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Primary epithermal and secondary Cu mineralization in the Stary Lesieniec rhyodacite quarry, located within the
Intra-Sudetic Depression, was studied using reflected light microscopy, powder X-ray diffraction, and electron microprobe.
Samples containing copper sulphides, baryte, and secondary weathering minerals were collected from mineralized veinlets
in the Upper Carboniferous rhyodacite. Copper sulphides (chalcocite Cu,S, djurleite Cuz;S+s, anilite Cu;S, /digenite CugSs,
and covellite CuS) are the major ore minerals and are associated with quartz, hematite, and very minor uraninite. The sam-
ples studied indicate phase transformation from chalcocite to anilite, which indicates that Cu sulphides began to crystallize at
~100°C. Then, during the epithermal stage of precipitation, the temperature of the solutions dropped <72°C, based on the
Cu-S ternary diagram and anilite stability. Admixtures of Ag, Fe, Bi, and Se in the sulphides are very minor. Supergene
paragenesis is represented by chrysocolla with minor brochantite and very scarce malachite. These only bear trace impuri-
ties at the anionic sites. The supergene oxidation process began with the formation of abundant chrysocolla, at a relatively
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neutral pH. After dropping of the pH to ~4-6, brochantite was deposited.
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INTRODUCTION

Copper sulphides of the Cu-S system are the most common
copper-bearing phases in many different genetic types of cop-
per ore deposits, and are among the most important cop-
per-bearing phases in the mining industry. They may form dur-
ing primary-hydrothermal or secondary-weathering processes,
usually at low or medium temperatures (e.g., Sillitoe and Clark,
1969; Hatert, 2005; Mathur et al., 2018). Primary chalcocite
may crystallize as three main genetic types, under the following
conditions: hypogene hydrothermal deposits (>150°C), red bed
or stratiform deposits with circulating fluids through sedimen-
tary basins (<150°C), or supergene enrichment ores that pre-
cipitate from low- to ambient-temperature oxidative fluids in
near-surface environments (Mathur et al., 2018). The most
common environment here is the cementation part of the
supergene enrichment zone of various copper deposits — por-
phyry, SHMS (sediment-hosted massive sulphides), VHMS
(volcanic-hosted massive sulphides), stratiform or hydrother-
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mal types (Sillitoe and Clark, 1969; Gablina et al., 2006; Belo-
gub et al., 2008; Mathur et al., 2018).

Minerals of the Cu-S system have a narrow field of stability
in low-temperature conditions and they easily transform to each
other during various natural processes (Goble, 1980; Goble
and Robinson, 1981; Pdsfai and Buseck, 1994). Usually, the
formation of these Cu-sulphides starts with the crystallization of
chalcocite and ends with covellite, at low temperatures. An ex-
perimental study producing transformation phase diagrams
was described by Roseboom (1966) and followed up by Mori-
moto and Koto (1970), Cook (1972), Potter (1977), Evans
(1981), together with equilibrium investigations by Schmidt et
al. (1998).

Cu sulphide deposits in Poland are known within the Polish
Kupferschiefer, where the minerals of Cu-S system are pri-
mary (mainly chalcocite, djurleite, more rarely covellite) or sec-
ondary (digenite, covellite) (Sawtowicz, 1990; Large et al.,
1995; Pieczonka et al., 2007; Wodzicki and Piestrzynski,
2014; Mikulski et al., 2020; Szopa et al., 2021). They are also
known from Miedzianka near Checiny (Holy Cross Mts., cen-
tral Poland), Miedzianka-Ciechanowice (Rudawy Janowickie
Mountains, Sudetes, Lower Silesia), and from the Radzimo-
wice deposits (Zimnoch, 1978; Wieser and Zabinski, 1986:
Pieczka et al., 1988; Mikulski, 2005; Mochnacka et al., 2012).
Copper mineralization within volcanic rocks is not so common
in Poland. Examples include native copper with cuprite and
secondary weathering copper minerals at Sokotowiec (Siwe-
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cki, 2017), native copper in the Rudno and Nowy Kosciét ag-
ates (Krawczynski, 1995; Dumanska-Stowik et al., 2008),
chalcopyrite, chalcocite, covellite, and secondary weathering
copper minerals at Zalas (Gotebiowska et al., 2006), and chal-
copyrite and chalcocite at Boréwno (Powolny et al., 2019). In
addition, Cu mineralization hosted in baryte veins was de-
scribed in Zagérze Slaskie, where chalcopyrite is associated
with secondary malachite (Piestrzyriski and Kowalik, 2015)
and at Przygodrze, near Nowa Ruda, where Cu ore comprising
simple Cu sulphides (chalcocite, with minor chalcopyrite and
possible geerite and roxbyite) disseminated in (carbon-
ate-bearing) baryte veins is weathered, exclusively, to slightly
magnesian malachite, Cux(CO3)(OH), (Kruszewski et al.,
2019). Similar hydrothermal copper mineralization (with chal-
copyrite, bornite, native copper, chalcocite, and other copper
sulphides) has been described from various localities world-
wide and is mostly connected with volcanic rocks (Rojkovic,
1990; Rojkovi€ et al., 1993; Ferenc and Rojkovi¢, 2001; Emetz
et al., 2006; Cabral and Beaduoin, 2007; Konari et al., 2013;
Németh et al., 2017; Vlasac et al., 2018; Kettanah, 2019;
Palyanova et al., 2020; and others).

Among the currently (May 2021) 5704 approved mineral
species, there are a great abundance of secondary weathering
copper minerals. Formed due to weathering of the primary min-
erals, the final chemical composition, and mineralogical com-
plexity of their assemblages is dependent on the interaction of
the weathering products with elements and ions contained in
both the country rock and solutions derived, e.g., from meteoric
waters. The most common deposits with a broad range of sec-
ondary copper minerals are the Miedzianka and Radzimowice
localities (Wieser and Zabinski, 1986; Pieczka et al., 1988;
Siuda and Kruszewski, 2006, 2013; Siuda and Gotebiowska,
2011; Swed et al., 2015; Parafinuk et al., 2016).

