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An oc cur rence of twelve re cently formed sec ond ary cop per min er als (SCM) was ob served in un der ground work ings of an
aban doned Cu-As-Au mine in Radzimowice. The min er als, mainly sul phate spe cies, were iden ti fied us ing Pow der X-Ray Dif -
frac tion (PXRD), scan ning elec tron mi cro scope with en ergy dispersive spec tros copy sys tem (SEM-EDS) and elec tron
microprobe anal y sis with wave length-dispersive spec trom e try sys tem (EPMA-WDS) meth ods. The SCM of Radzimowice
form the fol low ing as sem blages: paragenesis I is char ac ter ized by langite, posnjakite, brochantite and devilline. These min -
er als crys tal lise di rectly from pH 6.0–7.0 mine wa ters. Paragenesis II also com prises hy drous cop per sulphates (HCS), and
in ad di tion con tains na tive cop per, cu prite, ferrihydrite and gyp sum. Sec ond ary HCS mainly crys tal lise as prod ucts of re ac -
tions of sul phate-rich mine wa ters with na tive cop per and cu prite. The pH of these wa ters var ies from ~5.0 to 6.0. The III
paragenesis is dom i nated by woodwardite, as so ci ated with vari able amounts of chalcoalumite and amor phous Cu-Al
sulphates. Ac cu mu la tions of woodwardite oc cur in the zones where Al- and sul phate-rich acid mine wa ters (pH ~2.5–3.0) mix 
with neu tral wa ters (pH 6.5–7.0). Paragenesis IV is rare, dom i nated by chrysocolla, co ex ist ing with small amounts of
mottramite and goethite. This as sem blage formed as a re sult of mo bi li za tion of sil ica re leased dur ing de com po si tion of
rock-form ing aluminosilicates at tacked by acid mine wa ters.
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INTRODUCTION

Weath er ing zones of ore beds typ i cally host an un usual
wealth of sec ond ary min er als. In the case of de pos its con tain -
ing pri mary cop per min er als (usu ally sulphides and sulpho -
salts), the ox i da tion of these pri mary spe cies leads to the for -
ma tion of a va ri ety of SCM. Their qual i ta tive com po si tion de -
pends on chem i cal fac tors such as pH, Eh, and the chem i cal
com po si tion of so lu tions mi grat ing within the par tic u lar weath er -
ing zones. Re search on SCM that con trol the geo chem i cal be -
hav iour of cop per in near-sur face parts of the Earth’s crust is
im por tant be cause these min er als are re spon si ble for both per -
ma nent or sea sonal re ten tion of cop per and other el e ments of
po ten tial en vi ron men tal con cern in sol ids. Knowl edge of their
sta bil ity and in ter de pen dence pro vides a ba sis for un der stand -
ing and mon i tor ing the pro cesses of cop per mi gra tion from ore
de pos its un der go ing ox i da tion.

SCM may also form by ox i da tion of var i ous tech no log i cal
wastes, in clud ing flo ta tion waste or smelt ing slags. They ac -
count for wide spread prod ucts of the cor ro sion of metal el e -

ments made of cop per and its al loys (Dill, 2009; Šatoviæ et al.,
2010; Ha et al., 2011; Kierczak et al., 2012). Dis so lu tion and re -
ac tions in volv ing SCM from both mine sites and wastes can lib -
er ate cop per to un der ground and groundwaters, thus in flu enc -
ing the qual ity of drink ing wa ter. Be cause of this, par tic u lar spe -
cies of the SCM group are closely stud ied, both in nat u ral and
lab o ra tory con di tions (Mer kel et al., 2002; Fitz ger ald et al.,
2006; Taxén et al., 2012).

This pa per pres ents the re sults of de tailed study of re cently
form ing SCM found within aban doned gal ler ies of the poly -
metallic metal mines in Radzimowice. At ten tion is paid to the
chem i cal di ver sity and re la tion of the SCM to the known
crystallo chemical solid so lu tions. Crys tal lo graphic and compo -
sitional data are re ported for the SCM and com pared with lit er a -
ture data. We also de scribe the paragenesis of the SCM as -
sem blages at Radzimowice and eval u ate the crys tal li sa tion
con di tions of the re cently form ing SCM.

