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An occurrence of twelve recently formed secondary copper minerals (SCM) was observed in underground workings of an
abandoned Cu-As-Au mine in Radzimowice. The minerals, mainly sulphate species, were identified using Powder X-Ray Dif-
fraction (PXRD), scanning electron microscope with energy dispersive spectroscopy system (SEM-EDS) and electron
microprobe analysis with wavelength-dispersive spectrometry system (EPMA-WDS) methods. The SCM of Radzimowice
form the following assemblages: paragenesis | is characterized by langite, posnjakite, brochantite and devilline. These min-
erals crystallise directly from pH 6.0—7.0 mine waters. Paragenesis Il also comprises hydrous copper sulphates (HCS), and
in addition contains native copper, cuprite, ferrinydrite and gypsum. Secondary HCS mainly crystallise as products of reac-
tions of sulphate-rich mine waters with native copper and cuprite. The pH of these waters varies from ~5.0 to 6.0. The IlI
paragenesis is dominated by woodwardite, associated with variable amounts of chalcoalumite and amorphous Cu-Al
sulphates. Accumulations of woodwardite occur in the zones where Al- and sulphate-rich acid mine waters (pH ~2.5-3.0) mix
with neutral waters (pH 6.5-7.0). Paragenesis IV is rare, dominated by chrysocolla, coexisting with small amounts of
mottramite and goethite. This assemblage formed as a result of mobilization of silica released during decomposition of

rock-forming aluminosilicates attacked by acid mine waters.
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INTRODUCTION

Weathering zones of ore beds typically host an unusual
wealth of secondary minerals. In the case of deposits contain-
ing primary copper minerals (usually sulphides and sulpho-
salts), the oxidation of these primary species leads to the for-
mation of a variety of SCM. Their qualitative composition de-
pends on chemical factors such as pH, Eh, and the chemical
composition of solutions migrating within the particular weather-
ing zones. Research on SCM that control the geochemical be-
haviour of copper in near-surface parts of the Earth’s crust is
important because these minerals are responsible for both per-
manent or seasonal retention of copper and other elements of
potential environmental concern in solids. Knowledge of their
stability and interdependence provides a basis for understand-
ing and monitoring the processes of copper migration from ore
deposits undergoing oxidation.

SCM may also form by oxidation of various technological
wastes, including flotation waste or smelting slags. They ac-
count for widespread products of the corrosion of metal ele-
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ments made of copper and its alloys (Dill, 2009; Satovié et al.,
2010; Ha et al., 2011; Kierczak et al., 2012). Dissolution and re-
actions involving SCM from both mine sites and wastes can lib-
erate copper to underground and groundwaters, thus influenc-
ing the quality of drinking water. Because of this, particular spe-
cies of the SCM group are closely studied, both in natural and
laboratory conditions (Merkel et al., 2002; Fitzgerald et al.,
2006; Taxén et al., 2012).

This paper presents the results of detailed study of recently
forming SCM found within abandoned galleries of the poly-
metallic metal mines in Radzimowice. Attention is paid to the
chemical diversity and relation of the SCM to the known
crystallochemical solid solutions. Crystallographic and compo-
sitional data are reported for the SCM and compared with litera-
ture data. We also describe the paragenesis of the SCM as-
semblages at Radzimowice and evaluate the crystallisation
conditions of the recently forming SCM.

GEOLOGICAL SETTING

The polymetallic Radzimowice deposit is located in the SE
part of the Kaczawa Mts. This area includes metamorphosed
mudrocks of Lower Paleozoic age classified to the Kaczawa
Metamorphic Complex (Fig. 1). They include the Radzimowice
slates and Chmielarz slates. Both these rocks are represented
by various quartz-sericite-graphite mudrocks, greywackes and
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Fig. 1. Geological sketch-map of the Radzimowice area (after Cwojdzinski and Kozdroj, 1994)

greenstones, containing insets of crystalline limestone and
quartzite (Urbanek and Baranowski, 1986; Haydukiewicz and
Urbanek, 1986; Baranowski, 1988; Kozdrj et al., 2001). The
metamorphic rocks are cut by younger igneous rocks, mainly
rhyolites. The crystallisation age of the rhyolites has been re-
ported as ca. 315 + 1 Ma (Machowiak et al., 2008). Within the
rhyolites of Zelazniak and Bukowinka hills, granites are also
found (Mikulski, 2003; Machowiak et al., 2008). The rarest igne-
ous rocks are lamprophyres (Manecki, 1962; Mikulski, 2007;
Mikulski and Williams, 2010).

The primary ore is mainly present in the form of a dozen or
so quartz-sulfide veins, of which 6 were under exploitation
(Manecki, 1965; Zimnoch, 1965; Paulo and Salomon, 1974;
Mikulski, 2005a, 2007). These crack-type veins cut both the
metamorphic rocks of the Kaczawa Metamorphic Complex and
the igneous rocks. They run more or less parallel along E-W di-
rection. Dips of the veins are steep (ca. 60—-901) and mainly di-
rected to the north. Vein thicknesses vary from a few centi-

metres to more than 1 m. The longest vein — “Pocieszenie
Gornika” — is ca. 2 km long and <1.4 m thick. Barren rocks sur-
rounding the veins are hydrothermally altered and usually con-
tain disseminated ore minerals.

The primary ore vein mineralogy is diverse. The most com-
mon primary ore minerals include: pyrite, arsenopyrite, chalco-
pyrite, sphalerite, galena, marcasite, tetrahedrite, boulangerite,
bournonite, meneghinite, gold, bismuth and tellurium minerals
associated with barren minerals such as quartz, rhodochrosite
and kutnohorite (e.g., Stauffacher, 1916; Manecki, 1965;
Zimnoch, 1965; Sylwestrzak and Wotkowicz, 1985; Mikulski,
2005a, b, 2007, 2011; Mikulski and Muszynski, 2012). The ore
parageneses formed in several mineralogenic stages, and the
age of the ore mineralisation determined by the Re-Os method
is 317 £ 17 Ma (Mikulski et al., 2005a, b; Mikulski, 2007).

By contrast to the hydrothermal parageneses, the weather-
ing zone of the deposit has not previously been fully character-
ized. The first notes on the presence of secondary species
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within the deposit gave only basic data on a few minerals (na-
tive copper, chalcocite, cuprite, hematite, magnetite, cerussite,
malachite, pitticite) and limonite (Fiedler, 1863; Traube, 1888;
Zimnoch, 1965). The assemblage of secondary phases, includ-
ing chalcocite, covellite, cuprite, malachite and limonite, from
the nearby Bukowinka Hill, was described by Manecki (1965),
and details on the occurrence of pseudomalachite in the area
are published by Holeczek and Janeczek (1991). Data on hy-
drous copper sulphates (HCS), iron arsenates, vanadates and
iron oxyhydroxides was reported by Siuda (2001, 2004), Siuda
and Kruszewski (2005) and Parafiniuk and Siuda (2006).