This study describes the mineralogy and phase transitions
in low-temperature epithermal copper-baryte mineralization
with secondary phases identified in a rhyodacite quarry at Stary
Lesieniec. Both primary and secondary mineralogy is ad-
dressed here.
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LOCALITY AND GEOLOGICAL SETTING

The Stary Lesieniec rhyodacite quarry is located within the
administrative boundaries of the western part of the town of
Boguszéw Gorce, ~8 km west of Watbrzych and ~1 km south-
west of Mniszek Hill. The quarry is situated within the Watbrzych
Depression, which is part of the Intra-Sudetic Basin (ISB). The
70 km long and 35 km wide ISB is located at the NE margin of
the Bohemian Massif (Holub, 1976; Lorenz and Nicholls, 1976;
Wojewoda and Mastalerz, 1989; Awdankiewicz et al., 2003).
The structure is filled with a lower Carboniferous to upper Perm-
ian molasse succession, comprising various Carboniferous and
Permian volcanogenic rocks with common interbeds of sedi-
mentary and tuffogenous deposits. Volcanogenic rocks are
linked to a post-collisional extension-related setting in transition
to a within-plate setting (Awdankiewicz, 1998, 1999; Mikulski
and Williams, 2014) and result from subsequent Early Permian
magmatic activity (Koztowski, 1958, 1963).

The rhyodacites form a sheet-like, conformable body, up to
200 m thick in the eastern-central part, and wedge out west-
and southwards (Fig. 1). The volcanic body is underlain by the
topmost deposits of the Zaclef Formation (Westphalian B/C)
and is overlain by the Ludwikowice Formation (Upper Stepha-
nian). In addition, the SE part of the rhyodacites occurs within
the Glinik Formation (Westphalian/Stephanian). According to
Awdankiewicz (1999), the rhyodacites are most probably of ex-
trusive origin (Grocholski, 1965; Nemec, 1979). The rhyodacite,
which is phenocryst-rich, is characterized by the presence of
columnar joints perpendicular to the margins of the rock body
(Awdankiewicz, 1999). Some of these columnar joints, occur-
ring within the western wall of the quarry, are filled with epither-
mal Cu mineralization, which is the subject of this study.

MATERIALS AND METHODS

Samples of mineralized rocks were collected from the west-
ern part of the quarry (50°45’17" N, 16°10°17" E). The samples

16°10'17"E

50°45"17" N

500 m

Fig. 1. Simplified geological map of the Stary Lesieniec area

SLRd — Stary Lesieniec rhyodacites, ChRd — Chetmiec rhodacites, MRdPh — Mniszek
rhyodacite phacolith (modified from Grocholski, 1973; Awdankiewicz, 1999)
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were carefully checked macroscopically and selected for further
microscopic and Powder X-Ray Diffraction (PXRD) studies, as
well as microprobe analysis.

The samples were ground in agate mortar and analysed us-
ing PXRD method for phase and structural analysis. A Bruker
axs D8 ADVANCE diffractometer, equipped with VANTEC-1
superfast linear position-sensitive detector (LPSD), CoKo radi-
ation source (kp-filtered), with no monochromator, was used.

An increment of 0.02 26 was used with 1s/step (~416 s/step
in the LPSD language), and the samples were exposed in the
3-80 20 range. For the structural analysis (i.e., unit cell parame-
ters calculation), the PXRD data were modelled using the
Rietveld refinement method (Rietveld, 1967) implemented in
TOPAS v. 4.0 software. In quantitative phase analysis (QPA) of
the sample, in the case of chrysocolla (lacking structural
model), the input data were introduced as a hkl phase (Pawley
method, Pawley, 1980). The refinement procedure was con-
trolled, i.e., by the attendance of one of us (L.K.) in the
Reynolds Cup 2018 competition. Details of the refinement ap-
proach are described in Kruszewski (2013).

The chemical composition of the primary minerals was
studied by EPMA, using the JEOL Super Probe 8230 in the
Laboratory of Critical Elements at the Faculty of Geology, Geo-
physics and Environmental Protection, AGH-UST, Krakow.
The following operating conditions and standards were used:
accelerating voltage 20 kV, beam current 20 nA, and a beam di-
ameter of 5 ym. The following wavelengths (to omit interfer-
ences between the elements’ spectral lines) were used: ZnKa,
CuKoa, SKa, FeKa, AgLa, AsLa, SbLa, BiMa, SeLa. Natural
mineral standards (FeS,, ZnS, PbS) and synthetic compounds
(Sb,S3, Cu, Ag, Bi, Se) were used for calibration. All interfer-
ences between the element spectral lines were calculated using
autocorrections based on standards. The detection limits for ele-
ments analyses in the Cu sulphides were as follows: S —
0.01 wt.%, Cu—0.025 wt.%, As —0.03 wt.%, Sb —0.02 wt.%, Bi—
0.05 wt.%, Ag—0.02 wt.%, Zn — 0.03 wt.%, Fe — 0.01 wt.%, Se —
0.075 wt.%.

The chemical composition of the secondary minerals was
also studied by EPMA, using a Cameca SX7100 microprobe lo-
cated in the Inter-Institution Laboratory of Microanalysis of Min-
erals and Synthetic Substances, Institute of Geochemistry,
Mineralogy and Petrology, Faculty of Geology, University of
Warsaw. A standard 15 keV current was used. Two other cur-
rent parameters — amperage and beam size — and their influ-
ence on the wt.% values were tested before establishing the fi-

nal ones: 5 nA and 10 um for chrysocolla (and similar silicates);
10 nA and 5 um for brochantite and malachite. The following
standards were used: diopside (Si, Mg, Ca), orthoclase (Al, K),
cuprite (Cu), sphalerite (Zn), Fe,O3 (Fe), rhodonite (Mn), baryte
(S), tugtupite (ClI), rutile (Ti), YPO4 (P), and V,0s5 (V). Due to
possible interferences, Na presence and line coincidence was
tested via WDS scanning; Na presence was not confirmed in
the minerals studied. The reported wt.% are not normalized, as
will be explained below.