GEOLOGICAL SETTING

The polymetallic Radzimowice de posit is lo cated in the SE
part of the Kaczawa Mts. This area in cludes meta mor phosed
mudrocks of Lower Pa leo zoic age clas si fied to the Kaczawa
Meta mor phic Com plex (Fig. 1). They in clude the Radzimo wice
slates and Chmielarz slates. Both these rocks are rep re sented
by var i ous quartz-seri cite-graph ite mudrocks, grey wackes and
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green stones, con tain ing in sets of crys tal line lime stone and
quartz ite (Urbanek and Baranowski, 1986; Haydu kiewicz and
Urbanek, 1986; Baranowski, 1988; Kozdrój et al., 2001). The
meta mor phic rocks are cut by youn ger ig ne ous rocks, mainly
rhyolites. The crystallisation age of the rhyolites has been re -
ported as ca. 315 ± 1 Ma (Machowiak et al., 2008). Within the
rhyolites of ¯elaŸniak and Bukowinka hills, gran ites are also
found (Mikulski, 2003; Machowiak et al., 2008). The rar est ig ne -
ous rocks are lam pro phyres (Manecki, 1962; Mikulski, 2007;
Mikulski and Wil liams, 2010).

The pri mary ore is mainly pres ent in the form of a dozen or
so quartz-sul fide veins, of which 6 were un der ex ploi ta tion
(Manecki, 1965; Zimnoch, 1965; Paulo and Salomon, 1974;
Mikulski, 2005a, 2007). These crack-type veins cut both the
meta mor phic rocks of the Kaczawa Meta mor phic Com plex and
the ig ne ous rocks. They run more or less par al lel along E–W di -
rec tion. Dips of the veins are steep (ca. 60–901) and mainly di -
rected to the north. Vein thick nesses vary from a few centi -

metres to more than 1 m. The lon gest vein – “Pocieszenie
Górnika” – is ca. 2 km long and £1.4 m thick. Bar ren rocks sur -
round ing the veins are hy dro ther mally al tered and usu ally con -
tain dis sem i nated ore min er als.

The pri mary ore vein min er al ogy is di verse. The most com -
mon pri mary ore min er als in clude: py rite, ar seno py rite, chal co -
py rite, sphalerite, ga lena, marcasite, tetrahedrite, boulangerite,
bour no nite, meneghinite, gold, bis muth and tel lu rium min er als
as so ci ated with bar ren min er als such as quartz, rhodochrosite
and kutnohorite (e.g., Stauffacher, 1916; Manecki, 1965;
Zimnoch, 1965; Sylwestrzak and Wo³kowicz, 1985; Mikulski,
2005a, b, 2007, 2011; Mikulski and Muszyñski, 2012). The ore
parageneses formed in sev eral mineralogenic stages, and the
age of the ore min er ali sa tion de ter mined by the Re-Os method
is 317 ± 17 Ma (Mikulski et al., 2005a, b; Mikulski, 2007).

By con trast to the hy dro ther mal parageneses, the weath er -
ing zone of the de posit has not pre vi ously been fully char ac ter -
ized. The first notes on the pres ence of sec ond ary spe cies

584  Rafa³ Siuda and £ukasz Kruszewski

Fig. 1. Geo log i cal sketch-map of the Radzimowice area (af ter Cwojdziñski and Kozdrój, 1994)



within the de posit gave only ba sic data on a few min er als (na -
tive cop per, chalcocite, cu prite, he ma tite, mag ne tite, cerussite,
mal a chite, pitticite) and li mo nite (Fiedler, 1863; Traube, 1888;
Zimnoch, 1965). The as sem blage of sec ond ary phases, in clud -
ing chalcocite, covel lite, cu prite, mal a chite and li mo nite, from
the nearby Bukowinka Hill, was de scribed by Manecki (1965),
and de tails on the oc cur rence of pseudomalachite in the area
are pub lished by Holeczek and Janeczek (1991). Data on hy -
drous cop per sulphates (HCS), iron ar se nates, vana dates and
iron oxyhydroxides was re ported by Siuda (2001, 2004), Siuda
and Kruszewski (2005) and Parafiniuk and Siuda (2006).

