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ABSTRACT:

Siuda, R. and Januszewska, A. 2022. Recently formed arsenates from an abandoned mine in Radzimowice
(SW Poland) and the conditions of their formation. Acta Geologica Polonica, 72 (4), 423—442. Warszawa.

In the mining galleries of the abandoned Au-As mine in Radzimowice, diverse groups of secondary arsenates
crystallized recently. They form several characteristic assemblages. In the first of them the typical minerals are
bukovskyite and melanterite. The second group of secondary arsenates includes scorodite, kankite, zykaite, and
pitticite. The third assemblage includes Co-Ni-Mg arsenates of the erythrite-annabergite-hdrnesite series. The
first assemblage crystallized in a zone with a very high activity of sulphate and arsenate ions and where the pH
varies within a narrow range of 2.0-3.5. The second group of secondary arsenates formed in the acidic zone. The
minerals identified here suggest pH variation within fairly wide ranges, from about 2.0 to 5.5. Contrary to the
first and second mineral assemblage, the Co-Ni-Mg arsenates formed under different geochemical conditions.
Their crystallization took place under weak acidic to neutral conditions.

Key words: Bukovskyite; Kankite; Zykaite; Pitticite; Iron arsenates; Oxidation zone;

Radzimowice.

INTRODUCTION

Arsenic is an element known for its high toxicity.
Its high concentrations appear in both natural geo-
logical environments and the areas of intensive an-
thropopressure (Matschullat 2000; Morin and Calas
2006). Hydrothermal polymetallic deposits stand
for a typical environment where high amounts of
primary arsenic minerals (e.g., arsenopyrite) occur.
Exploitation of polymetallic ores and their process-
ing has lead to the formation of many waste piles
with a high concentration of As. Decomposition
of primary arsenic minerals takes place within
natural zones of weathering, and on post-mining
dumps. This process causes the release of signifi-
cant amounts of arsenic into the environment. This
leads to contamination of surrounding ecosystems

and negatively affects the quality of local soil and
surface waters (Welch ef al. 2000; Smedley and
Kinniburgh 2002; Hering and Kneebone 2002).
However, crystallization of secondary iron arse-
nates may prevent sizable amounts of arsenic from
spreading within the environment. Among the sec-
ondary arsenic minerals, iron arsenates and iron
arsenosulphates play a crucial role in the permanent
binding and immobilization of arsenic (Drahota and
Filippi 2009; Li et al. 2021).

This work presents the results of mineralogical
research of secondary iron arsenates and associating
phases occurring in the abandoned Au-As-Cu mine
in Radzimowice. Based on the conducted research,
parageneses of secondary arsenic minerals were de-
scribed and the conditions under which these miner-
als crystallize were recreated.
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GEOLOGICAL SETTING

The polymetallic Radzimowice deposit is located
in the SE part of the Kaczawa Mts. (Text-fig. 1). This
area is built of metamorphosed mudrocks of Lower
Palaeozoic age belonging to the Kaczawa Metamorphic
Complex, which includes the Radzimowice slates
and Chmielarz slates. Both lithologies are repre-
sented by various quartz-sericite-graphite mudrocks,
greywackes, and greenstones containing insets of
crystalline limestone and quartzites (Urbanek and
Baranowski 1986; Haydukiewicz and Urbanek 1986;
Baranowski 1988; Kozdrdj et al. 2001). The metamor-
phic rocks are cut by younger intrusions of igneous
rocks, mainly rhyolites whose crystallization age has
been determined as ca. 315Ma (Machowiak et al. 2008;
Mikulski and Williams 2014). Within the rhyolites
of the Zelazniak and Bukowinka hills, granites are
also found (Machowiak et al. 2008; Mikulski 2003).
The rarest igneous rocks in this region are andesites
and lamprophyres dated to ca. 312 Ma (Mikulski and
Williams 2014).

The primary ore occurs mainly in the form of
several quartz-sulfide veins, of which six were under
exploitation (Manecki 1965; Zimnoch 1965; Paulo and
Salomon 1974; Mikulski 2005, 2007). These crack-
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type veins cut both the metamorphic rocks of the
Kaczawa Metamorphic Complex and the later igne-
ous rocks. They run more or less parallel along an
E-W direction. The dips of the veins are steep (ca. 60—
90°) and mainly directed to the north. The thickness
of the veins varies from a few centimetres to more
than 1 m. The longest vein — “Pocieszenie Gérnika”
—is ca. 2 km long and <1.4 m thick. The barren rocks
surrounding the veins are hydrothermally altered and
usually contain disseminated ore minerals.

The primary ore vein mineralogy is diverse. The
most common primary ore minerals are: pyrite, arse-
nopyrite, chalcopyrite, 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 2005, 2007, 2011; Mikulski and Muszynski
2012). The age of the ore mineralization determined
by the Re-Os method is 317+17 Ma (Mikulski 2007).

So far 43 minerals have been described from the
weathering zone of the Radzimowice deposit. The first
information about secondary minerals in Radzimowice
was given by Fiedler (1863), who mentioned the oc-
currence of hematite, pitticite, and chalcocite. Traube
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Text-fig. 1. Geological sketch-map of the Radzimowice area (after Cwojdzinski and Kozdr6j 1994).
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(1888) described the occurrence of native copper and li-
monite. Malachite, and dripstones of “limonite” form-
ing in old mine galleries were reported by Stauffacher
(1916). Zimnoch (1965) described cerussite and cov-
ellite while cuprite was identified by Manecki (1962).
A short note about the presence of pseudomalachite
was published by Holeczek and Janeczek (1991). The
presence various iron arsenates in Radzimowice was
reported by Siuda (2004) and Parafiniuk et al. (2016)
while mottramite was first mentioned by Siuda and
Kruszewski (2005). Parafiniuk and Siuda (2006) also
described the occurrence of schwertmannite. A de-
tailed report on selected secondary copper minerals
was presented by Siuda and Kruszewski (2013).

The earliest records of mining in Radzimowice
come from the 12th century (Dziekonski 1972).
Intensive mining exploitation took place in the 19th
century and the first half of the 20th century. Finally,
the exploitation was finished in 1956. During ex-
ploitation, dozens of kilometres of underground mine
workings were constructed. The depth of the mine
was about 170 metres. The extensive system of min-
ing excavations caused changes in the geochemical
conditions prevailing in the rock mass. After the end
of mining activities, the abandoned underground
mining excavations became the place of the forma-
tion of secondary minerals.

METHODS

Samples of weathering minerals were collected
from two underground exploitation levels (level
II, IIIB) from depths of 50 and 100 metres below
ground level. To avoid humidity changes, the min-
eral samples were packed into tightly-sealed plastic
containers. The samples transported to the labora-
tory were stored at a temperature around +5°C. After
this, the samples were dried at room temperature
and then ground in an agate mortar. The determi-
nation of the mineralogical nature of the samples
began with the Powder X-Ray Diffraction (PXRD)
technique. The powdered sample was placed in a
Bruker D8 ADVANCE equipped with superfast lin-
ear position-sensitive detector (LPSD) VANTEC-1
and kp-filtered CoKa radiation. The apparatus is lo-
cated in the Institute of Geological Sciences, Polish
Academy of Sciences. The samples were scanned
using 0.02 26 increment and | s/step counting time
(equivalent of 416 s in the zero-dimensional detector
language), in the 3—80 20 range. Unit cell parameters
were calculated using the Rietveld method imple-
mented in the TOPAS v. 3.0 software. Quantitative