RESULTS

Samples of the mineralized veinlets were taken from the
western walls of the quarry, at the lower mining level (Fig. 2).
This mineralization filled columnar joints, the parameters of
which are as follows: dip direction: 56—-83°, dip angle: 60-77°.

PRIMARY MINERALS

Copper sulphides (chalcocite Cu,S, djurleite Cus1S+g, anilite
Cu7S4/digenite CugSs, and covellite CuS) are the major ore min-
erals and are associated with baryte, quartz, and secondary
minerals in small veinlets (up to 10 cm width). The best QPA
model for the ore sample is obtained when low-temperature,
trigonal digenite is included. However, the results are very simi-
lar to those obtained in a digenite-free model. The ore composi-
tion is (in wt.%): 69.6(7) low-temperature chalcocite, 7.3(7)
anilite, 6.23(8) djurleite, and 0.223(7) digenite, with the remain-
der of 16.8(5) being baryte (Rup = 8.46%, GOF = 1.63%, DW =
0.78%, where: Ry, is the residual weighted-pattern, GOF is
goodness of fit also known as xz, and DW is Durbin-Watson sta-
tistics). Minerals related to sulphide paragenesis differ in Cu/S
ratio (Fig. 3) and do not show significant enrichment in the trace
elements (TEs) measured. The content of individual TEs is not
dependent on sulphide species systematics. The Ag concentra-
tion in the sulphides reaches up to 0.18 wt.%; Bi — up to
0.16 wt.%; Se — up to 0.19 wt.%; and Fe — up to 0.03 wt.% re-
spectively.

Chalcocite is the dominant mineral phase in sulphide inter-
growths and forms aggregates up to few centimetres in diame-
ter (Fig. 4A-D). It is characterized by a blue-grey colour and
weak anisotropy. The generalized chalcocite formula based on

Fig. 2. Field images from the Stary Lesieniec rhyodacite quarry
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Fig. 3. Chemical composition of copper sulphides
from the Stary Lesieniec rhyodacite quarry

1 anionis Cu1.95-2.00S1.00 (Appendlx 1%, analyses 1—8) The Cu/S
ratio is 1.96—2.00 (Fig. 3). Most of the values are very close to
the ideal Cu/S ones (2.00). The unit cell parameters of the
chalcocite are: a = 15.279(1)A, b = 11.77(1), ¢ = 13.488(9)A,
and B = 116.85(5)°.

In the samples studied, djurleite is less prevalent. It shows
weak anisotropy, a bluish-grey colour, and a lower reflectance
as compared to the chalcocite. It usually forms irregular inter-
growths in chalcocite aggregates (Fig. 4C, D). Djurleite is either
synchronous with or younger than the chalcocite. The general-
ized empirical djurleite formula based on 16 anions is:
(Cus0.46-31.38AJ0.01-0.03Bl0.00-0.02F €0.00-0.01)530.51-31.42(S15.95-16.005€
0.00—0.05)216.00 (Appendlx 1, analyses 9—14), while the Cu/S ratio
is 1.93—-1.96 (Fig. 3). A lot of the Cu/S values are very close to
the ideal ones (1.94). The PXRD pattern of the djurleite was in-
dexed on a monoclinic unit-cell, with a = 28.65(9)A, b =
15.637(6)A, ¢ = 13.43(4)A, and B = 89.23(25)°.

Anilite/digenite forms elongated lamellae, up to 1 mm
long, along the cleavage planes in older Cu sulphides (Fig. 4A,
C, D). Itis more commonly found within chalcocite crystals (Fig.
4A, C) than in djurleite (Fig. 4D). Anilite/digenite are character-
ized by a distinctly light blue colour and significantly lower
reflectance than the previously mentioned sulphides. The gen-
eralized formula based on 5 anions can be expressed as
(CUg.01-9.40AQ0.01)59.02-9.42(S4.99-5.005€0.00-0.01)s500 (Appendix 1,
analyses 15-18). The Cu/S ratio is 1.81-1.88 (Fig. 3), which
suggests a chemical composition closer to digenite. On the
other hand, the amount of anilite outweighs the amount of
digenite, as shown by QPA. The content of the particular spe-
cies is thus likely very variable among the mineralized zone.
The unit cell parameters of anilite are a = 7.928(7)A, b =
7.78(3)A, and ¢ = 10.97(1)A; those of digenite are as follows: a
=16.50(5)A, ¢ = 14.28(19)A.

Fractures cross-cutting older sulphide masses and contacts
between chalcocite and djurleite are often filled with secondary
covellite (Fig. 4D). This is characterized by the typical in-
digo-blue colour, strong bireflectance, and strong, pinkish to or-
ange, anisotropy. It should be mentioned that within the veinlets
there are non-cracked, fresh sulphide zones, and zones with a
higher proportion of brecciation bearing covellites and other

secondary phases. The generalized covellite formula based on
1 anion is Cuy4-1.07S1.00 (Appendix 1, analyses 19, 20). The
Cu/S ratio in covellite varies from 1.04 to 1.07, which indicates a
higher copper content and transitional chemical character, be-
ing intermediate between covellite and yarrowite (Fig. 3).