METHODS

Pow der X-Ray Dif frac tion (PXRD) was the most im por tant
method used for min eral iden ti fi ca tion. PXRD anal y ses were
done on a Bruker axs D8 Advance diffractometer in the X-Ray
Dif frac tion Lab o ra tory, In sti tute of Geo log i cal Sci ences, Pol ish
Acad emy of Sci ences, Warszawa. The diffractometer was
equipped with a superfast LPS (lin ear po si tion-sen si tive)
Vcntec-1 de tec tor. The ra di a tion was CoKa, fil tered but not
monochromatized. Unit-cell pa ram e ters and crys tal lite size of
SCM were re fined us ing the Rietveld method (Rietveld, 1967) in 
the Topas soft ware (v 4.0). For chrysocolla (struc ture un -
known), hkl val ues were as signed as the start ing re fine ment pa -
ram e ters. The soft ware ver sion used was not com pat i ble with
PSD (po si tion sen si tive de tec tor), and the diffractometer has a
ra dial soller in stead of an anti-scat ter (i.e., re ceiv ing) slit to in -
crease the low-an gle in ten sity yield. Thus, the diffractometer
had to be ad justed prior to ex act re fine ments. For this pur pose
LaB6 and Si stan dards (NIST SRM 660a and 640c, re spec -
tively) were used. The “re ceiv ing slit” pa ram e ter was re placed
by an ad di tional con vo lu tion (Lorentzian, con stant 2q de pend -
ence). Its value was re fined by fix ing struc tural pa ram e ters of
the stan dards and then used as fixed for SCM re fine ments
(D. Bish, pers. comm., 2013 via Rietveld Mail ing List). The
chem i cal com po si tions of min er als were ana lysed at the
Inter-In sti tute An a lyt i cal Com plex for Min er als and Syn thetic
Sub stances, Uni ver sity of War saw, on a Cameca SX-100 elec -
tron microprobe op er at ing in the WDS. Fe2O3 (Fe), chal co py rite 
(Cu), ga lena (Pb), orthoclase (Al), di op side (Ca, Si), ZnS (Zn),
Bi2Te3 (Bi), bar ite (S), GaAs (As), ap a tite (P), and va na dium
metal (V) were used as ref er ence ma te ri als. The ac cel er at ing
volt age was 15 kV, the beam di am e ter 10 mm. IR ab sorp tion
spec tra were re corded within a Nicolet Magna 550 spec trom e -
ter, from 4000 to 400 cm–1, us ing KBr pel lets (Fac ulty of Chem -
is try, Uni ver sity of War saw).

SECONDARY COPPER MINERALS

BROCHANTITE Cu4(SO4)(OH)6

Brochantite is found as em er ald-green crusts on the sur face 
of rhyolitic rocks which con tain weath ered chal co py rite.
Brochantite ag gre gates are com posed of small (< 1mm) tab u lar 
crys tals. These crys tals very of ten form typ i cal, comb-like inter -
growths (Fig. 2A), as so ci ated with langite, posnjakite, mal a chite 
and small amounts of devilline. The min eral is also pres ent
within ac cu mu la tions of Fe-oxyhydroxides com pris ing mainly
ferrihydrite. In this case brochantite is usu ally as so ci ated with
other cop per sul phate min er als, na tive cop per, cu prite, and
small amounts of chalcoalumite, mal a chite, and gyp sum.

Re fined unit cell pa ram e ters of the Radzimowice bro -
chantite are in good agree ment with those pre vi ously re ported
for the min eral (Ta ble 1), es pe cially with the pa ram e ters re -
ported for brochantite from the Gelnica de posit in Slovakia
(Sejkora et al., 2001), the Krásno ore dis trict in Czech Re pub lic
(Sejkora et al., 2006), and also for the ma te rial ana lysed by Mills 
et al. (2010). No ev i dence of the 2M2 polytype, re ported from
Pi erre Plate Mine, Vizille, France (Crichton and Müller, 2008),
was found.

The chem i cal anal y sis of brochantite (Ta ble 1) bears an er -
ror due to par tial sam ple evap o ra tion, giv ing an ex cess of H at -
oms. Thus, the cor rect em pir i cal can not be given. For the same
rea son, the em pir i cal for mu las of fur ther hy drated spe cies have
H2O mol e cules ar ti fi cially added. The spe cific fea ture of the
Radzimowice brochantite is an iron ad mix ture, from 0.01 to
0.18 apfu. It fol lows the Fe2+ for Cu2+ sub sti tu tion trend, as re -
ported, for in stance by Fitz ger ald et al. (2006). The unit cell pa -
ram e ters of the brochantite do not seem to be in flu enced by the
mi nor Fe2+ sub sti tu tion.