chemical data were collected using a Cameca SX 100
electron microprobe of the Inter-Institute Analytical
Complex from Minerals and Synthetic Substances,
University of Warsaw. The following standards, an-
alytical lines, and crystals were used:, rhodochrosite
— Mn (Ko, LIF, detection limit (DL) — 0.15 wt%),
Fe,O5 — Fe (Ko, LIF, DL — 0.15 wt%), chalcopyrite —
Cu (Ko, LIF, DL —0.23 wt%), ZnS — Zn (Ka, LIF, DL
—0.29 wt%), albite — Na (Ka, TAP, DL — 0.03 wt%,
diopside — Mg (Ka, TAP, DL — 0.01 wt%), orthoclase
— Al (Ka, TAP, DL — 0.04 wt%), diopside — Si (Ka,
TAP, DL - 0.03 wt%), GaAs — As (Lo, TAP, DL —
0.10 wt%), apatite — P (Ka, PET, DL — 0.07 wt%),
orthoclase — K (Ka, PET, DL — 0.04 wt%), diopside
— Ca (Ka, PET, DL — 0.05 wt%), NiO — Ni (Ka, LIF,
DL - 0.04), metallic Co — Co (Ko, LIF, DL — 0.03).
Analyses were conducted using the accelerating volt-
age of 15 kV and beam current of 10 nA. The beam
diameter was 5—-10 um. The ZAF corrections were
applied. Elevated analytical totals for minerals with
hydroxyl groups or crystallization water are gener-
ally caused by evaporation of water under high vac-
uum conditions or by its evaporation due to heating of
the analyzed area by the electron beam. Lower totals
are due to the porous nature of some minerals. IR
absorption spectra were recorded at a Nicolet Magna
550 spectrometer from 4000 to 400 cm’!, using KBr
pellets (Faculty of Chemistry, University of Warsaw).
Thermal analysis was carried out at a Paulik-Paulik-
Erdey derivatograph at a heating rate of 10 °C/min
in the air with 200 mg of sample and Al,O5 as inert
reference material. Measurements of the pH were
performed in situ by electrochemical methods using
appropriate electrodes (Elmetron, Poland).

SECONDARY ARSENIC MINERALS

The following minerals are given according to the
frequency of their occurrence. The description starts
with arsenic minerals after that the other secondary
phases are presented.

Scorodite FeAsO4-2H,0

At the third exploitation level of the mine,
scorodite crystallizes in form of botryoidal, grey-
green or brown aggregates, up to dozen centime-
tres in diameter. The mineral covers the walls of
mine galleries and creates dripstones (Text-fig. 2A).
At high magnifications, elongated bacteria colonies
mineralized by scorodite are visible inside mino-
thems (Text-fig. 3A). In the abandoned mine galleries
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Text-fig. 2. Formation of various secondary arsenic minerals from the abandoned mine in Radzimowice: A — dripstones of scorodite on the
mine walls; B — cryptocrystalline, olivine-green crusts of kankite; C — zykaite aggregate; D — stalactites of pitticite; E — erythrite aggregates;
F — yellow accumulations of hydroniumjarosite and low pH waters at a bottom.

scorodite coexists with zykaite, kankite, pitticite, and are typical for this mineral: a = 10.3144(29), b =
iron oxyhydroxides. 8.9401(31), ¢ = 10.0331(29).
Scorodite was identified by the PXRD. Refined Using the EPMA, the chemical composition of

unit-cell parameters of scorodite from Radzimowice scorodite from the third exploitation level was deter-
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mined (Table 1). The investigated scorodite is charac-
terized by small fluctuations of the iron content (from
0.95 to 1.03 apfu). To a small extent, this element is
replaced by aluminium (up to 0.03 apfus) and copper
(up to 0.01 apfu). The content of arsenate ions at the
tetrahedral site changes from 0.79 to 0.98 apfu. This
anion is substituted by SO,* (0.04—0.22 apfu) and
SiO,4* (up to 0.03 apfis) ions.

Text-fig. 3. SEM images of secondary minerals from the

Radzimowice mine: A — elongated bacteria colonies mineralized

by scorodite; B — kankite aggregate; C — zykaite crystals; D — bu-

kovskyite crystals; E — isometric crystals of hydroniumjarosite with
needle-like crystals of schwertmannite.

Based on thermogravimetric studies, the content of
water inthe analyzed mineral was determined. The total
weight loss over the temperature interval of 20-300°C
was 16.15 wt% (Text-fig. 4A). The average empirical
formula of scorodite calculated based on 6 oxygen at-
oms per formula unit and H,O content determined by
the thermogravimetric method is: (FeogAlg ¢1Cuyg 1)

£=1.00[(A804)0.90(SO04)0.0715-0.972.02H,0.
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Analysis no. 1 2 3 4 5 6 7 8 9 10 Mean
Fe,0; 3530 | 35.60 | 35.22 | 34.07 | 3430 | 35.60 | 34.22 35.14 34.32 33.59 34.74
Al)O; 0.25 0.00 030 | 0.00 | 0.25 0.00 0.30 0.10 0.22 0.69 0.21
CuO 0.51 0.40 0.43 | 0.00 | 0.51 0.40 0.43 0.36 0.13 0.28 0.34
As)Os 4535 | 4531 | 44.74 | 40.74 | 4735 | 47.93 | 47.02 45.62 46.75 49.77 46.06
SO, 1.83 1.78 1.73 | 799 | 1.83 1.78 1.73 2.87 1.89 1.31 247
P,05 0.14 0.00 0.10 | 0.00 | 0.14 0.00 0.10 0.16 0.11 0.00 0.07
Si0, 0.40 0.11 0.66 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.12
H,O 15.61% | 15.61% | 15.61 | 15.61 | 15.61 | 15.61 15.61 15.61 15.61 15.61 16.15%*
Total: 99.37 | 98.81 | 98.79 | 98.41 | 99.97 | 101.32 | 99.41 99.86 99.03 | 101.26 | 100.16
atom per formula unit [apfis]
Fe3* 1.01 1.03 1.02 | 095 | 098 1.01 0.98 1.00 0.99 0.95 0.98
AP* 0.01 0.00 0.01 0.00 | 0.01 0.00 0.01 0.00 0.01 0.03 0.01
Cu?* 0.01 0.01 0.01 | 0.00 | 0.01 0.01 0.01 0.01 0.00 0.01 0.01
AsO> 0.90 0.91 090 | 0.79 | 0.94 0.94 0.94 0.90 0.93 0.98 0.90
SO, 0.05 0.05 0.05 | 022 | 0.05 0.05 0.05 0.08 0.05 0.04 0.07
PO,* 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.01 0.00 0.00 0.00
SiO* 0.02 0.00 0.03 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,0 1.99 2.00 2.00 1.93 1.98 1.96 1.99 1.97 1.99 1.96 2.02

Table 1. Chemical composition of scorodite from the abandoned mine in Radzimowice (in wt%). * — content of H,O on the basis of 3 H,O
molecules in ideal scorodite formula, ** — content of H,O from TG analysis.

In the infrared absorption spectra several bands
are observed (Text-fig. 5A). The broad absorption
band with a maximum at 3374 cm corresponds to
hydroxyl stretching vibrations from H,O molecules in
scorodite. In this mineral water molecules are placed
in the tunnel structure along the ¢ axis and are sub-
ject to the affect of surrounding cations and anions.
Interaction of H,O molecules with the arsenate group
produces two infrared active bands at around 3500
(sharp) and 2950-3050 cm! (broad) (Ondrus et al.
1999; Gomez et al. 2010; Johnson et al. 2020). Only
one absorption band is visible on the recorded spectra.
This may be because some of the arsenate ions are re-
placed by sulphate anions. This substitution also shifts
the main absorption band (about 3500 cm™) towards
lower wavenumbers (3374 cm™!). A similar phenom-
enon was observed in the case of synthetic material
with a high content of sulphate anions (Qi at al. 2020).
The absorption band at 1631 cm™ is connected with
the presence of water molecules. The typical sulphate
absorption bands are present at 1123 cm™ (v5), 1073
cm! (v3) and 600 cm™! (v,) The presence of absorption
bands characteristic of the sulphate group confirms
its presence in the analyzed material. The absorption
band at 830 cm™ corresponds to the stretching and
vibrations of the arsenate ions (v3). The bending vibra-
tions of the arsenate groups are present at 470 cm™'(v,).