Baryte form irregular masses as well as idiomorphic crys-
tals up to 2 mm long between chrysocolla and rhyodacite clasts
(Fig. 4E). The voids within the baryte are usually filled with
chrysocolla. Finally, the parameters of the baryte are a =
8.866(4)A, b=5.447(3)A, and ¢ = 7.148(3)A. The related statis-
tical parameters are: Ry, = 7.69%, GOF = 1.55%, DW = 0.87%.
The baryte crystals are characterized by the presence of nu-
merous fluid inclusions, as well as fibrous hematite aggregates
(Fig. 4F).

Quartz occurs as idiomorphic crystals with diameters up to
100 um, which intersects Cu sulphide aggregates as well as
baryte crystals.

As many as 3 larger inclusions of an U-O phase were de-
tected within a single microarea of chrysocolla (Fig. 5D). In ad-
dition, one larger crystal was observed in a chalcocite aggre-
gate (Fig. 4B). Only two analyses were possible, with the fol-
lowing wt.% contents: P,0s: 0.00, 0.45; SiO,: 2.62, 6.46; UO,:
84.27, 77.39; Al,03: 0.09, 0.57; CuO: 5.90, 4.64; PbO: 1.43,
0.00; MnO: 0.00, 0.66; CaO: 3.17, 4.06; K,O: 0.00, 0.24; with
totals of 97.48 and 94.47, respectively, and S, Th, Zr, Ti, Fe,
and Mg oxides were below their detection limits. After deduc-
ing the largely variable Si contents, and also Cu and Al con-
tents as interferences from the matrix, the analyses recasted
with a 4-cation basis give the mean formula of
(U4+0_gocao_1gMno_o1Pb0_01)21_0001_80. The lowered calculated O
amount suggests the mineral to be the “pitchblende” variety,
U30s. A re-recasted analysis, based on the suggested aver-
age U valency of 5.775 (Estep, 2012), gives the formula
(U2.40Ca0.53Mng 04Pbo.03P0.01)x1.0007 56.

SECONDARY MINERALS

Chrysocolla, Cuy,Al(H24Si>0s5)(OH), - nH,O (x <1), and/or
its amorphous precursor is the major secondary Cu species in

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1612
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Fig. 4. Back-Scattered-Electron (BSE) images (A, B), optical [reflected light, 1P (C, D);
2P (E, F)] illustrating the primary assemblage from Stary Lesieniec

A — chalcocite (cc) with elongated anilite/digenite (an/dg) lamellae along the cleavage planes sur-
rounded by younger baryte (ba); B — idiomorphic uraninite (ur) crystal in chalcocite; chrysocolla
(ch); C — chalcocite with irregular djurleite (dj) zones and younger elongated anilite/digenite
lamellae; D — disintegrated chalcocite—djurleite—anilite/digenite aggregates with secondary covel-
lite (cov) veinlets; E — idiomorphic baryte crystals between rhyodacite (rh) clasts surrounded by
chrysocolla (ch); F — fibrous hematite (hem) crystals in baryte

the material studied. Most chrysocolla aggregates are massive
and vivid blue, with some sharp outlines of a crystalline prede-
cessor observed only locally (Fig. 5A, C, D). The bluish-white
variety of chrysocolla is rare. The chrysocolla is locally covered
by very tiny (<1 mm long) bright green, chaotically intergrown
needles of brochantite, Cus(SO4)(OH)s (Fig. 5B). Its typical,
high-lustre, flat lamellar crystals are also observed locally, cov-
ering the baryte (Fig. 5E), but this type of habit is rare. Mala-
chite, Cu,(CO;)(OH), was only detected in tiny amounts in a
single sample, covering the baryte. It is difficult to macroscopi-
cally distinguish from brochantite due to its tiny size. The iden-
tity of black specks of a massive substance very locally cover-
ing the chrysocolla could not be determined via the PXRD, pre-
sumably both to their low volume and low crystallinity. However,
black, typically dendritic “wad”, covering rocks in the outer part

of the exposure was shown by hand-held X-Ray Fluorescence
Spectroscope (pXRF) to be, indeed, a Mn-(hydr)oxide, bearing
essential admixtures of Cu, Ni, and Co. Vanadium was often
seen in some pXRF spectra but this find is not well-founded in
the EPMA study which did not allow detection of this element in
any of the primary and secondary minerals analysed. It is thus
suspected that V occurs in the rock matrix.

Only a single sample studied by PXRD has shown a few re-
flections attributable to chrysocolla, at d = 1.467 (very broad)
2.876 and 4.421 A (both broad), with the one at 17.16A being
very diffuse and low in its intensity. The calculated unit cell pa-
rameters are: a = 5.799(6)A, b = 17.64(1)A, ¢ = 8.081(7)A (Rup
=4.72%, GOF =1.42%, DW = 1.02%). Parameters obtained for
brochantite are a = 13.096(6)A, b = 9.868(4)A, ¢ = 6.022(2)A,
and $=102.93(7)° (Rwp = 9.18%, GOF = 1.54%, DW = 0.90) for
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Fig. 5. Full-colour (A, B) and Back-Scattered-Electron (BSE, C-F) photomicrographs
of the secondary assemblage from Stary Lesieniec

A — pseudomorphous bright blue chrysocolla (ch) in the baryte-rich matrix (ba); B — bright green
sprays of brochantite (bc) needles among colourless baryte; C — BSE-bright baryte (ba) sur-
rounded by chrysocolla/quartz (ch/q) and a Cu-Mg-Fe aluminosilicate (cmf); D — chryso-
colla-dominated matrix with BSE-brighter veinlets of baryte and quartz, and tiny BSE-brightest
inclusions of uraninite [and minor zircon and/or monazite-(Ce)]; E — large rounded aggregate of
brochantite with inclusions of remnant Cu sulphides (cs), within chrysocolla/quartz matrix cut by
baryte veinlets; F — tiny BSE-dark inclusion of either a Fe(Cu) aluminosilicate (in the middle) or

