the time of the deposition of host strata, nor it is
presently possible to determine with certainty the geochemical en-
vironment of alloy dissolution and secondary re-precipitation of gold.

The inclusions of silica and aluminosilicates, observed on the sur-
face of gold grains, may have been pressed into the external layers of a
particle by physical reworking. However, mineral inclusions are partly
coated by plate-like gold overgrowths or aggregates of bud-like gold
(Fig. 7A, D). These would have been destroyed if the inclusions were
pressed into the surface by post-depositional physical processes. Hence,
the morphotypes of gold being authigenic in origin as identified in this
study, can be interpreted as recent (occurring over historic periods)
precipitation and aggregation features.

Clayey masses and ferruginous material observed within concavities
of studied grains contain a gold nanophase and show similarities to
polymorphic layers observed on gold grains from Australia (Fairbrother
et al., 2012) and New Zealand (Clough and Craw, 1989; Reith et al.,
2012). These observations suggest that active chemogenic and bacte-
rially mediated processes might drive the formation of nano-particulate
gold and other gold morphotypes identified in this study.

The presence of nano- to microphase gold embedded, in the fine-
grained assemblages of clayey masses, and the lack of any signs of grain
surface abrasion confirmed that especially seed-like gold, bud- and
babble-like bacteriomorphic gold, as well as complex aggregates of
cluster and coral-like gold must have formed ‘in situ’, i.e. they are au-
thigenic in origin.

Likely, aggregation textures develop through repeated nucleation of
gold nano-particles to form semispheroidal bud- and bubble-like gold,
with further aggregation leading to aggregates with cluster and coral
appearance similar to models presented by Falconer and Craw (2009),

Fig. 9. High-resolution SEM micrographs of individual and aggregated nano-
particulate gold, covering craggy grain surfaces (Mikołajowice field). Bud-like
bacteriomorphic gold (A, B); seed-like gold (C), overgrowths of microcrystals
(D); cluster gold, reminiscent of bacteriomorphic gold (E); aggregates of Au
nano-particles forming chains of buds (F, white arrow); polycrystalline layer by
layer overgrowths with plate-like shape in a deeply etched pit (G).
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Osovetsky (2016) or Kerr and Craw (2017).
Typically, coral-like gold aggregates merge into extended irregular

layers, forming a sheet-like gold morphotype, where the individual
buds often remain clearly distinguishable (Fig. 5F, G). Most of these
layers are in direct contact with grain surfaces, some appear to be
embedded within the polymorphic clay-ferruginous coats. These results
confirm the outcome of the earlier work by Reith et al. (2012), who
studied a sequence of placer deposits along the southern coast of New
Zealand.

As reported by Groen et al. (1990), both the plate-like gold over-
growths as well as the aggregation textures may form as a consequence
of self-electrorefining process and represent authigenic gold pre-
cipitated from solution on the surface of primary gold grains. The Ag-
Au alloy is electrochemically dissolved, and the pure phase of ‘new’
authigenic gold immediately precipitates on the surface of the grain
that serves as a nucleating site for internally (from the primary Ag-Au
alloy) sourced gold.

Self-electro-refining could increase gold fineness as rims on grain
surfaces. However, the presence of nano- and microphase gold particles
embedded in the clayey masses suggests that gold does not necessarily
re-precipitate directly back onto the grain surface. Kaolinite-micaceous
clayey masses and Fe, Ti oxyhydroxides can act as a substrate for the
adsorption of colloidal gold nanoparticles and soluble gold complexes
that were subsequently reduced to nanophase colloids (Ran et al., 2002;
Hong et al., 2006; Zhu et al., 2009; Shuster et al., 2017). Overgrowths
of nanosized, ‘a high fineness’ gold in a paragenesis with clayey masses
filling concavities within the studied grain surfaces could have been
produced through this process.

Rare seed and layer by layer growths of exceedingly a high fineness
gold noted directly on the surfaces of primary grains can represent
authigenic gold precipitated from externally derived complexing aqu-
eous solutions. Precipitation may result from changes in solution
chemistry or catalysis by solids, of which free gold is among the most
effective ones (McCready et al., 2003; Kalinin et al., 2009; Shuster and
Southam, 2015; Kirillov et al., 2016).