Kaiikite FeAsO4-3.5H,0

In Radzimowice karikite is one of the most com-
mon iron arsenates. In the abandoned mine galleries

of III B exploitation level, it forms earthy, monomin-
eral aggregates up to 40 cm in diameter. They occur
directly on one of the unveiled ore veins composed
of arsenopyrite and fine-grained pyrite. Kankite
also forms cryptocrystalline, green-yellow coatings
and crusts, covering the surfaces of rhyolite which
contain disseminated arsenopyrite-pyrite ore (Text-
fig. 2B). In the natural humidity state kankite is soft
and plastic and has a brilliant green-yellow colour.
At very high magnifications thin-plate crystals of the
mineral may be observed (Text-fig. 3B). In under-
ground mining pits kankite coexists with scorodite,
zykaite, and pitticite. Near kankite accumulations of
hydroniumjarosite and Fe oxyhydroxides precipitate.

Refined unit-cell parameters of kankite from
Radzimowice are within the typical range for this
mineral: a = 18.715(36), b = 17.471(34), ¢ = 7.638(18),
B =92.825(39) (Cech et al. 1976).

Quantitative chemical analysis of kankite is pres-
ent in Table 2. The amount of iron in kaiikite varies
in a small range from 0.93 to 0.99 apfu. Only small
amounts of Al (to 0.03 apfu) are associated with it. At
the tetrahedral position AsO,*" ion (content from 0.89
to 0.98 apfu) is partially replaced by SO,% (0.01-0.21
apfu) and PO, (up to 0.13 apfis) ions. A similar level
of substitution of arsenate ion by sulphate ion was
documented for kankite from the area of the Czech
Republic (Kocourkova ef al. 2008) and the weather-
ing zone of the Suzukura deposit in Japan (Kato et
al. 1984).

The water content in kankite was estimated by the
TG method. The process of water release is two-stage
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Analysis no 1 2 3 4 5 6 7 8 9 10 Mean
Fe,04 30.17 29.99 29.99 29.76 29.13 31.25 31.10 30.64 30.71 30.85 30.36
Al,O4 0.09 0.00 0.52 0.20 0.30 0.19 0.09 0.10 0.60 0.00 0.21
As,05 4231 32.75 43.81 43.51 42.24 40.85 41.91 41.65 40.76 43.92 41.37
SO, 2.60 6.60 2.24 2.19 2.38 3.29 2.18 2.39 3.36 0.43 2.77
P,05 0.00 3.66 0.08 0.06 0.12 0.37 0.40 0.33 0.35 0.13 0.55
Si0, 0.03 bdl 0.04 bdl 0.07 0.03 0.03 0.03 0.07 bdl 0.03
H,0 24.46% | 24.46* | 24.46* | 24.46*% | 24.46* | 24.46* | 24.46* | 24.46* | 24.46* | 24.46* | 25.50**
Total: 100.24 99.05 102.20 | 100.88 | 98.99 | 101.49 | 100.86 | 100.15 | 101.43 99.89 100.79
atom per formula unit [apfit]
Fe** 0.96 0.93 0.94 0.95 0.93 0.98 0.99 0.98 0.97 0.99 0.94
A" 0.00 0.00 0.03 0.01 0.02 0.01 0.00 0.00 0.03 0.00 0.01
AsO,*> 0.94 0.71 0.96 0.96 0.94 0.89 0.92 0.92 0.89 0.98 0.89
SO,* 0.08 0.21 0.07 0.07 0.08 0.10 0.07 0.08 0.11 0.01 0.09
PO> 0.00 0.13 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.02
Si0* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,0 345 3.38 3.41 3.45 347 3.42 3.44 345 3.42 3.49 3.51

Table 2. Chemical composition of kankite from the abandoned mine in Radzimowice (in wt%). * — content of H,O on the basis of 3.5 H,O
molecules in ideal kankite formula, ** — content of H,O from TG analysis, bdl — below detection limit.

A

i
i

3500 3000 2500 2000 1500 1000 500
wavenumber [cm™]

Text-fig. 5. The IR spectra of secondary arsenic minerals from the
Radzimowice mine (A — scorodite; B — karkite; C — zykaite; D —
bukovskyite).

(Text-fig. 4B), which may point to a different degree
of the crystallization water binding in its structure
(Kato et al. 1984). The total mass loss of the sample
equals 25.50 wt%. The empirical formula of kankite
from the second mine level (based on 7.5 oxygen at-
oms per formula unit and H,O content determined by
the thermogravimetric method) is (Feg 94Alg 01)s=0.95
[(A80O4)0.89(SO4)0.09(PO4)0.02]5-1.00°3.51H,0.

In the obtained IR spectrum for kankite few char-
acteristic absorption bands are seen (Text-fig. 5B).
Bands centered at 3518, 3364 and 3210 cm’! are due
to H-O stretching vibrations in the molecules of crys-
tallization water. The presence of three absorption
bands in the 35003200 cm™! range may indicate the
occurrence of three non-equivalent positions of H,O
molecules in the structure of kankite under the scope.
It is noteworthy that such subbands have not been ob-
served by other researches (Kato et al. 1984; Frost et
al. 2015). The group of absorption bands at 1485, 1455,
1409 and 1329 cm’! come from & (As-OH) modes,
while bands at 873, 840, and 799 cm™! come from v,
symmetry deformation of AsO,*. The presence of
sulphate ion replacing arsenate ion is confirmed by
the presence of a 1074 cm™! band due to v; vibrations.

Zykaite Fe,(AsO,);(SO,)(OH)-15H,0

In the abandoned mine galleries of the III B ex-
ploitation level of Radzimowice mine, zykaite occurs
in the form of white, porous, rounded aggregates up to
4 cm in size (Text-fig. 2C). They grow on the surface
of rhyolites containing weathering arsenic ores or at
the bottom of mining galleries between rock frag-
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Analysis no. 1 2 3 4 5 6 7 8 9 10 Mean
Fe,04 30.52 30.44 30.29 30.61 30.06 30.65 31.13 31.09 31.10 31.22 30.71
Al,O4 0.48 0.46 0.50 0.45 0.49 0.32 0.00 0.00 0.00 0.00 0.27
K,0 0.42 0.29 0.51 0.17 0.35 0.20 0.37 0.29 0.42 0.19 0.32
As,05 33.95 34.02 34.05 36.20 35.88 34.12 3431 33.75 33.75 33.87 34.39
SO; 6.94 7.33 6.78 4.79 6.30 7.71 7.77 7.50 7.83 791 7.09
H,0 27.50%* 27.50* 27.50*% | 27.50* | 27.50* | 27.50* | 27.50* 27.50* 27.50* 27.50*% | 27.50%**
Total: 99.81 100.04 99.63 99.72 100.59 | 100.50 | 101.08 100.13 100.60 100.69 100.28
atom per formula unit [apfu]
Fe3* 3.94 3.76 391 3.99 3.86 3.90 3.96 3.98 3.97 3.98 391
AP 0.10 0.09 0.10 0.09 0.10 0.06 0.00 0.00 0.00 0.00 0.05
K* 0.09 0.06 0.11 0.04 0.08 0.04 0.08 0.06 0.09 0.04 0.07
AsO> 3.04 2.92 3.06 3.28 3.20 3.02 3.03 3.00 2.99 3.00 3.04
SO> 0.89 0.90 0.87 0.62 0.81 0.98 0.98 0.96 1.00 1.01 0.90
OH™ 1.28 1.04 1.24 1.20 0.73 0.93 0.89 1.08 1.03 0.97 1.04
H,O 14.86 15.09 14.31 15.03 15.40 15.08 14.96 14.82 14.98 14.93 14.91

Table 3. Chemical composition of zykaite from the abandoned mine in Radzimowice (in wt%). * — content of H,O on the basis of ideal zykaite
formula, ** — content of H,O from TG analysis, *** — content of OH™ was calculated from charge balance.

ments. In the natural humidity state, the aggregates
are plastic and become brittle when dried. In the BSE
image needle-like crystals, up to 20 um in length are
observed (Text-fig. 3C). Zykaite from mine pits is
associated with small amounts of kankite, scorodite,
hydroniumjarosite and pitticite.