hematite among chrysocolla

one sample; and a = 13.153(7)A, b = 8.890(6)A, ¢ = 5.987(3)A,
B=104.13(7)° (Ryp=17.78%, GOF = 2.64%, DW = 0.32) for the
second sample. Parameters obtained for malachite are: a =
9.485(4)A, b=11.955(4)A, c = 3.2443(9)A, B = 98.69(2)° (Ryp =
14.49%, GOF = 1.82%, DW = 0.63). The unit cell parameters of
brochantite from the two samples studied are similar to each
other, and variations are as low as 0.44 for a, 11 for b, 0.58 for c,
and 1.2% for . Larger discrepancies between the two calcu-
lated b parameters may be explained by a larger degree of free-
dom in the unit cell parameters variations due to the low
(monoclinic) symmetry of brochantite. On the other hand, the
quality of the second-sample refinement is lower and thus of

lower reliability. Typical published unit cell parameters of
brochantite are a = 13.08A, b = 9.85A, ¢ = 6.02A and B =
103.37° (Anthony et al., 2003) and, thus, the difference is 0.12,
0.18, 0.03, and 0.44%, respectively, when compared with our
data for the first sample. Due to the pure chemical nature of the
brochantite studied (as explained below) the similarity of the
values to these published ones are clear.

The secondary minerals studied are, in general, very pure
chemically. The chemistry of chrysocolla is quite variable in
terms of the proportions of its constituents, but not in terms of
their chemical type.
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Sample BK1. Examples of chrysocolla analyses are
shown in Appendix 2 (analyses 1-5). SiO, varies in the
43.13-45.74 wt.% range and the corresponding ranges for
AlL,O3, CuO and CaO are 1.88-2.00, 45.73-46.90, and
0.87-1.10, respectively. The analyses recast to
(Cuy.69Al0.11Ca0.05)52.00[H0.12Si2.3205](OH)3.50 - nH20 (Cu + Al +
Ca = 2 basis). Recasting these analyses to 4 atoms gives the
formula (Cu+.71Alo.11Ca0.04)x1.85[H0.11Si2.1505](OH)2.41 - NH20.

Some further Cu silicate species were detected in the
sample BK1-1 (Appendix 3, analyses 1-7). These are dis-
seminated in a quartz-rich matrix. The first species (phase A)
is rich in Al and may be recasted to
Ko.97(Mg1.52CU1.0sF€0.21Ca0.20 Tio.01)x2.99(Sig.05Al5 88)x14.93(O,OH)
081- . mH,0 (n = 7, 18 cations basis, normalized by multipli-
cation per 1.05). A single more silicic composition (phase B,
Appendix 3, analysis 8) may be calculated to
K1.02(Mg1.42CU1 20Ca0 22 Tio 183 02(Ala 78F €0 30)51.08Si22.04(0 OH) 2>,
- mH,0 (36 cations basis). Yet another species (phase C, Ap-
pendix 3, analyses 9 and 10) may be expressed as
(CU1.70030.12Mgo.03Ko.o4Feo.o1)z1.9o(Si4.42A|o.11)23.09(O,OH)21'77-n'
mH,0 (16 cations basis).

Sample BK2. Examples of chrysocolla analyses are re-
ported in Appendix 2 (analyses 6-11). The wt.% ranges are
40.47-48.20 for SiO,, b.d.l. to 0.64 for Al,O3, 46.28-53.65 for
CuO, and 0.22-0.46 for CaO. A single analysis shows 0.30 wt.%
SO; and 0.22 wt.% P,0s— possibly an interference. Recasted
based on (Cu, Ca, Al) = 2 they give the empirical formula (n =
25) of (Cuq¢7Cap.02Al0.01)52.00(H0.018124105)(OH)z66 - 0.74H0.
Just a single analysis recasts to
(Cu1.99Ca0.02)52.01(Si1.9980.0105)(OH)198 - nHO which corre-
sponds to an “ideal” compound of the formula Cuy(Si;O5)(OH),:
nH,0 (2 fewer hydroxyl groups being notable).

Brochantite composition (example analyses 1-10, Appendix
4), is Cuq.00[(SO4)1.08(Si04)0.05(PO4)0.01]51.14(OH)s61 (1 = 17). Its
components vary in the following ranges (in wt.%): 0.19-0.79
SiO,, 59.82-70.94 CuO, 15.92—17.71 SO;, b.d.l. to 0.14 P,0s,
and b.d.l. to 0.13 CaO This relatively large variation is due both to
different levels of sample destruction under the electron beam
and the mineral habit (i.e., local porosity or thinning).

Also, the sample seems to bear yet another Cu silicate or a va-
riety of chrysocolla. Initial analytical results (Appendix 3, analyses
11 and 12) suggest the first species, slightly depleted in both Si
and Cu (phase D), may have its proposal formula of
(CU0.79K0.14F62+o.oscao.ozTio.o1 )=1.04(Alo g7 F93+0.09Po.o3)m993i1 92[Os 67
(OH)1 33]s7.00© MH0 (18 cations basis). The second one (phase E,
Appendix 3, analyses 13-16) is possibly calculable to
(Ko.65Ca0.00)50.74(CU3.90MQo 34 Tio.04)s5.00(F€0.81Al0.19)s1.00(Sie 37A3 51P0.09
S0.04)512.01028.04[(OH)0.96Clo 05]x1.01 - NH2O (n = 5, same basis). As
compared to other minerals studied, both the phases D and E are
Fe- and Ti-enriched, with maximum contents of up to 4.22 wt.%
FeO and 0.28 wt.% TiO,. They are also characterized by slight P
(up to 0.49 wt.% P,0s) and Cl (up to 0.15 wt.%) enrichment. Be-
sides, phase E is enriched in S (up to 0.10 wt.% SO;). Of all the
phases A—E, the highest amounts of K and Mg are found in phase
A (up to 4.43 wt.% K,O and 7.37 wt.% MgO). The rather stable
level of Cl enrichment excludes epoxy resin interference.