METHODS

Powder X-Ray Diffraction (PXRD) was the most important
method used for mineral identification. PXRD analyses were
done on a Bruker axs D8 Advance diffractometer in the X-Ray
Diffraction Laboratory, Institute of Geological Sciences, Polish
Academy of Sciences, Warszawa. The diffractometer was
equipped with a superfast LPS (linear position-sensitive)
Ventec-1 detector. The radiation was CoKo, filtered but not
monochromatized. Unit-cell parameters and crystallite size of
SCM were refined using the Rietveld method (Rietveld, 1967)in
the Topas software (v 4.0). For chrysocolla (structure un-
known), hkl values were assigned as the starting refinement pa-
rameters. The software version used was not compatible with
PSD (position sensitive detector), and the diffractometer has a
radial soller instead of an anti-scatter (i.e., receiving) slit to in-
crease the low-angle intensity yield. Thus, the diffractometer
had to be adjusted prior to exact refinements. For this purpose
LaBs and Si standards (NIST SRM 660a and 640c, respec-
tively) were used. The “receiving slit” parameter was replaced
by an additional convolution (Lorentzian, constant 26 depend-
ence). lts value was refined by fixing structural parameters of
the standards and then used as fixed for SCM refinements
(D. Bish, pers. comm., 2013 via Rietveld Mailing List). The
chemical compositions of minerals were analysed at the
Inter-Institute Analytical Complex for Minerals and Synthetic
Substances, University of Warsaw, on a Cameca SX-100 elec-
tron microprobe operating in the WDS. Fe, O3 (Fe), chalcopyrite
(Cu), galena (Pb), orthoclase (Al), diopside (Ca, Si), ZnS (Zn),
Bi,Te; (Bi), barite (S), GaAs (As), apatite (P), and vanadium
metal (V) were used as reference materials. The accelerating
voltage was 15 kV, the beam diameter 10 um. IR absorption
spectra were recorded within a Nicolet Magna 550 spectrome-
ter, from 4000 to 400 cm™', using KBr pellets (Faculty of Chem-
istry, University of Warsaw).

SECONDARY COPPER MINERALS

BROCHANTITE Cu4(SO,)(OH)s

Brochantite is found as emerald-green crusts on the surface
of rhyolitic rocks which contain weathered chalcopyrite.
Brochantite aggregates are composed of small (< 1mm) tabular
crystals. These crystals very often form typical, comb-like inter-
growths (Fig. 2A), associated with langite, posnjakite, malachite
and small amounts of devilline. The mineral is also present
within accumulations of Fe-oxyhydroxides comprising mainly
ferrihydrite. In this case brochantite is usually associated with
other copper sulphate minerals, native copper, cuprite, and
small amounts of chalcoalumite, malachite, and gypsum.

Refined unit cell parameters of the Radzimowice bro-
chantite are in good agreement with those previously reported
for the mineral (Table 1), especially with the parameters re-
ported for brochantite from the Gelnica deposit in Slovakia
(Sejkora et al., 2001), the Krasno ore district in Czech Republic
(Sejkora et al., 2006), and also for the material analysed by Mills
et al. (2010). No evidence of the 2M2 polytype, reported from
Pierre Plate Mine, Vizille, France (Crichton and Miuller, 2008),
was found.

The chemical analysis of brochantite (Table 1) bears an er-
ror due to partial sample evaporation, giving an excess of H at-
oms. Thus, the correct empirical cannot be given. For the same
reason, the empirical formulas of further hydrated species have
H>O molecules artificially added. The specific feature of the
Radzimowice brochantite is an iron admixture, from 0.01 to
0.18 apfu. It follows the Fe®* for Cu?* substitution trend, as re-
ported, for instance by Fitzgerald et al. (2006). The unit cell pa-
rameters of the brochantite do not seem to be influenced by the
minor Fe®* substitution.

CHALCOALUMITE CuAl4(SO4)(OH)42 - 3H0

The relatively rare mineral chalcoalumite forms small sta-
lactites, stalagmites, and draperies, <5 cm in size, of light to
deep blue colour (Fig. 3A). They comprise ball-like aggregates,
<200 um in size, forming botryoidal segregations. Chalco-
alumite aggregates may also fill spaces in stalactitic ferrihydrite
(Fig. 4A). In this case, chalcoalumite is associated with small
amounts of brochantite, posnjakite and langite. Traces of
chalcoalumite are known to crystallise within woodwardite accu-
mulations. When in the natural humidity state, chalcoalumite
aggregates are soft and plastic. After drying the mineral be-
comes brittle and friable.

The chalcoalumite always gives broad PXRD reflections.
The d value of the (200) basal reflection is in the range of
8.54-8.58 A. The clearly visible (400) reflection of the (h00)
planes at d = 4.27 confirms the presence of chalcoalumite. The
calculated crystal size (Lorentzian) is 20.1(9) nanometres. Unit
cell parameters are close to those reported previously; never-
theless, it is difficult to make comparisons due to the small
amount of data available for the species (Table 2).

Analysis of chalcoalumite from Radzimowice showed its
heterogeneous chemical composition due to the presence of
minute inclusions of strongly hydrated amorphous Cu-Al sul-
phate. Low analytical totals are due to the porous nature of
chalcoalumite aggregates and low stability of this phase under
vacuum conditions. The obtained mean oxide contents (wt.%,
n=15)are: 8.39 SO;, 43.97 Al,03 and 7.78 CuO.

CHRYSOCOLLA (Cu, Al),H,S1,05(0OH), - nH,0

This mineral appears only at the first level of the mine, lo-
cated 30 m below the ground. Chrysocolla forms thin encru-
stations, up to few millimetres thick, covering surfaces of small
joints cutting rhyolites. It is associated with goethite and small
amounts of mottramite.

The copper content of the Radzimowice chrysocolla varies
from 44.25 to 46.73 wt.% CuO, while the corresponding values
for silicon are in the range of 35.55-38.12 wt.% SiO, (Table 3).
The mineral analysed is relatively pure; the minor admixtures
may include some iron (up to 0.26 wt.% Fey0O3), zinc (up to
0.31 wt.% Zn0O), calcium (0.12 to 0.23 wt.% CaO), phosphorus
(up to 0.12 wt.% P,0s) and sulphur (up to 0.12 wt.% SOs). Al,
Mn, Pb, Bi, As and V were not detected. The empirical formula
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Fig. 2. Secondary copper minerals from the abandoned mine in Radzimowice (SEM images)

A — tabular crystals of brochantite, B — cuprite growing on native copper (arrows indicate traces of dissolution), C — radial aggre-
gate of devilline, D — langite twin parallel to {110}, E — aggregates of elongated crystals of langite, F — feathery aggregates of
posnjakite replacing langite, G — back-scattered electrons image of mottramite (mt) accumulations at the border of chrysocolla (ch)
and goethite (gt), H — crystals of native copper
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Table 1
Chemical comgosition (wt.%) and crystallographic
data for brochantite from Radzimowice
Number
of 1 2 3 4 5 6 7 8
analyses
SO; 16.32 | 14.04 | 14.21 | 156.72 | 1469 | 14.34 | 14.31 | 15.26
P20s 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe,0; 0.39 1.02 3.27 0.24 0.57 0.27 0.30 0.33
Al,O; 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CuO 7211 | 72.30 | 67.98 | 70.88 | 67.24 | 67.47 | 67.42 | 68.18
p> 89.01 | 87.36 | 85.46 | 86.84 | 82.50 | 82.08 | 82.03 | 83.77
H,0" 10.99 | 12.64 | 14.54 | 13.16 | 17.50 | 17.92 | 17.97 | 16.23
apfu (base: Cu + Fe + Al = 4)
S 0.89 0.76 0.79 0.88 0.86 0.84 0.84 0.89
Fe?* 0.02 0.06 0.18 0.01 0.03 0.02 0.02 0.02
Cu 3.97 3.94 3.82 3.99 3.97 3.98 3.98 3.98
Al 0.01
P 0.01
S 0.89 0.76 0.79 0.88 0.86 0.84 0.84 0.89
unit cell parameters (with refinement statisticsz)

Sample broch 1 broch 2
a[A] 13.15(1) 13.125(2)
b [A] 9.87(1) 9.858(1)
c[A] 6.008(4) 6.0194(5)
R[] 103.9(1) 103.32(1)
Rwp 10.57 14.09
GoF 2.35 4.96
DW 0.68 0.20

" calculated as 100-3; Rwp — residual weighted pattern; GoF — goodness of fit (i.e.,

%%); DW — Durbin-Watson statistics (also known as dpw); apfu — atoms per formula
unit

of the chrysocolla (n = 12) may be written as
(Cuy.87Cao.01)s1.88H1.88 Si1.99005(OH)s - 0.92H,0.