CHALCOALUMITE CuAl4(SO4)(OH)12 · 3H2O

The rel a tively rare min eral chalcoalumite forms small sta -
lac tites, sta lag mites, and drap er ies, £5 cm in size, of light to
deep blue col our (Fig. 3A). They com prise ball-like ag gre gates,
£200 mm in size, form ing bot ry oi dal segregations. Chalco -
alumite ag gre gates may also fill spaces in stalactitic ferrihydrite
(Fig. 4A). In this case, chalcoalumite is as so ci ated with small
amounts of brochantite, posnjakite and langite. Traces of
chalcoalumite are known to crys tal lise within woodwardite ac cu -
mu la tions. When in the nat u ral hu mid ity state, chalcoalumite
ag gre gates are soft and plas tic. Af ter dry ing the min eral be -
comes brit tle and fri a ble. 

The chalcoalumite al ways gives broad PXRD re flec tions.
The d value of the (200) basal re flec tion is in the range of
8.54–8.58 �. The clearly vis i ble (400) re flec tion of the (h00)
planes at d » 4.27 con firms the pres ence of chalcoalumite. The
cal cu lated crys tal size (Lorentzian) is 20.1(9) nano metres. Unit
cell pa ram e ters are close to those re ported pre vi ously; nev er -
the less, it is dif fi cult to make com par i sons due to the small
amount of data avail able for the spe cies (Ta ble 2).

Anal y sis of chalcoalumite from Radzimowice showed its
het er o ge neous chem i cal com po si tion due to the pres ence of
min ute in clu sions of strongly hy drated amor phous Cu-Al sul -
phate. Low an a lyt i cal to tals are due to the po rous na ture of
chalcoalumite ag gre gates and low sta bil ity of this phase un der
vac uum con di tions. The ob tained mean ox ide con tents (wt.%,
n = 5) are: 8.39 SO3, 43.97 Al2O3 and 7.78 CuO.

CHRYSOCOLLA (Cu, Al)2H2SI2O5(OH)4 × nH2O

This min eral ap pears only at the first level of the mine, lo -
cated 30 m be low the ground. Chrysocolla forms thin encru -
stations, up to few milli metres thick, cov er ing sur faces of small
joints cut ting rhyolites. It is as so ci ated with goethite and small
amounts of mottramite.

The cop per con tent of the Radzimowice chrysocolla var ies
from 44.25 to 46.73 wt.% CuO, while the cor re spond ing val ues
for sil i con are in the range of 35.55–38.12 wt.% SiO2 (Ta ble 3).
The min eral ana lysed is rel a tively pure; the mi nor ad mix tures
may in clude some iron (up to 0.26 wt.% Fe2O3), zinc (up to
0.31 wt.% ZnO), cal cium (0.12 to 0.23 wt.% CaO), phos pho rus
(up to 0.12 wt.% P2O5) and sul phur (up to 0.12 wt.% SO3). Al,
Mn, Pb, Bi, As and V were not de tected. The em pir i cal for mula
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Fig. 2. Sec ond ary cop per min er als from the aban doned mine in Radzimowice (SEM im ages)

A – tab u lar crys tals of brochantite, B – cu prite grow ing on na tive cop per (ar rows in di cate traces of dis so lu tion), C – ra dial ag gre -
gate of devilline, D – langite twin par al lel to {110}, E – ag gre gates of elon gated crys tals of langite, F – feath ery ag gre gates of
posnjakite re plac ing langite, G – back-scat tered elec trons im age of mottramite (mt) ac cu mu la tions at the bor der of chrysocolla (ch) 
and goethite (gt), H – crys tals of na tive cop per



of the chrysocolla (n = 12) may be writ ten as
(Cu1.87Ca0.01)S1.88H1.88 Si1.99O5(OH)4 ×  0.92H2O.

The use of the very pre cise Vcntec-1 de tec -
tor al lowed us to ob tain high-qual ity PXRD data
for chrysocolla. On the diffractogram, broad but
clear re flec tions of chrysocolla and goethite can
be seen. The Scherrer wid en ing due to small
crys tal lite size, re fined to be 9.6(1) for chryso -
colla and 13.6(4) for goethite, is ev i dent. It is no -
ta ble that the sta tis ti cal qual ity all the re fine ment 
tri als per formed is very good, i.e., with Rwp val -
ues al ways be low 2.00 (Ta ble 3).