Sample BK3-1. Control samples of a chrysocolla-like mate-
rial (Appendix 2, analyses 12-14) show, on average, 47.81
wt.% SiOy, 3.69 wt.%, Al,O3, 39.12 wt.% CuO, 1.43 wt.% CaO,
0.16 wt.% MgO, 0.12 wt.% K,O, and 0.06 wt.% CI. This
chrysocolla is thus different from the above examples due to

slight enrichment in K, Mg, and CIl. The analyses recast to
(Cuy.65Al0.24Ca0.00MJ0.01K0.01)52.00(Ho.24812.6705)(OH) - nH,0O (Cu
+ Al + Ca + Mg + K = 2 basis).

The brochantite composition (n = 17, with example analyses
10-16 in Appendix 4) is Cuzg7[(SO4)0.98(SiO4)0.03]x1.02(OH)s g6-
This brochantite is slightly more pure than the above-described
one. Variations of its components, in wt.%, are: b.d.l. to 1.17
SiO,, 70.47-74.90 wt.% CuO, 16.98-18.20 SO3, and b.d.l. to
0.19 CaO.

The brochantite is associated with a slightly P-enriched
phase that also bears trace Si and S. It is most likely malachite
(Appendix 5), especially that CO3-PO4-SO4-SiO, substitution is
known in minerals (e.g., in the apatite supergroup; e.g.,
Kruszewski, 2008). Its composition is (n = 10)
Cu2.00[(CO3)0.92(SO4)0.05(PO4)0.01(SiO4)0.01]50.909(OH)2.00.  Varia-
tion of its components is as follows (in wt.%): b.d.I to 0.52 SiOy,
67.28-68.26 CuO, b.d.I to 3.81 SO;, and 0.17-0.53 P,0s.

Sample BK3-2. Two varieties of a Cu-Si-O(H) phase were
detected, with representative analyses in Appendix 2 num-
bered 15-17 (type 1) and 18-20 (type 2). The observed varia-
tion of their constituents, in wt.%, is 41.47-48.37 SiO,,
1.56-3.41 Al,O3, 35.85-47.08 CuO, and 1.02-1.43 Ca0. A
single analysis shows 0.02 wt.% ZnO and 0.50 wt.% K;O. As
much as 2 in 13 analyses show a small P admixture. Recast-
ing (n=12and n = 3, respectively) gives the following results:

— based on 4 total cations (including Si), to give the empirical
formulae:

(Cuy.55Al0.14Ca0.07)51.76 (Ho.14Si22105)(OH)264 - 0.45H,0 and

(Cu1.40Alp.17Ca0.07)x1.64(Ho.17S12.3405)(OH)2.98 - 0.09H,0

— based on (Cu + Al + Ca) = 2, with the following empirical for-
mulae:

(Cu.76Alg.16Ca0.00)x 2.01(Ho.16S12.4805)(OH)a4 26

(Cu1.69Alp21Ca0 09)x1.99(H0.21S12.8305)(OH)5.71Clo o1;

—based 2 Si atoms, to give the empirical formulae:
(Cuq.39Alp.12Cap 06)s157 (Ho.12S1205)(OH)1 35 - 0.88H,0 and
(Cuy.20Al0.15Ca0.06)51.41(H0.1551205)(OH)1.12 - 0.65H,0;

— based on (Si + Al) = 2, with the following related formulae:
(Cu1.31Cag 05)51.36(Ho.12Si1.89Al0.1205)(OH)o.76 - 1.11H,0 and
(Cu1.11Cag.06)x1.17(Ho.14Si1.86Al0.1405)(OH)o 34 - 0.95H,0
Neither of these formulae fit the supposed ideal chrysocolla

constitution. Normalizing the wt.% results with the use of
(Cu,Al,Ca) oxides/SiO, ratios does not pose a large difference
to the above formulae thus providing a likely confirmation that at
least the chrysocolla studied is not a single compound with pre-
cisely attributable ideal composition.

Two supposed chrysocolla analyses recast to gilalite,
(Cu4.81CaO.14)24.95(8i5.76A|0.27PO.OZ)ZS.QO[O'I6.920|0.021216.94
4.83H,0 (ideally CusSigO47 - 7H,0; lower water content pos-
sibly due to dehydration), but this species was not confirmed
via PXRD. Another minor phase observed in the sample is a
supposed Fe-dominant Cu-bearing aluminosilicate (Fig. 5F)
with the following wt.% ranges: SiO, 8.14-8.75, TiO,
0.48-0.49, Fe,O3 76.73-77.77, AlL,O; 1.12-1.26, CuO
5.04-6.02, CaO 0.31-0.39, MgO up to 0.17, Cl up to 0.06,
and K, Mn, Zn, S, P, As, and V below their detection limits.
With totals >92% the phase can be recasted, e.g., to
(Fe**6.35CU0.46 Ti0.04Ca0.04Md0.02)56.91(Sio.94Al0.05)50.99012.06
2.45H,0 (n = 3). However, tiny hematite crystals are also found
within voids in chrysocolla and the above analyses may simply
be erroneous due to possible mixed-information character.

and
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DISCUSSION

PARAGENETIC SEQUENCE OF THE EPITHERMAL
MINERALIZATION AT STARY LESIENIEC

At most locations known from the literature copper sulphide
paragenesis coexists with chalcopyrite and bornite, which crys-
tallize at the first stages and then — with decreasing temperature
— transform into simple sulphides of the Cu-S system (e.g.,
Hatert, 2005). In the hydrothermal system at Stary Lesieniec
undersaturated in iron, chalcopyrite and bornite are absent.
The same is true for pyrite which is otherwise common in hydro-
thermal systems. Most simple copper sulphides, such as
chalcocite, occur in cementation zones within supergene en-
richment parts of various copper deposits (e.g., Belogub et al.,
2008; Vlasac et al., 2018). At Stary Lesieniec, copper sulphides
are related to primary, epithermal mineralization.