The use of the very precise Vcntec-1 detec-
tor allowed us to obtain high-quality PXRD data
for chrysocolla. On the diffractogram, broad but
clear reflections of chrysocolla and goethite can
be seen. The Scherrer widening due to small
crystallite size, refined to be 9.6(1) for chryso-
colla and 13.6(4) for goethite, is evident. It is no-
table that the statistical quality all the refinement
trials performed is very good, i.e., with Rwp val-
ues always below 2.00 (Table 3).

CUPRITE Cu,0

In old adits of the mine, cuprite occurs within
stalagmites of ferrihydrite, as finely crystalline,
<1 cm aggregates of dark red-brown colour
(Fig. 4B). Cuprite very often grows on the sur-
face of dendritic copper (Fig. 2B). Individual
crystals are <50 um in size. A combination of
cube and trisoctahedron faces is observed. Cu-
bic faces very often reveal characteristic traces
of leaching, indicating a seasonal dissolution of
the mineral (Fig. 2B). Cuprite may also be asso-
ciated with minor amounts of brochantite, lan-
gite, posnjakite, amorphous Cu-Al sulphates,
chalcoalumite, malachite and gypsum.

The refined cuprite unit cell parameters (Ta-
ble 4) correspond well to the published data
(Sejkora et al., 2006).

The chemical composition of cuprite is close
to the theoretical one (Table 4). Small amounts
of iron in cuprite from Radzimowice may come
from micro-inclusions of Fe oxyhydroxides. The

Fig. 3. Cu-Al sulphates from the abandoned mine in Radzimowice

A — stalactites of chalcoalumite, B — accumulations of woodwardite on the walls of an old shaft,

C — blue accumulations of woodwardite connected with a zone of mixing of acid mine waters with neutral waters
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Fig. 4. Formation of various secondary copper minerals from Radzimowice

A - blue aggregates of chalcoalumite inside stalactite of ferrihydrite, B — accumulation of cuprite in ferrihydrite, C — aggregate
of langite crystals, D — dendrites of native copper in ferrihydrite, E — dendritic crystals of posnjakite, F — posnjakite (light blue)
and langite (deep blue) replacing aggregates of native copper and cuprite

quantitative chemical analysis of cuprite gives the following em-
pirical formula (n = 10): Cuz.0F€e0.020.

DEVILLINE CaCU4(SO4)2(OH)6 . 3H20

Devilline is the most rarely observed of the basic Cu sul-
phate minerals at Radzimowice. It forms tiny aggregates,
<5 mm in diameter, comprising thin-bladed crystals up to 2 mm
in length. That are characterized by a pearly luster and greenish
colour. The aggregates may be ball-like or radial (Fig. 2C).
They are found within open spaces of the ferrihydrite stalactites
or covering the surface of mineralised rhyolites that contain ore

minerals undergoing weathering to brochantite, langite, pos-
njakite and malachite. Representative EMPA (electron micro-
probe analysis) of devilline are given in Table 5. The mineral
contains minor admixtures of silica (up to 1.03 wt.%) and alu-
mina (up to 0.91 wt.%). The empirical formula (n = 10) is:
Ca1.00(Cusz 96Al0.04) 34.00[(SO4)1.99(Si04)0.05]52.04(OH)6 - 0.61H,0.

The minor Al and Si substitution in the Radzimowice de-
villine does not seem to influence the unit cell parameters much
(Table 5). The obtained values are comparable to those re-
ported for chemically pure devilline by Ondrus et al. (1997) and
also for the mineral as recorded in the RRUFF database
(Downs, 2006).
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Table 2

Crystallographic data for
chalcoalumite from Radzimowice

Unit cell parameters”

(with refinement results)
Sample 35A 199B
a[A] 17.11(2) 17.03(5)
b [A] 8.93(2) 8.97(2)
c[A] 10.19(2) 10.19(1)
o [°] 95.1(2) 94.8(2)
Rwp 2.28 3.22
GoF 1.33 1.15
DW 1.33 1.74

Y unit cell parameters for coexisting wood-
wardite-3R for sample 35A and 199B: a —
3.021(2) and 3.078(2), ¢ — 25.48(3) and
25.51(2), respectively; for other explana-
tions see Table 1

LANGITE Cu4(SO4)(OH)6 - 2H,0

In the abandoned mine galleries langite forms two types of
aggregates. The first type grows on the surface of rocks con-

taining disseminated chalcopyrite. Together with posnjakite,
devilline, brochantite, and malachite, the langite aggregates
cover parts of sidewalls, over areas of a few square metres
where it crystallises directly from the mine drainage waters. The
second type of langite aggregate occurs within stalactites and
stalagmites of Fe oxyhydroxides. This type of langite coexists
with aforementioned HCS, chalcoalumite, and small amounts of
malachite, gypsum, and amorphous Cu-Al sulphates. In the
second-type aggregates, signs of the replacement of cop-
per-cuprite intergrowths by langite and posnjakite are very often
observed. Small amounts of langite may also be associated
with woodwardite.

The langite crystals are characterized by sky-blue colour
and glassy luster (Fig. 4C). They are <2 mm in size. Typically,
crystals are combinations of monoclinic prisms and pinacoids,
with the {001} pinacoid dominating and langite crystal faces
showing clear dissolution features. Twins and multi-twins on
{110}, specific for langite, are also very often observed (Fig.
2D). They form characteristic star-like intergrowths, as re-
ported from other mineralogical localities (Williams, 1964;
Pulou et al., 1978).

Langite was identified by X-ray powder diffraction data at a
number of samples (Table 6). The data obtained does not differ
much from PXRD characteristics of langite from other localities
(Ridkosil and Povondra, 1982). Also, the unit cell parameters
are in good agreement with the ones reported by the RRUFF
database (Downs, 2006) and by previous researchers, namely
Gentsch and Weber (1984) and Galy et al. (1984).

Table 3
Chemical composition (wt.%) and crystallographic data for chrysocolla from Radzimowice
Number
of 1 2 3 4 5 7 8 9 10 11 12
analyse
P20s 0.1 0.0 0.12 0.1 0.06 0.09 0.06 0.1 0.0 0.1 0.08
SO3 0.08 0.08 0.07 0.0 0.0 0.06 0.11 0.08 0.12 0.07 0.11 0.09
SiO, 36.6 36.55 | 37.01 36.96 36.8 37.09 | 37.69 | 37.28 | 37.48 | 37.93 | 38.12 35.55
Fe,0s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.16 0.26
Al,O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ZnO 0.0 0.31 0.0 0.0 0.21 0.0 0.0 0.18 0.0 0.25 0.21 0.17
CuO 46.39 | 46.36 | 46.09 | 46.37 | 46.05 | 46.23 | 4546 | 4582 | 4574 | 4525 | 44.96 46.73
CaO 0.2 0.2 0.17 0.12 0.16 0.16 0.14 0.18 0.14 0.12 0.2 0.23
h) 83.37 83.5 83.46 | 83.55 | 83.28 | 83.54 | 83.49 83.6 83.58 | 83.62 | 83.86 83.11
H,0" 16.63 16.5 16.54 16.45 16.72 16.46 16.51 16.4 16.42 16.38 16.14 16.89
apfu (base: Si+ P + S = 2)
P 0.01
Si 1.99 2.00 1.99 2.00 2.00 2.00 1.99 1.99 1.99 2.00 1.99 1.99
Fe 0.01 0.01
Zn 0.01 0.01 0.01 0.01 0.01 0.01
Cu 1.91 1.91 1.87 1.89 1.89 1.88 1.81 1.85 1.83 1.80 1.77 1.98
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
unit cell parameters (with refinement statistics)
al[Al 5.81(3)
b [A] 17.51(5)
c[A] 8.02(3)
Rwp 1.39
GoF 1.10
DW 1.78