Zykiate was identified by X-ray powder diffra-
ction. Refined unit-cell parameters of zykaite
from Radzimowice are typical for this mineral:
a=20.87(15), b= 7.043(54), c = 36.89(25).

The chemical composition of zykaite was deter-
mined using the electron microprobe (Table 3). Iron
content varies from 3.76 to 3.99 apfu. This element
is replaced slightly by aluminium (up to 0.10 apfu)
and potassium (from 0.04 to 0.11 apfu). The amount
of arsenate ion changes from 2.92 to 3.28 apfu. It is
associated with SO,* (from 0.62 to 1.01 apfis).

In the obtained DTA curve four endothermic ef-
fects may be seen (Text-fig. 4C). The first one has a
maximum at 140°C and is related to crystallization
water loss. This reaction corresponds to a weight loss
of 26.0 % of the total sample mass. The next endo-
thermic effect, with a maximum at 520°C, is attribut-
able to the release of the hydroxyl groups.

The empirical formula of zykaite, based on 32
oxygen atoms and considering H,O amount from TG
analysis is (Fe391Alg05K0.07)5-4.03(A804)3.04(504)0.90
(OH), o4'14.91H,0.

The IR spectrum of zykaite from Radzimowice
(Text-fig. 5C) is similar to that obtained for the holo-
type material (Cech ez al. 1978). The broad band with
a maximum at 3387 cm! is due to O-H stretching.
The band at 1667 cm™ comes from H-O-H bend-
ing in water molecules. Absorption bands at 1116

and 1075 cm™' come from v5(SO4%), and the band
at 599 cm! came from v, of the same anion. The v
arsenate ion deformation vibrations give the band at
850 cm’!, and the v, ones the band at 479 cm’'.

Bukovskyite Fe,;(AsO4)(SO4)(OH)-7H,0

The occurrence of bukovskyite was estab-
lished only at the II exploitation level of the mine in
Radzimowice. The mineral occurs as light yellow
carthy aggregates up to several millimetres in diam-
eter. They grow on the surface of rhyolites containing
weathering arsenopyrite. At high magnifications thin
needle-like crystals of the mineral are observed, reach-
ing 10 um in length (Text-fig. 3D). Cracks parallel to
crystal elongation are often seen on their surface. They
are probably caused by the loss of water. Bukovskyite
coexists with melanterite, amorphous Fe oxyhydrox-
ides and small amounts of hydroniumjarosite.

The refined unit-cell parameters of bukovskyite
from Radzimowice are typical for this mineral: a
= 10.7218(41), b = 14.112(12), ¢ = 10.2432(44), o =
93.391(29), B = 115.901(22), y = 90.258(33) (Novak et
al. 1967).

The chemical composition of bukovskyite from
Radzimowice is close to the holotype material from
Karnk in the Czech Republic (Table 4). The amount of
arsenate and sulphate ions varies slightly (0.96—1.07
apfu and 0.85-0,94 apfu respectively).

The DTA curve of bukovskyite from Radzimowice
shows a few endothermic effects (Text-fig. 4D). The
first of them, centred at 120°C, is due to crystalliza-
tion water and hydroxyl groups loss. This process is
two-stage, which is reflected in the shape of the DTG
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Analysis no. 1 2 3 4 5 6 7 8 9 10 Mean
Fe,0; 34.10 34.38 35.12 33.88 33.48 34.42 35.29 34.60 34.79 33.71 34.38
As,O5 24.41 23.30 23.95 24.68 25.15 24.58 23.50 24.61 22.57 24.92 24.17
SO, 14.50 13.71 14.04 14.21 14.47 14.12 14.27 14.38 15.33 13.98 14.30
P,05 0.23 0.22 0.30 0.21 0.21 0.36 0.31 0.21 0.30 0.36 0.27
H,0 27.59% | 27.59% | 27.59% | 27.59% | 27.59% 27.59 27.59% | 27.59% | 27.59% | 27.59% | 27.50%*
Total: 100.83 | 99.20 101.00 | 100.57 | 100.90 | 101.07 | 100.96 | 101.39 | 100.58 100.56 100.62
atom per formula unit [apfi]
Fe¥* 2.10 2.15 2.17 2.09 2.06 2.12 2.17 2.12 2.14 2.08 2.12
AsO> 1.04 1.01 1.03 1.06 1.07 1.05 1.01 1.05 0.96 1.07 1.04
SO, 0.89 0.85 0.86 0.88 0.89 0.87 0.88 0.88 0.94 0.86 0.88
PO 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02
OH™" 1.34 1.66 1.63 1.31 1.13 1.39 1.69 1.42 1.58 1.24 1.44
H,0 6.86 6.82 6.72 6.90 6.95 6.83 6.69 6.80 6.72 6.93 6.81

Table 4. Chemical composition of bukovskyite from the abandoned mine in Radzimowice (in wt%). * — content of H,O on the basis of ideal
bukovskyite formula, ** — content of H,O from TG analysis, *** — content of OH~ was calculated from charge balance.

curve. This reaction corresponds to a weight loss of
28.5 wt%.

The empirical formula of bukovskyite, based on
16 oxygen atoms and considering the H,O amount
from the TG analysis is Fe, 15(AsO4); 04(SO4)g s(P
04)0.02(OH); 44°6.810H,0. The calculated empirical
formula is in good correspondence to that proposed
by Novak et al. (1967) and differs from the formula
developed by Majzlan et al. (2012) in having a lesser
amount of crystallization water. This may suggest,
that the number of H,O molecules in bukovskyite
changes from 7 to 9 and depends on the humidity of
the crystallization environment.

In the infrared absorption spectra several bands
are observed (Text-fig. 5D). The broad absorption
band with a maximum at 3363 cm™' corresponds to the
stretching vibrations of the O-H bond. The absorp-
tion band at 1633 cm! is connected with the presence
of water molecules. The typical sulphate absorption
bands are present at 1121 cm™ (v3), 1062 cm™! (v3),
983 cm™! (v}), 603 cm™! (v,). The absorption band at
832 cm! corresponds to the stretching and vibrations
of the arsenate ions (v;). The bending vibrations of
the arsenate groups are present at 472 cm'(v,). The
position of the absorption bands is close to the posi-
tion recorded for the holotypic material from Kank
near Kutna Hora (Novak et al. 1967; Loun ef al. 2011).

Pitticite

Pitticite is an amorphous arsenosulphate of iron
and has a labile chemical composition (Dunn 1982;
Filippi et al. 2004; Salzsauler et al. 2005; Gier¢ et al.
2003; Frost et al. 2011; Frost et al. 2012). The largest
accumulations of this phase occur at the III B ex-
ploitation level of the Radzimowice mine. The phase

mainly forms stalactites and stalagmites up to 20 cm
in length (Text-fig. 2D). Its colour changes from
light beige through seal to black. Pitticite is associ-
ated with scorodite, amorphous iron oxyhydroxides,
zykaite, kankite and hydroniumjarosite. Diffraction
analyses confirmed the amorphous nature of pitticite
from Radzimowice.