Formation stages and the paragenetic sequence of Cu min-
eralization at Stary Lesieniec are shown in Figure 6. At the hy-
drothermal stage at the site studied crystallization began with
idiomorphic quartz. Then, the main chalcocite masses were
formed. Within the aggregates of chalcocite, uraninite also ap-
peared. Uraninite inclusions have also been found in the
chrysocolla, which may indicate that it crystallized within the lim-
its of the epithermal stage. According to Pohjolainen (2015), the
UO2*(uranyl) ions dissolved in hydrothermal fluids running
along faults may be deposited as uraninite in contact with coun-
try rocks. Younger than the chalcocite is djurleite, which formed
irregular zones and intergrowths with chalcocite.

The next stage is anilite/digenite formation with the minerals
deposited as elongated lamellae along the cleavage planes of
chalcocite and djurleite. The copper-mineralized zones were
then filled with idiomorphic baryte crystals, which are known

Phase

Supergene
Mineral e

Epithermal

Quartz |y
Chalcocite
Uraninite f—
Djurleite
Anilite/ digenite
Baryte
Hematite
Chrysocolla [r—
Covellite —
Brochantite ——
Malachite ——

Fig. 6. Formation stages and the paragenetic sequence of Cu
mineralization in the Stary Lesieniec rhyodacite quarry

from many locations within the Intra-Sudetic Basin and Sowie
Mts. (e.g., Kruszewski et al., 2019; Prek et al., 2019; Mederski
et al., 2020). Baryte crystals are characterized by the presence
of numerous hematite inclusions. Hydrothermal hematite is
known (e.g., Dalstra and Guedes, 2004) and many papers de-
scribe the hydrothermal synthesis of this species (e.g., Tadic et
al., 2019). Sun et al. (2015), who characterized some BIF-type
iron deposits, mentioned a few habit varieties of hematite, with a
needle-like to fibrous one being a late-stage replacement re-
lated to fluid activity. We thus suggest the Stary Lesieniec he-
matite is related to the hydrothermal activity. Chrysocolla in the
studied copper-baryte mineralization crystallized both at the
epithermal and supergene stages; the interpretation of the con-
ditions of its formation is described below.

Uranium hydrothermal occurrences within the Intra-Sudetic
Basin are known from the secondary hematitization zones of
rhyolites (e.g., Plewa, 1965; Migaszewski, 1972). Migaszewski
(1972) described pitchblende growing around pyrite crystals in
porphyry from the Boguszéw baryte deposit. Moreover, similar
mineralization was described from a borehole within the sec-
ondary hematitization zone of the Upper Carboniferous
Chetmiec rhyodacite laccolith. There, uraninite is in parage-
nesis with hematite, galena, and pyrite (Migaszewski, 1972). In
addition, uranium mineralization is known from the Mieszko
Coal Mine in Watbrzych, where pitchblende occurs in the con-
tact zones of coal seams with the porphyry body, or in veins of
dark grey and cherry-red dolomite (Plewa, 1965). Pitchblende is
there associated with dolomite, siderite, marcasite, pyrite, and
secondary uranium and copper minerals. Sylwestrzak (1972)
pointed out that the average uranium content of the Carbonifer-
ous porphyries (5.49 ppm) is significantly higher than that in the
Permian volcanic rocks (3.18 ppm) and is not related to the min-
eralogical composition of the rock. This indicates secondary hy-
drothermal enrichment in uranium of these volcanic rocks.
Moreover, U enrichment in the Zaclef and Glinik formations
within the Intra-Sudetic Basin is related to epigenetic activity
(Miecznik, 1989).

CRYSTALLIZATION TEMPERATURES OF THE EPITHERMAL
PARAGENESIS AT STARY LESIENIEC

PXRD studies confirmed the presence of monoclinic low-
chalcocite and the absence of hexagonal high-chalcocite in the
system studied. According to Evans (1981), the transition tem-
perature for these two polymorphs of chalcocite is 103.5°C (Fig.
7). Therefore, the initial temperature of the crystallization of
copper sulphides did not exceed 103.5°C. The presence of
younger djurleite forming irregular zones and replacing
chalcocite indicates a decrease in the crystallization tempera-
ture, the upper limit of stability of djurleite being 93°C (Fig. 7)
(Evans, 1981). The youngest Cu sulphide in the epithermal
stage of the paragenetic sequence at Stary Lesieniec was
anilite/digenite. The interpretation of PXRD analyses tends to
lead to anilite over digenite, even though the chemistry tends to
be digenite. A mismatch of the obtained chemical formula of
anilite/digenite and the PXRD results is probably due to the
transformation of anilite into a phase similar to digenite, as a re-
sult of sample polishing and drying (Morimoto et al., 1969;
Morimoto and Koto, 1970). Anilite is stable <70 £3°C (Fig. 7)
and, as a result of heating, it is decomposed and transformed to
high digenite and covellite (Morimoto et al., 1969; Morimoto and
Koto, 1970). The anilite described by us crystallized in the con-
ditions of the stability field for anilite and djurleite (Fig. 7). On the
other hand, covellite crystallized at the following, supergene
stage (Fig. 7). In conclusion, the copper sulphide studied from
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Fig. 7. Phase diagram for the Cu-S system
in the low-temperature region near Cu,S composition;
adapted from Potter (1977) and Evans (1981)

Stary Lesieniec began crystallization at temperatures of
~100°C, and then during the epithermal stage of precipitation,
the temperature of the solutions cooled to <72°C (Fig. 7).