" calculated as 100—%; for other explanations see Table 1
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Table 4

Chemical composition (wt.%) and crystallographic data for cuprite from Radzimowice

Number
of 1 2 3 4 5 6 7 8 9 10
analyse
Cu,0O 99.05 | 98.58 | 99.17 99.31 99.23 99.11 98.70 99.47 99.31 99.30
Fe,0s 1.52 1.26 1.34 0.98 1.26 1.13 1.84 0.81 0.99 0.99
) 100.57 | 99.84 | 100.51 | 100.29 | 100.49 | 100.24 | 100.54 | 100.28 | 100.30 | 100.29
apfu (base: O =1)
Cu 1.96 1.97 1.96 1.97 1.97 1.97 1.95 1.98 1.97 1.97
Fe 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
unit cell parameters (with refinement statistics)
a[A] 4.268(1)
Rwp 12.04
GoF 1.17
DW 1.48
For explanation see Table 1
Table 5

Chemical composition (wt.%) and crystallographic data for devilline from Radzimowice

Number
of 1 2 3 4 5 6 7 8 9 10

analyse

SO; 24.25 23.63 | 23.64 | 24.66 | 25.36 | 24.44 | 24.46 | 24.49 | 24.49 | 23.99

SiO, 0.68 1.03 | 0.97 0.83 0.59 0.21 0.00 0.21 0.00 0.10

AlL,O3 0.38 0.91 0.47 0.40 0.38 0.22 0.19 0.08 0.00 0.18

CuO 48.11 47.92 | 48.36 | 48.06 | 47.78 | 48.55 | 48.39 | 48.48 | 48.70 | 48.47

CaO 8.25 8.39 | 8.29 8.18 7.65 8.52 8.88 9.17 8.72 9.46

z 81.67 81.88 | 81.73 | 82.13 | 81.76 | 81.94 | 81.92 | 82.43 | 81.91 | 82.20

H,0" 18.33 18.12 | 18.27 | 17.87 | 18.24 | 18.06 | 18.08 | 17.57 | 18.09 | 17.80
apfu (base: Cu + Ca + Al = 5)

S 1.99 1.92 | 1.93 2.03 2.13 1.99 1.98 1.98 1.99 1.92

Si 0.07 0.11 0.11 0.09 0.07 0.02 0.00 0.02 0.00 0.01

Al 0.05 0.12 | 0.06 0.05 0.05 0.03 0.02 0.01 0.00 0.02

Cu 3.98 3.91 3.97 3.99 4.03 3.98 3.95 3.93 3.99 3.90

Ca 0.97 0.97 | 0.97 0.96 0.92 0.99 1.03 1.06 1.01 1.08

unit cell parameters (with refinement statistics)

sample dev 1 199B

a[A] 20.836(4) 20.84(1)

b [A] 6.104(2) 6.136(3)

c[A] 22.177(5) 22.19(1)

R[] 102.66(2) 102.80(5)

Rwp 7.59 3.22

GoF 1.12 1.15

DW 0.79 1.74

For explanations see Tables 1 and 3

Replacement of langite by posnjakite is commonly mani-
fested in our samples, with gradual crystal morphology change
being observed. PXRD patterns of typical langite crystals reveal
no admixtures of other species. In conjunction with its morphol-
ogy change, i.e., distinct elongation and division into smaller in-
dividuals (Fig. 2E), increasing numbers of reflections specific to

posnjakite are noticed. Feathery aggregates (Fig. 2F) are ex-
clusively made up of posnjakite.

Quantitative chemical analyses obtained for langite corre-
spond well to its ideal composition (Table 6). Cu and S are the
dominant elements. Small amounts of alumina (up to
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Table 6

Chemical composition (wt.%) and crystallographic data for langite from Radzimowice

Number
of 1 2 3 4 5 6 7 8 9 10
analyse
SO; 16.77 17.28 16.18 15.90 | 16.16 | 16.31 | 16.29 | 16.27 | 16.64 | 16.63
SiO, 0.00 1.23 1.08 0.89 0.42 0.00 0.00 0.06 0.00 0.00
Al,O; 0.00 0.65 1.79 0.60 0.42 0.00 0.56 0.10 0.00 0.00
CuO 64.70 62.83 63.67 64.35 | 64.43 | 65.60 | 64.79 | 65.71 | 65.26 | 65.26
h 81.47 81.99 82.72 81.74 | 81.43 | 81.91 | 81.64 | 82.14 | 81.90 | 81.89
H,O" 18.53 18.01 17.28 18.26 | 18.57 | 18.09 | 18.36 | 17.86 | 18.10 | 18.11
apfu (base: Cu + Al = 4)
S 1.03 1.08 0.97 0.97 0.99 0.99 0.99 0.98 1.01 1.01
Si 0.10 0.09 0.07 0.03 0.01
Al 0.06 0.17 0.06 0.04 0.05 0.01
Cu 4.00 3.94 3.83 3.94 3.96 4.00 3.95 3.99 4.00 4.00
unit cell parameters (with refinement statistics)
Sample lang 1 lang 2 lang 3 lang 4
al[A] 7.1278(7) 7.119(6) 7.130(8) 7.122(1)
b [A] 6.03522(5) 6.046(8) 6.026(8) 6.01(6)
c[A] 11.213(1) 11.248(8) | 11.240(5) 11.25(2)
R[] 90.136(9) 89.66(1) | 89.9(2) 89.3(2)
Rwp 10.57 9.27 14.09 7.59
GoF 2.35 1.48 4.96 1.12
DW 0.68 0.94 0.20 0.79

For explanations see Tables 1 and 3

1.79 wt.%) and silica (up to 1.23 wt.%) were recognized. The
mean chemical formula (n = 10) is: (Cuz.gsAlo.04)s4.00(SO4)1.00
(OH)6 - 1.90H20.

MALACHITE Cux(CO3)(OH),

Malachite, a common secondary Cu mineral in the aban-
doned mine galleries, occurs in several forms. One of them
comprise forms cryptocrystalline, earthy incrustations on the
surface of chalcopyrite crystals undergoing weathering. Mala-
chite also occurs as incrustations on the surface of rhyolites
and schists that contain weathered chalcopyrite. The coatings
are <2 mm thick and up to several tens of centimetres in diame-
ter. Malachite of this type usually coexists with HCS, and signs
of malachite-for-langite replacement are occasionally ob-
served. The next morphological type is stalactitic. The length of
malachite stalactites can reach a few centimetres. As a rule, the
stalactites are soft. The PXRD patterns of the last morphologi-
cal type show broadened reflections, indicating poor ordering of
the structure. This is due to a relatively rapid rate of the stalac-
tite formation. In places, malachite appears as spherical aggre-
gates, <3 mm in diameter, built of thin needles. Locally these
malachite aggregates are found within segregations of
chalcoalumite or woodwardite. Ball-like malachite aggregates
may also found within ferrihydrite accumulations that contain
native copper, cuprite, HCS and small amounts of gypsum and
amorphous Cu-Al sulphates.