This mineral phase is characterized by a very
high lability of chemical composition (Table 5). The
iron content changes in a very vast range from 29.81
to 70.51 wt% Fe,0;. Sometimes the element is as-
sociated with small amounts of aluminium (up to
0.74 wt% Al,03), manganese (up to 0.10 wt% MnO),
copper (up to 0.13 wt% CuO), calcium (up to 0.09
wt% CaO), sodium (up to 0.14 wt% Na,O), and po-
tassium (up to 0.45 wt% K,0). The arsenic content

As,O, [wt.%]

scorodite

SO, [wt.%] P,0, Wt.%]

Text-fig. 6. A triangular plot of the chemical compositions of the
pitticite from the underground mining excavations in Radzimowice.
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Analysis no. 1 2 3 4 5 6 7 8 9 10
Fe,04 38.62 34.60 36.47 37.48 36.88 37.39 37.78 30.17 31.08 29.81
Al)O4 0.10 0.74 bdl bdl bdl bdl bdl bdl bdl bdl
MnO bdl bdl bdl bdl bdl bdl 0.00 0.00 bdl bdl
CuO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Na,O bdl bdl bdl bdl bdl 0.00 0.00 0.13 0.00 0.00
K,0 0.00 0.00 0.07 0.00 0.00 0.09 0.18 0.00 0.06 0.00
CaO 0.00 0.00 0.00 0.08 0.00 0.00 0.07 0.00 0.00 0.00
As,0O5 53.40 53.57 45.50 4591 46.46 44.82 42.65 43.34 44.48 43.50
SO4 0.65 0.72 3.17 3.07 2.86 2.00 1.80 1.43 1.58 1.49
P,05 0.00 0.00 0.34 0.45 0.42 3.01 3.03 5.01 4.86 4.81
SiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total: 92.78 89.63 85.55 86.99 86.62 87.30 85.51 80.09 82.06 79.61
Analysis no. 11 12 13 14 15 16 17 18 19 20
Fe,04 38.18 38.66 39.06 34.3 35.19 35.93 34.52 36.77 64.56 70.51
AL O; 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00
MnO 0.07 0.00 0.00 0.10 0.00 bdl bdl bdl 0.00 0.00
CuO bdl bdl 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00
Na,O bdl bdl 0.00 0.08 0.14 0.00 0.00 0.11 0.12 0.00
K,0 0.00 0.00 0.00 0.00 0.45 0.00 0.00 0.10 0.00 0.00
CaO 0.09 0.00 0.07 0.00 0.00 0.00 0.00 0.06 0.00 0.00
As,0O5 38.58 38.25 40.06 32.53 32.32 30.84 32.17 39.93 19.14 16.29
SO, 7.64 7.80 4.84 5.23 5.14 4.02 3.89 4.77 5.07 5.97
P,05 0.33 0.34 2.88 4.76 5.04 0.00 0.07 2.70 2.71 2.11
SiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.25 0.33
Total: 84.89 85.05 86.91 77.00 78.28 70.79 70.91 84.44 91.85 95.21

Table 5. Representative compositions of different pitticite aggregates from the abandoned mine in Radzimowice (in wt%).

in aggregates varies from 16.29 to 53.57 wt% As,0s.
Arsenic is associated with variable amounts of sul-
phur (from 0.65 to 7.80 wt% SO;) and phosphorus
(up to 5.04 wt% P,05) (Text-fig. 6). It is important
to note, that the largest amounts of phosphorus were
determined in pitticite dripstones related to bacteria
colonies. Such a large variability of the iron and arse-
nic content indicates that some of the pitticite aggre-
gates belong to amorphous iron arsenate with a com-
position similar to the scorodite (analysis no 1-10) .
This type of pitticitite may be a precursor of the crys-
talline iron arsenate — scorodite. Another aggregate
corresponds to the amorphous iron sulphate-arsenate
in its composition (analysis no 11-18). The chemical
composition of some pittycite accumulations corre-
sponds to iron oxyhydroxides with absorbed arsenate
and sulphate ions (analysis no 19-20).

Erythrite Co,(AsQ4)'8H,0 — annabergite
Ni,(AsOy):8H,0 — hornesite Mg,(AsO,4)'8H,0
series

Minerals of this series appear only in the third
level of the mine. Erythrite forms very fine spheri-
cal aggregates, <2 mm in diameter, comprising thin
crystals. The colour of the clusters varies from purple

to light pink (Text-fig. 2E). Erythrite grows on the
surface of the weathered ore veins composed of Co-
rich arsenopyrite, cobaltite and dolomite.

Due to the small size of erythrite aggregates,
no X-ray diffraction studies were performed. The
chemical composition of the purple erythrite shows
extensive substitutions in cation sites (Table 6). In
addition to the Co content (1.68 to 1.93 apfu) sub-
stantial contents of Ni (from 0.68 to 0.72 apfu),
Mg (from 0.28 to 0.35 apfu) and Ca (from 0.06 to
0.12 apfu) occurred in the purple erythrite vari-
ety. Other elements, such as Zn, Mn Fe, and Cu,
do not play a significant role. This type of eryth-
rite belongs to the erythrite-annabergite-hdrnesite
series. The empiric formula of the purple erythrite
variety is (Coj goNig70M8o.31Cag,08Mng 032100 01Feg 01)
s-272(As0y); o°7.94H,0. This formula was calculated
on the basis of 16 oxygen atoms, using an average of
5 spot analyses.

The compositional study of light pink colored
erythrite proved a rather extensive substitution in
the cation site (Table 6). The dominant Co?* cation
is replaced by Mg?" (from 0.71 to 0.75 apfu), Zn>*
(from 0.28 to 0.34 apfi), Mn?* (from 0.19 to 0.20
apfu) and Cu®* (from 0.09 to 0.16 apfu). This variety
of erythrite is poor in nickel and belongs to several
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Analysis no. 1 2 3 4 5 6 7 8 9 10
Purple erythrite Light pink erythrite

CoO 24.00 24.26 23.85 24.14 23.14 21.23 21.79 22.14 21.00 20.31
NiO 8.93 8.57 8.75 9.01 8.69 0.16 0.27 0.24 0.24 0.16
MgO 2.36 2.11 2.08 1.87 2.15 4.90 4.87 4.97 5.06 5.12
ZnO 0.11 0.19 0.19 0.15 0.12 4.74 4.47 3.87 3.83 4.55
MnO 0.28 0.32 0.30 0.51 0.37 2.31 2.37 243 2.27 2.25
CuO bdl bdl bdl bdl bdl 1.35 1.49 1.26 1.81 2.18
FeO 0.00 0.23 0.12 0.14 0.22 0.15 0.05 0.00 0.30 0.26
CaO 0.58 0.62 0.88 0.68 1.09 0.09 0.08 0.00 0.11 0.12
As,05 38.78 38.75 38.87 38.77 38.52 38.95 39.12 38.95 39.23 39.41
Si0, 0.00 0.00 0.00 0.10 0.09 0.10 0.13 0.10 0.11 0.12

H,0 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07

Total: 99.11 99.12 99.11 99.44 98.46 98.05 98.70 98.03 98.03 98.54

atom per formula unit [apfi]