The presence of uraninite is interpreted as to its belonging to
the epithermal stage. Uraninite crystallization is usually reported
to take place at >200°C (e.g., Eriksson et al., 2004). According to
Yuan et al. (2019), at 100—400°C, uraninite (hydrothermally de-
posited at 250-450°C) dissolves and becomes a precursor for
the U** silicate mineral coffinite. The formation of uraninite at low
temperatures is favoured by acidic conditions (Cui et al., 2015).
Additionally, Rojkovic et al. (1993) described formation tempera-
tures of Cu-U mineralization from Novoveska Huta in Slovakia
ranging from 95 to 190°C. These temperatures were determined
for the younger Cu-U mineralized veins that intersect older
stratiform deposits and host copper mineralization with uraninite
and coffinite. The lower temperature range for the Novoveska
Huta mineralization may correspond to the temperature ranges
of chalcocite formation at Stary Lesieniec. The local uraninite
crystallization either (1) preceded that of chalcocite, with possible
co-deposition, or (2) took place after the dissolution of some ear-
lier inclusions. Indeed, some marks of possible inclusion dissolu-
tion were observed in the material studied. If the latter is true,
then the Ca,Mn-dominant diadochy in the uraninite suggests
such primary inclusions to be some carbonate minerals which
are well known for being a Ca, Mn-sink.

SECONDARY Cu MINERAL PARAGENESIS
AND ITS FORMATION CONDITIONS

Chrysocolla is the most common secondary mineral in the
copper-baryte mineralization studied from Stary Lesieniec.
Farges et al. (2007) redefined chrysocolla as a “mesoscopic as-
semblage composed dominantly as spertiniite [Cu(OH),], water
and amorphous silica (SiO;)”. However, other authors do not
support such findings. They, e.g., state that chrysocolla is
rather a copper silicate colloidal gel (Frost and Xi, 2013), or an

amorphous Cu silicate with some structural aspects related to
those of tenorite and dioptase, but not Ccu® or cuprite
(McKeown, 1994). The experimental studies of Hariu et al.
(2013) also suggest the compound to be a Cu silicate gel, with
variable Cu/Si mole ratios, with PXRD image precluding sin-
gle-crystal study for determination of the structural model. Al-
though Frost et al. (2012) seemed to confirm chrysocolla as a
separate mineral species, they reported false-correct (i.e., close
to the “ideal” composition) empirical formulae as these are
based on standardless EDX analyses with 100% total normal-
ization. As such, the first author’s theory is not necessarily com-
pletely wrong: various chrysocollas may exist. This would ex-
plain the large discrepancies between the proposed empirical
formulae and the supposed ideal formula of chrysocolla. Never-
theless, studying its composition (in particular, the Cu content)
is reasonable due to the proposed usage of this compound as a
Cu ore (e.g., Gijsemans et al., 2020). The Cu (alumino)silicate
species with representative analyses listed in Appendix 2 may
be some new species, or varieties, of chrysocolla. We are
aware of the further analyses needed to be performed for either
approval or disproval of such proposal stoichiometry and site
representations.

The chrysocolla-bearing paragenesis at Radzimowice,
Lower Silesia, occurs as thin encrustations in rhyolite’s cracks
(Siuda and Kruszewski, 2013). The authors suggested the rhy-
olite, and surrounding rocks, as a source of silica. At Stary
Lesieniec silica must have been derived from the rock-matrix
aluminosilicates contacting with acidic solutions formed due to
oxidation of the ore. Chrysocolla could have been formed via in-
teraction of such post-oxidation solutions, released silica, and
meteoric waters allowing for pH increase (e.g., Schlomovitch et
al., 1999). As the first secondary weathering copper mineral,
chrysocolla recorded pH values most likely close to neutral
ones (e.g., Crane et al., 2001).

According to Frost et al. (2012), chrysocolla begins to ther-
mally decompose at ~125°C. Thus, it should still be stable at the
moderate/low-temperature hydrothermal stage of mineraliza-
tion. The upper-temperature limit given for the Cu sulphides
(103.5°C) is close to the one marking the thermal stability of
chrysocolla. The upper pH limit of the whole secondary assem-
blage is supported by the complete inertness of chrysocolla to
leaching at the pH of 6. Also, the mineral is easily leached at pH
<3 (Nikol and Akilan, 2018). On the other hand, Herrera-Urbina
et al. (2010), who addressed the known published issue of
chrysocolla flotation, suggested the removal of significant
amounts of Cu from the mineral already at pH <6. Thus, the lo-
cal chrysocolla stability may have been in the narrow 6-7 pH
range. A following drop in pH allowed for the release of Cu,
most likely from both chrysocolla and some sulphides, and led
to precipitation of brochantite. Brochantite is the most stable hy-
drous copper sulphate mineral (e.g., Marani et al., 1995), with a
relatively wide stability range of pH = 4—7.5 (Bridges and Green,
2007). However, the absence of langite and posnjakite sug-
gests an upper pH limit of ~6 (Alwan and Williams, 1979). The
mineralizing solutions of the supergene weathering stage must
have been occasionally enriched in CO3" ions, as reflected by
the rare occurrence of malachite.

CONCLUSIONS

1. Examples of copper-baryte mineralized veinlets were
found covering the western walls of the Stary Lesieniec rhyo-
dacite quarry.
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2. A general succession of crystallization for the epithermal
stage is as follows: quartz—chalcocite—djurleite—anilite/dige-
nite—baryte—hematite—chrysocolla; the supergene stage is rep-
resented by: chrysocolla + covellite, followed by brochantite +
malachite.

3. The copper sulphides studied began to crystallize at tem-
peratures of ~100°C; then, during the epithermal stage of pre-
cipitation, the temperature of the solutions dropped to <72°C.

4. The supergene oxidation processes began with the for-
mation of abundant chrysocolla, at a relatively neutral pH. Fol-
lowing a pH drop, to ~4—6, brochantite was deposited. The min-
eralizing solutions were only rarely enriched in carbonate an-
ions, as reflected by the rare occurrence of malachite.
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