MOTTRAMITE PbCu(VO,)(OH)

Mottramite was identified by micro-area research and
PXRD analysis (Table 7). Small segregations, <20 pum in
size, were found at the first level of the abandoned mine
where mottramite occurs at the border of goethite and chry-
socolla (Fig. 2G). In places it also fills thin cracks cutting
goethite. Mottramite is the only vanadate on the site and the
only known Bi- and Zn-bearing SCM. Contents of Cu vary
from 1.01 to 1.16 apfu. Lead (from 0.87 to 0.98 apfu) is sub-
stituted by calcium (0.07-0.13 apfu) and bismuth
(0.03-0.05 apfu). The composition corresponds to Ca-bear-
ing arsenate mottramite. Such a replacement may be com-
pared to the replacement reported for the bismuth—calcian
variety of the species, called duhamelite (Krause et al.,,
2003). The chemical compositions of the mottramite at
Radzimowice indicate significant substitutions on the anionic
sites. The VO?~ ions (0.42-0.60 apfu) in the tetrahedral site
are partially replaced by arsenate and phosphate ions (0.24-0.41
and 0.16-0.18 apfu, respectively). The approximate formula (n =
10) is: (Pbo.g3Ca.09Bio.04)s1.06CU1.06[(V0.53AS0.30P0.17)£1.0004)(OH )1 54.
A good negative correlation (R* = 0.95) between Ca®* and
AsQ}" could point to the analysed mottramite being an inter-
mediate member of the conichalcite [CaCu(AsO4)(OH)] —
mottramite series (e.g., Basso et al., 1989). However, the
amount of Ca and Bi (replacing Pb) is much smaller than the
amount of As (replacing V). The diadochy in the Pb — (Ca +
Bi) system seems to be minor here. Thus, the mineral ana-
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Table 7

Chemical composition (wt.%) and crystallographic data for mottramite from Radzimowice

Number
of 1 2 3 4 5 6 7 8 9 10
analyse
V,05" 12.62 | 10.77 | 13.03 | 12.49 | 10.53 | 11.88 | 11.32 9.23 | 11.91 | 12.39
As;0s5 7.37 8.78 6.75 7.22 9.06 8.08 8.54 | 11.37 8.18 7.50
P2Os 2.88 2.76 2.71 3.09 2.85 3.09 2.92 3.09 | 2.96 3.02
Bi,O; 1.90 2.04 1.53 2.13 2.29 2.12 2.01 2.78 2.06 1.74
PbO 51.71 | 47.96 | 52.59 | 51.17 | 48.60 | 50.45 | 49.24 | 47.47 | 49.86 | 51.97
CuO 19.96 | 21.65 | 19.99 | 20.23 | 20.82 | 19.58 | 20.93 | 21.19 | 19.75 | 19.80
ZnO 0.09 | 0.06 0.00 0.06 0.00 0.14 0.10 0.00 0.00 0.07
CaO 1.02 1.40 0.89 0.99 1.33 1.32 1.15 1.80 1.27 1.10
) 97.55 | 95.42 | 97.49 | 97.38 | 95.48 | 96.66 | 96.21 | 96.93 | 95.99 | 97.59
H,0? 245 | 458 | 251 | 262 | 452 | 334 | 379 | 3.07 | 4.01 | 241
apfu (base: V+As+P =1)
\Y 0.57 0.51 0.60 0.56 0.49 0.53 0.52 0.42 0.54 0.56
As 0.26 0.33 0.24 0.26 0.34 0.29 0.31 0.41 0.29 0.27
P 0.17 0.17 0.16 0.18 0.17 0.18 0.17 0.18 0.17 0.17
Bi 0.03 0.04 0.03 0.04 0.04 0.04 0.04 0.05 0.04 0.03
Pb 0.95 0.92 0.98 0.94 0.93 0.92 0.92 0.87 0.92 0.95
Cu 1.03 1.16 1.05 1.04 1.11 1.01 1.10 1.09 1.02 1.02
Zn 0.01 0.01
Ca 0.07 0.11 0.07 0.07 0.10 0.10 0.09 0.13 0.09 0.08
OH 1.12 2.18 1.16 1.19 2.14 1.52 1.75 1.40 1.83 1.10
unit cell parameters (with refinement statistics)
a[A] 8.98(3)
b [A] 10.77(3)
c[A] 6.75(2)
Rwp 1.39
GoF 1.10
DW 1.78

" wt.% values for SO3, SiO,, Al,03 and FeO omitted, as always equaling 0.00; ? calculated as 100-3;

for other explanations see Table 1

lysed should rather be placed in the mottramite — duftite se-
ries. Brugger et al. (2001) suggest the existence of mottra-
mite — tangeite [CaCu(VO,)(OH)] solid solution. However, a
negative correlation between Ca”* and VO}" excludes the
Radzimowice mottramite from belonging to that series. Con-
firmed cases of the presence of solid solutions between
mottramite and minerals of the adelite group are rarely found
in the literature (Lazebnik and Zajakina, 1988). The chemical
composition of mottramite from the abandoned mine galler-
ies at Radzimowice confirms the existence of such iso-
morphous series.

NATIVE COPPER Cu

Native copper was reported in the 19th century by Traube
(1888) as dendritic aggregates observed in thin fissures of
green schists. Dendrites of native copper were built by small
crystals formed as dodecahedrons. The presence of native
copper in association with hematite and pitticite in the near-sur-
face part of the Radzimowice deposit was noticed by Berg

(1913). The presence of native copper precipitating on steel
rails was also noticed by Stauffacher (1916).

During study of the secondary copper minerals occurring in
abandoned mine pits, two types of native copper were distin-
guished. The first type is native copper forming single dendrites,
<3 cm long, sitting in the segregations of ferrihydrite (Fig. 4D).
At several localities within the mine pits native Cu is associated
with cuprite, brochantite, langite, posnjakite, malachite and
small amounts of chalcoalumite and amorphous sulphates of
Cu and Al. The dendrites are locally ingrown in tabular, trans-
parent gypsum crystals, coexisting with pitticite. In places the
dendrites form spongy accumulations, up to a dozen or so
centimetres in diameter, occurring within the stalagmites of iron
oxyhydroxides. The second type of copper is observed in the vi-
cinity of steel objects left in old mining galleries. The moss-like
aggregates of such copper are up to few centimetres in size.
Both types of native copper form crystals which usually are
combinations of cubes and octahedra. The octahedron face
may be skeletal (Fig. 2H). In many cases, two generations of
copper are observed, the older of which has cubic habit, while
the younger epitaxially grows on the edges, representing a
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combination of octahedron, rhombic dodecahedron and gyroid.
Copper twins on the octahedral faces are common.

Electron microprobe analysis of the dendritic copper from
ferrihydrite stalagmites showed that the chemical composition
is very pure. Minor concentrations of iron (0.10-0.62 wt.%) are
likely due to the presence of tiny inclusions of Fe oxyhydroxides
in the material analysed.

POSNJAKITE Cuy(SO4)(OH)s - 2H,0

The hydrous copper sulphate mineral posnjakite is found in
two settings. Posnjakite forms light blue dendritic crystals and
thin tabular crystals, <1 mm long (Fig. 4E) on the surface of
rhyolitic rocks which contain weathered chalcopyrite. The
posnjakite is associated with brochantite, langite, malachite and
small amounts of devilline. Locally these minerals grow with
other base copper sulphates on the wooden shaft support pil-
lars. The second type of posnjakite occurrence is its association
with Fe-oxyhydroxide (mainly ferrihydrite) dropstones. Such
posnjakite fills small cavities in central parts of the dropstones
or grows on the surface of copper-cuprite aggregates with
langite (Fig. 4F). In this case, posnjakite coexists with small
amounts of malachite, gypsum, chalcoalumite, and amorphous
Cu-Al sulphates.

In both types, a replacement of langite crystals by pos-
njakite microcrystalline aggregates (see above) was observed.