In the Wądroże unit, the absence of noticeable dispersed gold in the
kaolinite-hydromica weathering cover (Janczyszyn and Wyszomirski,
1986; Wierchowiec, 2010) suggests limited migration of complexing
solutions and points to internally derived gold re-precipitation.

However, the occurrence of bacteriomorphic aggregates and coral-
like gold that grow on the surface of the primary grain indicates that
auriferous colloids took part in the deposition and redistribution of gold
in artificial, technogenous sections.

The ability of sulfur-oxidizing and sulfur-reducing bacteria to
transform gold complexes into nano- and microscopic-sized gold par-
ticles (Lengke and Southam, 2005, 2007; Lengke et al., 2006; Reith
et al., 2007) suggests that under certain supergene conditions, bacteria
contribute to the formation of authigenic gold. Based on the evidence
presented by the above mentioned workers, a bacterial origin cannot be
precluded for at least some of the bubbly and clustered aggregates
identified within the historically mined gold deposits of Wądroże
Wielkie.

In a number of early studies, the morphology of gold grains that
display ‘bacterioform’ textures has been used as evidence for microbial
gold precipitation and biomineralization in the placer environment
(e.g., Bischoff et al., 1992; Reith et al., 2006, 2010; Fairbrother et al.,
2012; Shuster et al., 2015, 2017). However, analogous gold morphol-
ogies were also produced abiotically (Knight, 1993; Watterson, 1994),
and therefore morphology alone cannot be used as adequate evidence
of bacterial involvement in the formation of authigenic gold.

The analysis of the available materials shows that the main problem
in the evaluation of the extent of gold mobility in the surficial en-
vironment, as well as the extent of authigenic growth of gold within the
host sediments of placer deposits lies in the determination of specific
features of transitional forms of primary gold particles and is indicative
of redeposited authigenic gold.

Advancing chemical weathering induces morphological and che-
mical changes of primary gold particles. At first, partial dissolution
produces microscopic pits at the surfaces of gold particles, which leads
to the development of a spongy inner texture (Mann, 1984; Wilson,
1984; Santosh and Omana, 1991; Knight et al., 1999). The in-
tensification of dissolution processes may induce the microdivision of
the primary gold grain. The resulting particles, continuously subjected
to a chemical attack by supergene solutions, become smaller and
smaller (until their probable complete dissolution). Shvartsev and
Dutova (2001) examined gold mobility in the weathering cover by
studying the ground waters of the Tsentral’NOE goldfields in Kuznetsk
Alatau. They showed that most of the gold (c.a. 60–70%) is combined
by a clayey regolith and the rest is concentrated in aqueous and/or
colloidal solutions. The gold is transported and subsequently pre-
cipitated from these solutions, forming secondary authigenic gold
under favourable geochemical conditions.

6. Conclusions

Well-preserved, nano- to microscopic gold overgrowths and ag-
gregates of pure gold at Mikołajowice localities confirm gold mobility at
micron and individual-grain scales and highlight the complex nature of
the multi-stage processes of dissolution and gold re-precipitation in a
temporary environment.

These supergene transformations determine the authigenic mor-
photypes of gold, defined in this study and the composition of grains in
placer settings.

Importantly, gold nano-particle formation and aggregation, as well
as the surface morphologies of the studied gold grains are the result of
the current supergene dissolution, redeposition and re-precipitation in
technogenous profiles occurring over historic rather than geological
periods.

A mode of growth of the nanoparticles has been observed during the
nano- to microtextural investigations of gold grains, from the isolated
semi-spherical nanoparticles, agglomerates to irregularly shaped plates
of gold.

Rare seed-like gold overgrowths, bubble-like protrusions as well as
aggregates of coral- and plate-like gold morphotypes are well pre-
served, lacking any signs of physical damage, and they seem to be in-
dicative of the neoformation and aggregation of authigenic gold.

In conclusion, the identification of these specific authigenic mor-
photypes of gold supports the assessment of the scale of supergene
modification and formation of authigenic gold in the physicochemically
unstable environment of technogenous deposits disturbed by repeated
historical mining activities.
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