Co** 1.90 1.93 1.89 1.91 1.84 1.68 1.71 1.75 1.65 1.60
Ni?* 0.71 0.68 0.70 0.72 0.69 0.01 0.02 0.02 0.02 0.01
Mg?* 0.35 0.31 0.31 0.28 0.32 0.72 0.71 0.73 0.74 0.75
Zn** 0.01 0.01 0.01 0.01 0.01 0.34 0.32 0.28 0.28 0.33
Mn?* 0.02 0.03 0.03 0.04 0.03 0.19 0.20 0.20 0.19 0.19
Cu?* 0.00 0.00 0.00 0.00 0.00 0.10 0.11 0.09 0.13 0.16
Fe?* 0.00 0.02 0.01 0.01 0.02 0.01 0.00 0.00 0.02 0.02
Ca?* 0.06 0.07 0.09 0.07 0.12 0.01 0.01 0.00 0.01 0.01
AsO> 2.00 2.00 2.01 2.00 2.00 2.00 2.01 2.00 2.02 2.02
Si0z* 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
H,0 7.94 7.94 7.94 7.93 7.96 7.90 7.87 7.90 7.89 7.86

Table 6. Representative compositions of erythrite from the abandoned mine in Radzimowice (in wt%). * — content of H,O on the basis of ideal
erythrite formula, bdl — below detection limit

isomorphic series (erythrite-hdrnesite-kottigite-man-
ganohornesite-babanekite). The empiric formula of
light pink erythrite calculated on the basis of 16 ox-
ygen atoms and from average of 5 spot analyses is:
(Coy.6sMg0.73Z10.31Mny 19Cuy 12Nig 02Cag 01Fe0.01)53.07
[(A80O4).01(S104)0.01]5-2.00 7-88H,0.

Small, spherical hornesite aggregates, up to 0.3 cm
in diameter, occur on the third level of the mine. This
mineral grows on the surface of the dolomite vein that
crosses quartz-sericite-graphite schists with dissem-
inated arsenopyrite mineralization. Hornesite was
identified by X-ray powder diffraction. The refined
unit-cell parameters of hornesite from Radzimowice
are typical for this mineral: a = 10.2611(77), b =
13.4379(48), ¢ = 4.7434(28), B = 104.983(63).

The dominating cation in the octahedral site of
hornesite is Mg?* (2.54-2.70 apfis), while the subordi-
nate is Co*" (0.21-0.30 apfus) accompanied by minor
Mn?*, Ni?*, Zn?*, Ca?", and Fe*" cations (Table 7).

The content of water in the analyzed hornesite
was estimated by the TG method (Text-fig. 4E). The
mineral dehydration process occurs in two stages,
which correspond to two endothermic effects with a
maximum of 220 and 260 °C respectively. The total
weight loss associated with water loss is 29 wt%. The

endotherm effect with a maximum at 660 °C is re-
lated to the recrystallization of the anhydrous phase.

The chemical composition of hdrnesite (av-
erage of five spot analyses, water content deter-
mined by thermal analysis), recalculated based on
16 oxygen atoms, yields the following formula:

(Mg5 64C0¢.25Mng g4Feg 02Cag 02Z10.01Cug 01)5=2.99
(AsO4)1.99°8,04H,0.

Ferrihydrite Fe3*;,0,4(OH),

This phase occurs in the form of rusty dripstones
associated with zones of intensive oxidation of ore
minerals. In old mine galleries, ferrihydrite aggre-
gates may reach 2 metres in thickness (Parafiniuk
and Siuda 2006). The mineral is accompanied by
variable amounts of goethite, scorodite, and amor-
phous iron arsenates. Ferrihydrite was identified by
PXRD.

Gypsum CaSO,4-2H,0
Gypsum occurs commonly in underground mine

galleries, especially in the zones of oxidation of ore
mineralization as tabular or thin needle crystals up to
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Analysis no. 1 2 3 4 5 Mean
MgO 20.30 21.05 21.78 21.92 21.56 21.32
CoO 4.48 3.97 3.55 3.15 3.38 3.71
ZnO 0.28 0.40 0.11 0.00 0.17 0.19
NiO 0.00 0.25 0.00 0.11 0.00 0.07
MnO 0.62 0.59 0.45 0.41 0.54 0.52
FeO 0.24 0.24 0.22 0.26 0.23 0.24
CuO 0.20 0.12 0.17 0.10 0.00 0.12
CaO 0.20 0.20 0.18 0.13 0.23 0.19

As,05 44.64 46.20 46.08 46.24 45.87 45.81
H,0 29.12* 29.12* 29.12* 29.12%* 29.12%* 29.00%*
Total: 100.08 102.13 101.66 101.44 101.10 101.16

atom per formula unit [apfi]

Mg?* 2.54 2.59 2.68 2.70 2.67 2.64
Co?* 0.30 0.26 0.24 0.21 0.22 0.25
Zn** 0.02 0.02 0.01 0.00 0.01 0.01
Ni?* 0.00 0.02 0.00 0.01 0.00 0.00
Mn?* 0.04 0.04 0.03 0.03 0.04 0.04
Fe?* 0.02 0.02 0.02 0.02 0.02 0.02
Cu?* 0.01 0.01 0.01 0.01 0.00 0.01
Ca** 0.02 0.02 0.02 0.01 0.02 0.02

AsO,*> 1.96 2.00 1.99 2.00 1.99 1.99
H,0 8.15 8.03 8.03 8.03 8.05 8.04

Table 7. Chemical composition of hornesite from the abandoned mine in Radzimowice (in wt%). * — content of H,O on the basis of ideal hor-
nesite formula, ** — content of H,O from TG analysis.

3 cm in length. Gypsum coexists with Fe oxyhydrox-
ides, iron arsenates, and hydroniumjarosite.

Hydroniumjarosite (H;O)Fe3;[(OH)|(SOy),] —
jarosite KFe3;[(OH)g|(SOy),]) solid solution

Minerals of this solution series occur as light
yellow argillaceous covers comprising tiny crystals
up to 1.5 um. They usually cover the surfaces of
mine galleries that were dripped by acid mine wa-
ters. Sometimes also larger aggregates of this min-
eral are met, and they reach a few centimetres in
diameter. They are often associated with gelatinous
microorganism colonies or form accumulations at
the galleries’ bottom in places where low pH waters
stagnate (Text-fig. 2F). The thickness of these accu-
mulations may reach 0.5 m. The aggregates of hydro-
niumjarosite-jarosite are usually monomineral, with-
out traces of other supergene minerals. Sometimes
the mineral is accompanied by variable amounts of
schwertmannite (Text-fig. 3E).

Hydroniumjarosite was identified by PXRD. The
refined unit-cell parameters of hydroniumjarosite
from Radzimowice are typical for this mineral: a =
7.31485(80), ¢ = 17.1139(25).

The chemical composition was determined with
the use of an electron microprobe (Table 8). In the
analysed mineral, significant variations in the K

ion content are observed (from 0.31 to 0.56 apfu).
Potassium deficiency is compensated by hydronium
ions. The tetrahedral site is mainly occupied by sul-
phate ions (from 1.93 to 2.04 apfu). It is replaced to a
small extent by arsenic (up to 0.11 apfu) and phospho-
rus (up to 0.04 apfu).