Such a process has also been recorded by other authors e.g.,
Komkov and Fefedov (1967).

The X-ray powders patterns of posnjakite from Radzimo-
wice correspond well to the data published for this mineral. The
parameters b and c fit well into the general trend extending from
6.33106.35 A and ca. 7.84 to ca.7.90 A, respectively (Table 8).
Other lattice parameters are practically invariable if one analy-
ses the published data.

The chemical composition of posnjakite was determined by
WDS analysis (Table 8). The quantitative chemical study shows
small impurities of aluminium (<0.08 apfu) and silica (<0.11 apfu).
The empirical formula of posnjakite from Radzimowice (n = 10) is
as follow: (Cus g7Alp.03)54.00[(SO4)0.95(S104)0.05)21.00(OH)s - 1.95H,0.
Posnjakite follows the same tendency of concentrating some Al
and Si as does langite.

WOODWARDITE CusAly(SO,)(OH)16 - 2-4H,0

Woodwardite, a mineral giving its name to a group of similar
compounds, forms cryptocrystalline covers, deep to light blue,
precipitating on the walls of mine galleries down which mine
drainage water is flowing (Fig. 3B). They comprise spheroidal or
oval aggregates (Fig. 5A). Even high-magnification imaging
could not reveal the crystal habit within them. Locally also loose,
non-consolidated accumulations of this mineral are found.
Woodwardite is usually associated with small amounts of mala-

Table 8

Chemical composition (wt.%) and crystallographic data of posnjakite from Radzimowice

Number
of 1 2 3 4 5 6 7 8 9 10
analyse
P,0s 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SO; 16.57 15.86 17.72 | 15.86 | 15.97 | 16.98 | 15.74 | 16.47 | 16.90 | 15.60
SiO, 1.06 0.00 1.35 0.00 0.00 1.28 0.21 1.38 0.00 0.45
Fe,03 0.00 0.00 0.34 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Al,O3 0.56 0.00 0.72 0.00 0.20 0.77 0.26 0.09 0.00 0.60
CuO 63.38 65.61 61.45 | 65.57 | 66.68 | 62.58 | 65.56 | 65.01 | 64.94 | 63.95
) 81.66 81.47 81.58 | 81.43 | 82.85 | 81.63 | 81.77 | 82.95 | 81.84 | 80.60
H,0" 18.34 18.53 18.42 | 18.57 | 17.15 | 18.37 | 18.23 | 17.05 | 18.16 | 19.40
apfu (base: Cu + Al = 4)

P 0.01
S 1.02 0.96 1.12 0.96 0.95 1.06 0.95 1.00 1.03 0.96
Si 0.09 0.11 0.11 0.02 0.11 0.04
Al 0.05 0.07 0.02 0.08 0.02 0.01 0.06
Cu 3.95 4.00 3.91 4.00 3.98 3.92 3.98 3.99 4.00 3.94
Fe*' 0.02

unit cell parameters (with refinement statistics)
Sample pos 1 pos 2 pos 3
a[A] 10.557(1) | 10.55(2) 10.497(4)
b [A] 6.3326(8) | 6.35(1) 6.33(2)
c[A] 7.847(1) 7.81(1) 7.87(3)
R[] 117.977(8) | 117.5(2) 118.1(4)
Rwp 9.27 14.09 10.57
GoF 1.48 4.96 2.35
DW 0.94 0.20 0.68

For explanations see Tables 1 and 3
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Fig. 5. SEM images of secondary copper minerals from Radzimowice

A — spherical aggregates of woodwardite, B — aggregates of amorphous Cu-Al sulphates, C — cracked pitticite coexisting
with langite and native copper, D — cuprite crystals with traces of dissolution, partly covered
by irregular aggregates of HCS (indicate by arrows)

chite, langite, chalcoalumite, amorphous silica and Cu-Al
sulphates. The Rietveld refinement gives unit cell parameters in
agreement with published values. Woodwardite is practically in-
distinguishable from chalcoalumite by PXRD. Nevertheless,
the best refinement results are obtained when including this
phase. The calculated crystallite size (Lorentzian) is around
222(98) nanometres, suggesting that woodwardite is more
crystalline than chalcoalumite. Nickel (1976) reports the follow-
ing d values for reflections of the Cornwall (real) woodwardite:
9.1, 4.43 (weak, broad and diffuse), 2.58 and 1.50 A. Tiny,
shoulder-like reflection ~9 A are observed on all the diffra-
ctograms and the corresponding {003} basal reflection is often
asymmetrical. Reflections at ~4.50—4.44 A were also noticed
and are also very weak and diffuse. A broad reflection at 2.60 A
is evident in two of three samples under study. One or two very
diffuse reflections with d values of the 1.50—1.54 A range can be
seen in diffractograms of at least one sample.

The IR spectrum of the woodwardite is characterized by
several absorption bands. Woodwardite contains two types of
water — water molecules and hydroxyl ions. The main OH
stretching vibration is observed at 3425 cm™. A strong peak ob-
served at 1635 cm™' is associated with §,, water bending modes
of H,O molecules. The presence of SO?” ions is confirmed by
several absorption bands characteristic of this anion (Schmidt
and Lutz, 1993; Frost et al., 2010). The intensive band at
1116 cm™ is assigned to the asymmetrical stretching mode of
sulphate ions (v3), and the one at 976 cm™ to the symmetrical

stretching mode of these ions (v4). The band with a maximum at
611 cm™' is assigned to out-of-plane bending modes (v4). In the
IR spectra several bands indicative of carbonate groups were
also noticed, namely at 1521, 1430, 1399, 819 cm™' and
667 cm™'. The occurrence of these bands could be explained by
the presence of small inclusions of malachite, known to be
closely associated with woodwardite. On the other hand, small
amounts of carbonate ions have been detected in hydrotalcite-
like sulphate minerals from different sites (e.g., Nickel, 1976;
Bish and Livingstone, 1981; Raade et al., 1985). This is sugges-
tive of partial carbonate-for-sulphate replacement in the struc-
ture of the woodwardite from Radzimowice.

WROEWOLFEITE CU,(SO4)(OH)s - 2H,0

Wroewolfeite forms thin-bladed, light green crystals
<0.2 mm in size. The crystals grow on the surface of rhyolites,
associated with thin needles of malachite. No wroewolfeite was
found in assemblages with other HCS.

This mineral was identified by X-ray powder diffraction; the
refined unit-cell parameters are in good agreement with the
published data (Table 9). A quantitative chemical analysis of
wroewolfeite is shown in Table 9. The mineral analysed is rela-
tively pure; the minor admixtures include iron (from 0.23 to
3.10 wt.% Fe,03), aluminium (to 0.28 wt.% Al,O3), phosphorus
(up to 0.12 wt.% P,0s) and silica (0.82 wt.% SiO,). The empiri-
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Table 9 SECONDARY Cu MINERAL
. - . PARAGENESES AND THEIR
Chemical composition (wt.%) and crystallographic data
o WroawoIfoHte frbim Racmmowiee” FORMATION CONDITIONS
Number Several characteristic mineral parageneses
of 1 2 3 4 5 6 7 8 L .
analyse are distinguished (Table 10) based on our study of
P,0s 0.09 | 000 | 0.10 | 012 | 0.00 | 0.00 | 0.00 | 0.00 ,S%M(:eFent'Y fm?ﬁd in g_b?”dtoned mine ga"g_rf'fes
SO, 1516 | 13.23 | 13.51 | 14.91 | 1452 | 14.34 | 14.24 | 14.93 | | hadzImowice. Inese distnct parageneses ditter
- by mineral composition and by frequency of occur-
SiO, 017 ) 020 | 082 ] 000 | 008 | 0.15 | 0.00 | 0.00 rence. The variability of parageneses of secondary
Fe20s 0.37 | 096 | 310 | 023 | 0.57 | 0.27 | 0.29 | 0.32 Cu minerals from Radzimowice reflects different
Al,O3 0.09 | 0.06 | 028 | 0.00 | 0.05 | 0.08 | 0.00 | 0.00 formation conditions within the oxidation zone, the
CuO 66.99 | 68.15 | 64.61 | 67.24 | 66.48 | 67.47 | 67.10 | 66.71 composition of the primary ore minerals, the min-
> 82.87 | 82.60 | 82.42 | 82.50 | 81.70 | 82.31 | 81.63 | 81.96 eral composition of host rocks, and activities of
H,0" 1713 | 1740 | 1758 | 1750 | 1830 | 17.69 | 18.37 | 18.04 particular ions i'n waters circglating .in the oxidat!on
t0 (base Cu+ Fe + Al=4 zone. The main Cu ore mineral is chalcopyrite.
apfu ( : This sulphide oxidizes relatively slowly under the
P 0.01 0.01 | 0.01 influence of atmospheric oxygen and water [reac-
S 0.89 0.76 0.79 0.88 0.86 0.84 0.84 0.89 tion 1]:
Si 0.01 0.02 0.06 0.01 0.01
Fe? 0.02 | 0.06 | 0.18 | 0.01 | 0.03 | 0.02 | 0.02 | 0.02 CuFeS, + 4.250, + 1.5H,0 — Cu?" + 2SO;” +
Al 0.01 | 001 | 0.03 0.01 + 4H" + FeO(OH) (1]
Cu 3.97 3.94 3.79 3.99 3.96 3.98 3.98 3.98
unit cell parameters (with refinement statistics) This process leads to slight pH decreasg. Re-
a Al 5.989(8) action [1] is catalysed by the presence of Fe”" ions
: (Klauber et al., 2001; Maley et al., 2009). The
b [A] 5.709(8) source of the ferric iron is the oxidation of pyrite as-
c[Al] 14.328(7) sociated with chalcopyrite, according to the reac-
B[] 93.1(2) tions [2 and 3]:
Rwp 4.08
GoF 1.36 FeS, + 3.50, + H,0 — Fe?" + 2SO; + 2H*
DW 117 2]

For explanations see Tables 1 and 3

cal formula of the wroewolfeite (n = 8) may be written as
(Cus.95F€0.04Al0.01)54.00[(SO4)0.84(SiO4)0.01]50.85(OH)s - 1.63H-0.

OTHER MINERALS COEXISTING WITH SCM

Ferrihydrite is the most common mineral associated with
SCM at the study site. Itis usually present as stalagmites or sta-
lactites, less than tens of centimetres in length. The mineral is
very often present as loose accumulations, up to 1 or even 2 m
thick, lying at the bottom of old mine pits. Ferrihydrite is accom-
panied by goethite. Schwertmannite appears in zones of inflow
of very pH-low waters. SCM that occur within ferrihydrite accu-
mulations typically are associated with gypsum.

Amorphous phases that produce very weak or no XRD re-
sponse also occur at the study site as thin crusts of light blue
or blue-green colour. They usually coexist with chalcoalumite
or woodwardite and may also form loose fillings occluding
open spaces of ferrihydrite stalactites. High magnification
SEM images show that the amorphous crusts form botryoidal
aggregates (Fig. 5B). The chemical composition of the aggre-
gates is variable, and various Cu/Al ratios were obtained. In
some cases, small accumulations of pitticite, an amorphous
hydrous ferric arsenate-sulphate, were found near native cop-
per and Cu minerals replacing copper (Fig. 5C). This phase is
strongly cracked, russet-black, of resinous luster and con-
choidal fracture.

Fe?* + 0.250% + H* — Fe* + 0.5H,0 [3]

Pyrite decomposition leads to a drastic drop of
pH within the environment [reaction 4] and produces chemically
aggressive acidic mine waters (AMD).

FeS, + 14Fe* + 8H,0 — 15Fe*" +
+ 2507 + 16H*

[4]

Acid mine drainage and weathering of pyritic schists are ob-
served at Radzimowice (Parafiniuk and Siuda, 2006). The ac-
tion of acid mine waters on barren rocks is well-known
(Parafiniuk, 1996; Nordstrom and Alpers, 1999; Marini et al.,
2003; Bowell and Parshley, 2005; Hammarstrom et al., 2005).
Under reduced pH conditions, some rock-forming minerals in-
cluding chlorites in schists and plagioclases in rhyolites un-
dergo decomposition. This causes Al liberation and its incorpo-
ration into solutions. Aluminium remains in solution as long as
pH is sufficiently low. The rise in pH leads to binding of Al in sec-
ondary Cu-Al mineral species. Such decomposition of rock-
forming aluminosilicates plays an important role in the formation
of secondary Cu minerals at Radzimowice.

The first paragenesis (no. I) includes HCS - langite,
posnjakite, brochantite, devilline and malachite. Minerals of this
assemblage crystallise directly from mine waters flowing down
the mine sidewalls. Neither gypsum nor Fe oxyhydroxides were
identified in this paragenesis. The crystallisation of a particular
HCS is modelled by both the concentration of SO?~ ions in solu-
tion and its pH. Generally formation of posnjakite is likely pre-
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Table 10

Mineral parageneses of secondary copper minerals from an abandoned mine at Radzimowice

Paragenesis

Mineral composition’

| langite, posnjakite, brochantite, devilline, malachite

I langite, posnjakite, brochantite, malachite, chalcoaluminte, gypsum, cuprite, native copper, ferrihydrite,
amorphous Cu-Al sulphates, goethite, pitticite

1 woodwardite, chalcoalumite, langite, malachite, amorphous Cu-Al sulphates

\ chrysocolla, goethite, mottramite

" minor or accessory minerals in italic

ceded by the precipitation of amorphous HCS that tend to
quickly transform into posnjakite (Kratschmer et al., 2002). Be-
sides posnjakite, langite also forms early in paragenesis |. Both
sulphates are stabilized by relatively high a SO?~ (Dabinett et
al., 2008) and pH values, the latter varying from 6.0 to 7.5
(Alwan and Williams, 1979).

An inflow of greater amounts of groundwater in humid sea-
sons causes a decrease in SO?~ and Cu®* ion concentrations
and a change of pH, which causes posnjakite and langite disso-
lution. This is shown by dissolution traces observed at the sur-
face of langite crystals and also by the lack of brochantite
pseudomorphoses after langite. Solutions with lowered Cu?*
and SO;~ concentrations are parental for brochantite. This min-
eral is the most stable HCS, forming at a pH range of 4-7.5
(Marani et al., 1995; Fitzgerald et al., 2006; Kas and Birer,
2012). As Maley et al. (2009) showed, the drop of pH below the
value of 3 rapidly causes dissolution of brochantite. Further-
more, no antlerite, which crystallises at pH <4 (Pollard et al.,
1992; Fuente et al., 2008), or tenorite, stable by pH >8 (Fitzger-
ald etal., 1998; Frost, 2003) were found. The rarest HCS found
within paragenesis | is devilline. Its presence reflects locally
high Ca®"ion activity in the mine waters. The changing chemis-
try of these solutions is also confirmed by the presence of mala-
chite, which forms over a wide range of CO?™ ion concentrations
(Vink, 1986). Malachite may crystallise directly from the solution
[reaction 5]:

2Cu? + COY + 20H™ — Cu,(CO,)(OH), [5]

If the activity of SO~ ions falls and the concentration of
CO? ions rise within the solution, malachite may replace previ-
ously formed HCS (Woods and Garrels, 1986; Clissold et al.,
2005). This process is described by reaction [6]:

Cu,SO,(OH), - 2H,0 + 2 CO* + [6]
+ 4H" — 2Cu,(CO,)(OH), + SO+ 4H,0 + 2H"

This reaction explains the formation of malachite pseudo-
morphs after langite in paragenesis |. On the basis of modelling
done by Alwan and Williams (1979) for a langite/bro-
chantite—malachite assemblage from Cornwall, one may con-
clude that this process takes place at pH 6.0-7.5 and depends
on aCO?‘ in solution. Arise of a COf‘, due to seasonal inflow of
rain water, causes disequilibrium between HCS and malachite.