Few thermal effects may be observed in the DTA
curve. (Text-fig. 4F). The first endothermic effect,
with a maximum at 380°C, is due to hydronium water
loss. It is important to note, that this reaction takes
place at a slightly higher temperature than in the case
of pure hydroniumjarosite. It is characteristic for the
hydroniumjarosite-jarosite series (Kubisz 1971). The
process of release of hydroxyl groups is marked by a
light deflection of the DTA curve, with a maximum
at 420 °C. Determined on the basis of thermogravi-
metric research the amount of water in jarosite under
scope equals ca. 14.5 wt%. The following empirical
formula was calculated from the average of 10 spot
analyses and thermogravimetric data based on 15
oxygen atoms: (H;Og 55Ko 45)s-1.00(Fe3.00Al0.02) 5-3.11
[(SO4)1.98(A504)0.03(PO4)0.0215-2.03(OH)g 45

Melanterite FeSO4-7H,0

At the second exploitation level of the Radzimo-
wice mine melanterite is present as greenish aggre-
gates forming crusts on weathering pyrite-arsenopy-
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Analysis no. 1 2 3 4 5 6 7 8 9 10 Mean
K,0 4.45 4.18 3.81 3.92 4.43 5.24 3.66 2.96 4.50 4.60 4.17
Fe,0; 49.56 48.53 49.45 49.10 49.45 48.30 50.23 48.37 48.13 48.58 48.97
AlLO; 0.22 0.00 1.75 0.11 0.34 0.00 0.00 0.00 0.00 0.00 0.24
SO, 31.53 32.33 31.16 32.51 31.36 31.68 31.99 30.92 30.62 30.66 31.48
As,05 0.79 0.00 0.00 0.00 0.00 0.00 0.00 2.10 2.39 2.14 0.74
P,05 0.24 0.00 0.00 0.00 0.58 0.36 0.46 0.23 0.28 0.34 0.25

H,0 13.21% 14.97* 13.83* 14.37* 13.84* 14.42% 13.66* 15.41%* 14.09* 13.69* 14.50%*

Total: 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.35

atom per formula unit [apfi]

K* 0.48 0.44 0.41 0.42 0.48 0.56 0.39 0.31 0.49 0.50 0.45
Fe3* 3.18 3.04 3.14 3.09 3.15 3.06 3.19 3.02 3.07 3.12 3.09
AP 0.02 0.00 0.17 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.02
SO, 2.02 2.02 1.97 2.04 1.99 2.00 2.03 1.93 1.95 1.96 1.98
AsO> 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.11 0.10 0.03
PO> 0.02 0.00 0.00 0.00 0.04 0.03 0.03 0.02 0.02 0.02 0.02
H;0™" 0.52 0.56 0.59 0.58 0.52 0.44 0.61 0.69 0.51 0.50 0.55
OH" 5.96 6.63 6.02 6.28 6.25 6.78 5.86 6.46 6.44 6.28 6.45

Table 8. Chemical composition of hydroniumjarosite from the abandoned mine in Radzimowice (in wt%). * — water content as a difference up
to 100%, ** — content of H,O from TG analysis, *** — the amount of hydronium ion as 1 — potassium content.

rite intergrowths (Parafiniuk et al. 2016). They are
built of strongly bent hair-like crystals, up to 1.5 cm
in length. Melanterite is associated with bukovskyite
and small amounts of hydroniumjarosite.

Schwertmannite
Fe;6**(OH,S0y)12 1304610-12H,0

In the abandoned mine galleries schwertman-
nite occurs in relatively narrow zones related to the
weathering of polymetallic veins rich in pyrite and
arsenopyrite (Parafiniuk and Siuda 2006). It occurs
as unconsolidated stalactites and stalagmites leach-
ing tens of centimetres in length. Accumulations of
schwertmannite are built of characteristic spheri-
cal aggregates comprising thin needle-like crystals.
Schwertmannite coexists with hydroniumjarosite and
pitticite (Text-fig. 3E).

PARAGENESES OF IRON ARSENATES AND
THE CONDITIONS OF THEIR FORMATION

Based on the current research three main as-
semblages of secondary arsenic minerals can be as-
signed. Their variable phase composition is related
to the variation of geochemical conditions in which
these parageneses arise.

The first assemblage occurs only at the IT exploita-
tion level (about 50 meters below the surface). This
localization may be distinguished by the abundant
pyrite mineralization with a small amount of arseno-

pyrite. It is composed of melanterite, small amounts
of jarosite, and amorphous Fe oxyhydroxides, as well
as bukovskyite, which stands for a characteristic
component of this paragenesis. Bukovskyite is a rel-
atively rarely secondary iron arsenate mineral. It is
especially known from post-mining dumps (Novak
et al. 1967; Loun et al. 2010; Haffert et al. 2010;
Kocourkova et al. 2011; Jelenova et al. 2018), as a
product of hydrometallurgical processes (Ugarte and
Monhemius 1992; Marquez ef al. 2006). The mineral
was also found in arsenic-rich tropical soils in the
Ashanti region in Ghana (Bowell 1994) and as an
accessory phase crystallizing from acid mine waters
(Leblanc et al. 1996; Gieré et al. 2003; Triantafyllidis
and Skarpelis 2006, Drahota and Filippi 2009).
Crystallization of bukovskyite in Radzimowice is
connected with oxidation of fine-grained pyrite in-
tergrown with arsenopyrite. Oxidation of iron sul-
phide leads to the formation of Fe?" ions (1). Then
these ions undergo oxidation to Fe** ions (2).

(1) FeS, + 3.50, + H,0 = Fe?" + 2S0,* + 2H*

(2) Fe*" +0.250, + H" = Fe*" + 0.5H,0

The Fe* ions are characterized by high oxidative
potential and are the reason of fast decomposition of
pyrite and arsenopyrite (3, 4):

(3) FeS, + 14Fe?* + 8H,0 — 15Fe*" + 2502+ 16H"
(4) FeAsS + 13Fe** + 8H,0 — 14Fe?" + SO, + 16H"
+ ASO43_,

This leads to the strong acidification of the envi-
ronment and the release of significant amounts of sul-
phate, arsenate, and iron divalent ions (DeSisto et al.
2011). In these conditions, melanterite crystallizes,
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as a mineral characteristic of environments with low
pH (Frau 2000). Based on field observations in New
Zealand (Mains and Craw 2005) and thermodynamic
data (Gaskova et al. 2008) it can be assumed that
after the crystallization of melanterite, the reaction
of this mineral with arsenate ions in presence and
formation of bukovskyite is coming up to (5):

(5) 2FeSO47H,0 + AsO4>" + 3H' + H,0 — Fe,(AsO.)
(SO4)(OH)-7H,0 + SO,* + 4H" + 7H,0

Coexistence of bukovskyite with melanterite
points to the high activity of sulphate ions and low pH
of the environment. A similar situation occurs, e.g.,
in Getchell mine, USA (Bowell and Parshley 2005),
where bukovskyite coexists with pickeringite, halot-
richite, melanterite, and jarosite. The thermodynamic
calculations of Majzlan et al. (2012) conducted for bu-
kovskyite from Kaik near Kutna Hora and the obser-
vations of Kocourkova-Viskova et al. (2015) confirm
the observations from Radzimowice: the formation of
bukovskyite is caused by high activity of sulphate and
arsenate ions in a very narrow pH range (ca. 2.0-3.5).
Majzlan (2020) indicates that bukovskyite is formed
from the gels with high arsenic, sulphur and iron con-
centrations. No such relationship has been observed
in Radzimowice. This may indicate that the formation
of bukovskyite follows different patterns.

The second mineral assemblage of iron arsenates
is characterized by the lack of easily water-soluble
melanterite. Such paragenesis is located in the aban-
doned mine galleries of level III B (about 100 me-
ters below the surface level) where the arsenopyrite
mineralization (with the small amounts of pyrite) is
exposed. The most characteristic components of this
paragenesis are scorodite, pitticite, kankite and small
amounts of zykaite. These minerals are associated
with hydroniumjarosite, schwertmannite, and amor-
phous iron oxyhydroxides.

Scorodite in this paragenesis usually forms earthy
masses covering galleries and dripstones up to a few
centimetres in length. Direct occurrence of scorodite
on weathering pyrite-arsenopyrite intergrowths was
not observed. It is probably due to very high amounts
of groundwaters dribbling on the mine galleries’
surfaces, which perpetually removes the products of
oxidation of sulphide minerals. Only at a further dis-
tance from the decomposing sulphides scorodite may
arise from a solution rich in Fe3*, SO,2 and AsO,*
ions, according to the reaction (simplified) proposed
by Debekaussen et al. (2001):

(6) 4AsO 3+ 12H" + 4Fe** + 3S0,% + 8H,0 —
4FeAsO42H,0] + 12H" + 3S0,*.

This path of scorodite crystallization is respon-
sible for the formation of monomineral dripstones

and aggregates with a size of up to several cm. The
coexistence of scorodite and pitticite may indicate
that some of the scorodite is formed as a result of the
transformation of the amorphous phase. The over-
growth of these phases in dripstones and small aggre-
gates has been observed many times. The high sulfur
content in the scorodite also indicates its relationship
with pitticite. It should be noted that the process of
scorodite crystallization can be much more compli-
cated. The formation of this mineral can take place
through the transformation of the precursor under
the influence of arsenate ions present in the solution
(e.g., Rong et al. 2020; Paktunc et al. 2008). This
type of reaction has been reported by various authors
(e.g., Rong et al. 2020; Paktunc et a/. 2008). But the
synthesis of scorodite has always been carried out
at relatively high temperatures (70-90°C). The con-
ditions in the abandoned mine in Radzimowice are
totally different (e.g., constant temperature around
9°C). As a result, this method of scorodite formation
seems unlikely. Such conditions are confirmed by
the presence of karkite. This mineral is formed at
moderate temperatures and high humidity (Majzlan
et al. 2016). The coexistence of kankite with pitticite
and the increased sulfur content may indicate that
the kankite forming fine aggregates as a product of
crystallization from amorphous pitticite. This model
of kaikite formation is consistent with observations
from other mines (Jelenova et al. 2021). In the case of
large aggregates, with a diameter of up to 40 cm, we
suggest that the kankite precipitates in places where
the solution, rich in arsenic ions, slowly seeps and
evaporates.

Paktunc et al. (2008) and Paktunc and Bruggeman
(2010) demonstrate, that higher solubility of scorodite
takes place at low and high pH (i.e. <2 and >6), with
the minimum solubility around pH 3—4. These re-
sults are comparable to those presented by Krause
and Ettel (1989). The coexistence of scorodite accu-
mulations with amorphous iron oxyhydroxides may
indicate a periodic change of the crystallization con-
ditions of the second mineral assemblage.

The increase of underground waters’ pH (e.g., due
to enlarged supply in humid seasons) may lead to the
incongruent dissolution of this mineral (7):

(7) FeAsO4 2H,0 + H,0 =H,AsO,4 + Fe(OH);| + H".

The last reaction leads to the formation of amor-
phous iron oxyhydroxides, mainly ferrihydrite (e.g.,
Dove and Rimstidt 1985; Bluteau and Demopoulos
2007). This mineral is the main phase that arises in
high amounts in the environment where the pH is
over 5.5 (Kim et al. 2002; Murad and Rojik 2003;
Kim and Kim 2004; Parviainen et al. 2012).
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In comparison to crystalline scorodite, amor-
phous pitticite is characterized by lower stability.
This phase dissolves already with the small decrease
in the concentration of arsenate ions (Robins 1987,
Chukhlantsev 1956; Langmiur ef al. 2006).

Jarosite is a mineral characteristic of waters of
low pH and high concentration of sulphate ions (Stahl
et al. 1993; Baron and Palmer 1996; Nordstrom and
Alpers 1999; Dutrizac and Jambor 2000; Norlund
et al. 2010; Tang et al. 2020). The crystallization of
scorodite according to reaction (6) leads to the in-
creasing activity of sulphate ions in solution and a fur-
ther drop of pH of the environment. This promotes the
formation of favourable conditions for the crystalliza-
tion of hydroniumjarosite which forms from the mine
waters collected at the bottom of the gallery of level
III B. The measured pH of these waters oscillates in
the range of 1.95-2.19. Also, the presence of schwert-
mannite points to the low pH of the formation envi-
ronment of the second paragenesis. This mineral is
a characteristic element crystallizing from acid mine
drainage of low pH (3—4) and rich in sulphate ions
(1000-3000 mg/1) (Bigham et al. 1994, 1996; Bigham
and Nordstrom 2000, Knorr and Blodau 2007; Yu
et al. 2002; Aloune et al. 2015; Wang et al. 2020).
The presence of this type of water was confirmed
in the sites of crystallization of the second assem-
blage of iron arsenates (Clapa et al. 2019). According
to Majzlan et al. (2015) the presence of zykaite in
this mineral assemblage also confirmed a low pH and
very high activities of arsenate and sulphate ions.
Minerals of the erythrite-annabergite-hornesite se-
ries are the rarest secondary arsenic minerals which
crystallize in the abandoned mine in Radzimowice.
Supergene Co-Ni-Mg arsenates of the erythrite-an-
nabergite-hornesite solid solution occur in another
mine gallery of the IIIB exploitation level, about
500 m from second paragenesis Their crystallisa-
tion is related to the decomposition of Co-Ni arse-
nides and cobalt rich arsenopyrite. Weathering of
these minerals does not cause a significant reduc-
tion in pH. This is because the decomposition of
Co-Ni arsenides does not release large amounts of
sulphuric acid but only poorly dissociated arsenic
acid. Moreover, the presence of dolomite has a buff-
ering effect on the pH. Mg?" ions are supplied to the
system from weathering ore-vein dolomite. The for-
mation of the erythrite-annabergite-hornesite solid
solution is very similar to the mechanism described
by Markl et al. (2014). According to data obtained
by Langmuir ef al. (1999) and Mahoney et al. (2007)
these arsenates crystallized from slightly acidic me-
dia (pH ~5-6). These data were confirmed by Yuan

et al. (2005), who proved that the solubility of an-
nabergite decreases with increasing pH (minimal at
pH = 9). The same relationship was confirmed for
erythrite (Zhu et al. 2013). Crystallisation of hor-
nesite under neutral or alkalescent pH conditions is
also confirmed by the existence of hdrnesite in soils
with high arsenic content (Voigt ef al. 1996; Foster
et al. 1997).

CONCLUSIONS

The mines taken into consideration in the re-
search differ in terms of their environmental con-
ditions, which entails heterogeneity in the composi-
tion of mineral paragenesis. Three main assemblages
containing iron arsenates were determined. The first
one, located at the II exploitation level, is composed
of bukovskyite, melanterite, jarosite, and Fe oxyhy-
droxides. Such a mineral assemblage indicates low
pH inside the second mine level. Weathering condi-
tions were favourable for the high activity of sulphate
and arsenate ions which lead to the crystallization
of bukovskyite. The second assemblage of second-
ary arsenic minerals is located at the IIIB level of
the abandoned mine. This assemblage consists of
scorodite, kankite, pitticite, zykaite associated with
hydroniumjarosite, schwertmannite and amorphous
iron oxyhydroxides. The geochemical conditions are
different from these characterizing the II mine level,
which is evidenced by the lack of the easily water-sol-
uble minerals like melanterite. There is a similarity
in the pH of both assemblages, which is low, and on
the third level, it oscillates around 2. The existence of
amorphous iron oxyhydroxides (ferrihydrite), which
are stable at pH>5.5, along with scorodite being most
stable around 3—-4 pH, suggest that environmental
conditions were changing periodically. These changes
promote phase transformations in this mineral as-
semblage. The Co-Ni arsenates crystallize in small
zones where completely different conditions prevail.
Arsenates of the erythrite-annabergite-hornesite solid
solution are produced by the decomposition of pri-
mary Co-Ni arsenides and Co rich arsenopyrite. This
process does not cause a significant pH reduction. For
this reason, these minerals crystallize under slightly
acidic to neutral or alkalescent pH conditions.
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