The absence of wroewolfeite in paragenesis | is likely due to
the prevailing pH conditions. Wroewolfeite is known, e.g., from
efflorescences precipitating from Cu-rich AMD at the Kirki de-

posit, Greece (Triantafyllidis and Skarpelis, 2006). In this de-
posit wroewolfeite is formed at low pH, i.e. ~3. This is at vari-
ance with the data of Dabinett et al. (2008), that find wroe-
wolfeite, the less stable HCS, crystallising by pH ~6. The rarity
of the occurrence of wroewolfeite in the Radzimowice mine may
be due to elevated concentrations of Mg in the mine waters
(Parafiniuk and Siuda, 2006). Dabinett et al. (2008) noticed that
the presence of Mg® in solution inhibits nucleation of wroe-
wolfeite while promoting the formation of posnjakite.

HCS are also the dominant minerals that characterize
paragenesis Il. However, native copper, cuprite and gypsum
and small amounts of chalcoalumite and amorphous Cu-Al
sulphates also are present. The minerals of this paragenesis
are found exclusively within accumulations of Fe oxyhydroxides
with ferrihydrite as the main phase. Native copper forms by re-
duction of Cu?* ions by Fe?" ions, following reaction [7], with Fe
removed from the solution by the simultaneous precipitation of
ferrihydrite:

Cu?" + 2Fe* — Cu® + 2Fe* [7]

Cuprite crystallises at the surface of native copper, accord-
ing to the reaction [8]:

2Cu + 0.50, — Cu,0 [8]

Cuprite acts as a precursor for further secondary Cu miner-
als, such as carbonates and hydrous sulphates (Fitzgerald et
al., 1998; Mendoza et al., 2004; Fuente et al., 2008). The sur-
faces of cuprite crystals reveal traces of dissolution and may be
covered by HCS (Fig. 5D). This indicates cuprite dissolution in
the presence of SO?~ ions and replacement by HCS, according
to reaction [9]:

2Cu,0 + SO + 6H,0 — Cu,SO,(OH), - 9]
. 2H,0 + 2H"

HCS formed this way may substitute the cuprite-copper
aggregates. Langite and posnjakite of this paragenesis can
transform into brochantite, as in the case of paragenesis |. The
other secondary Cu minerals are insignificant in paragenesis
Il. The occurrence of small amounts of malachite may attest to
a seasonal inflow of waters enriched in CO? ions. Coexis-
tence of secondary Cu minerals with ferrihydrite allows for the
recognition of crystallisation conditions of these phases.
Ferrihydrite precipitates from solutions of pH <5.5. By pH 6.5,
ferrihydrite begins to dominate (e.g., Bigham etal., 1996; Yu et
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al., 1999; Murad and Rojik, 2003). At the same time, the pres-
ence of brochantite is indicative of pH of the 4-7.5 range
(Bridges and Green, 2007). The presence of gypsum indi-
cates that the value of a SO?~ should be close to 107>° molll,
that is the saturation concentration of gypsum. Taking this
value under consideration, the stability fields of brochantite
and ferrihydrite overlap in the pH range of ~5—6. Importantly,
tenorite, which is stable at higher pH values, was not identified
within paragenesis Il

Paragenesis |ll at Radzimowice is dominated by wood-
wardite, with minor langite, chalcoalumite and malachite.
Woodwardite accumulates in zones 2—-3 metres wide, where
mixing of AMD waters with chemically unchanged ground-
waters occurs. At the contact of these waters a clear separation
of Fe-rich precipitates of AMD waters from blue deposit of Cu-Al
sulphates was observed (Fig. 3C). Such a contact zone is a nat-
ural geochemical barrier. The blue deposit of woodwardite
binds Al that is removed from solution under the conditions of
elevated pH. The presence of langite points to the pH of the
parent solutions being around 6-7.5, which is consistent with
the values observed by Dinelli et al. (1998) and Marini et al.
(2003) for blue deposits of Cu-Al sulphates precipitating from
mine waters of the Vigonzano and Libiola areas, Italy. Hydro-
geochemical modelling and field observations carried out by
Tumiati et al. (2008) show that woodwardite crystallise by pH of
7.39-7.55 from CO,-undersaturated solutions, i.e., with CO,
concentration <10~ mol/l. An increase of CO, concentration
leads to the formation of malachite and other carbonate-bear-
ing minerals (Stara et al., 1999).

The last paragenesis recently forming in abandoned mine
galleries comprises chrysocolla, goethite and mottramite.
These minerals occur at the surface of a joint cutting rhyolite.
Along this surface, migration of solutions rich in metal ions and
silica may take place. The source of silica for chrysocolla, the
main constituent of the paragenesis, is decomposition of rock-
forming minerals of both rhyolites and the surrounding shales.
Oxidation of sulphides leads to the generation of pH-low solu-
tions. By such conditions, rock-forming aluminosilicate minerals
undergo transformation rapidly. Migration of solutions outside
the zones in direct contact with ore minerals undergoing oxida-
tion and inflow of meteoric waters leads to an increase in pH of
these solutions and binding of silica and Cu?* ions in the form of
chrysocolla (Schlomovitch et al., 1999; Crane et al., 2001,
Stevko et al., 2011). Precipitation of goethite is stabilized by an

elevated pH. Subordinate occurrences of mottramite are likely
due to low concentrations of vanadate ions in solution. The
source minerals of vanadium may be both rock-forming miner-
als (e.g., biotite) and magnetite, which is present in minor
amounts in the deposit and its surroundings (Stauffacher, 1916;
Hoehne, 1952; Manecki, 1965).

CONCLUSIONS

Parageneses of recently forming SCM reflect a diversity of
geochemical conditions prevailing in abandoned mine galler-
ies of the polymetallic metal mine in Radzimowice. Of the SCM
group, the most common are HCS, usually accompanied by
various amounts of malachite. This indicates relatively high
activity of sulphate ions, associated with moderate amounts of
carbonate ions. HCS may crystallise (1) directly from mine wa-
ters and (2) by transformation of previously formed cuprite and
native copper, due to the action of sulphate-rich waters. The
occurrence of rich accumulations of Cu-Al sulphates and ad-
mixtures of Al in nominally Al-free minerals (devilline, langite,
posnjakite) demonstrates relatively high activity of AI*" ions in
solutions parental for SCM. The presence of aluminium is due
to the decomposition of rock-forming aluminosilicates at-
tacked by mine waters. The next factor influencing the forma-
tion of SCM is pH. In general, the crystallisation of HCS oc-
curred at mildly acidic to neutral pH. Cu-Al sulphates formed
in zones where low-pH waters, chemically transformed due to
the oxidation of ores, were mixing with neutral waters. Such
zones represent natural geochemical barriers. Abundant dis-
solution traces and replacement textures document the effects
of seasonal modifications of the chemical composition of the
mine waters. These chemical variations reflect an increased
inflow of waters that remain chemically unchanged due to
weathering processes during humid seasons. The crystalli-
sation and dissolution of these recently forming SCM play an
important role in copper sequestration and release of copper
into groundwaters.
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