CUPRITE Cu2O

In old adits of the mine, cu prite oc curs within 
sta lag mites of ferrihydrite, as finely crys tal line,
£1 cm ag gre gates of dark red-brown col our
(Fig. 4B). Cu prite very of ten grows on the sur -
face of den dritic cop per (Fig. 2B). In di vid ual
crys tals are £50 mm in size. A com bi na tion of
cube and triso ctahedron faces is ob served. Cu -
bic faces very of ten re veal char ac ter is tic traces
of leach ing, in di cat ing a sea sonal dis so lu tion of
the min eral (Fig. 2B). Cu prite may also be as so -
ci ated with mi nor amounts of brochantite, lan -
gite, posnjakite, amor phous Cu-Al sulphates,
chalcoalumite, mal a chite and gyp sum.

The re fined cu prite unit cell pa ram e ters (Ta -
ble 4) cor re spond well to the pub lished data
(Sejkora et al., 2006).

The chem i cal com po si tion of cu prite is close 
to the the o ret i cal one (Ta ble 4). Small amounts
of iron in cu prite from Radzimowice may come
from mi cro-in clu sions of Fe oxyhydroxides. The
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T a  b l e  1

Chem i cal com po si tion (wt.%) and crys tal lo graphic 
data for brochantite from Radzimowice

Num ber
of 

an a lyses
1 2 3 4 5 6 7 8

SO3 16.32 14.04 14.21 15.72 14.69 14.34 14.31 15.26

P2O5  0.09  0.00  0.00  0.00  0.00  0.00  0.00  0.00

Fe2O3  0.39  1.02  3.27  0.24  0.57  0.27  0.30  0.33

Al2O3  0.10  0.00  0.00  0.00  0.00  0.00  0.00  0.00

CuO 72.11 72.30 67.98 70.88 67.24 67.47 67.42 68.18

S 89.01 87.36 85.46 86.84 82.50 82.08 82.03 83.77

H2O
1) 10.99 12.64 14.54 13.16 17.50 17.92 17.97 16.23

apfu (base: Cu + Fe + Al = 4)

S 0.89 0.76 0.79 0.88 0.86 0.84 0.84 0.89

Fe2+ 0.02 0.06 0.18 0.01 0.03 0.02 0.02 0.02

Cu 3.97 3.94 3.82 3.99 3.97 3.98 3.98 3.98

Al 0.01

P 0.01

S 0.89 0.76 0.79 0.88 0.86 0.84 0.84 0.89

unit cell pa ram e ters (with re fine ment sta tis tics2)

Sam ple broch 1 broch 2

a [�]     13.15(1)   13.125(2)

b [�]       9.87(1)      9.858(1)

c [�]        6.008(4)        6.0194(5)

ß [°] 103.9(1) 103.32(1)

Rwp 10.57  14.09   

GoF 2.35 4.96  

DW 0.68 0.20  

1) cal cu lated as 100–S; 2 Rwp – re sid ual weighted pat tern; GoF – good ness of fit (i.e.,

c2); DW – Durbin-Wat son sta tis tics (also known as dDW); apfu – at oms per for mula
unit

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

A – sta lac tites of chalcoalumite, B – ac cu mu la tions of woodwardite on the walls of an old shaft, 
C – blue ac cu mu la tions of woodwardite con nected with a zone of mix ing of acid mine wa ters with neu tral wa ters



quan ti ta tive chem i cal anal y sis of cu prite gives the fol low ing em -
pir i cal for mula (n = 10): Cu2.00Fe0.02O.

DEVILLINE CaCu4(SO4)2(OH)6 × 3H2O

Devilline is the most rarely ob served of the ba sic Cu sul -
phate min er als at Radzimowice. It forms tiny ag gre gates,
£5 mm in di am e ter, com pris ing thin-bladed crys tals up to 2 mm
in length. That are char ac ter ized by a pearly luster and green ish 
col our. The ag gre gates may be ball-like or ra dial (Fig. 2C).
They are found within open spaces of the ferrihydrite sta lac tites
or cov er ing the sur face of min er al ised rhyolites that con tain ore

min er als un der go ing weath er ing to brochantite, langite, pos -
njakite and mal a chite. Rep re sen ta tive EMPA (elec tron micro -
probe anal y sis) of devilline are given in Ta ble 5. The min eral
con tains mi nor ad mix tures of sil ica (up to 1.03 wt.%) and alu -
mina (up to 0.91 wt.%). The em pir i cal for mula (n = 10) is:
Ca1.00(Cu3.96Al0.04) S4.00[(SO4)1.99(SiO4)0.05]S2.04(OH)6 × 0.61H2O.

The mi nor Al and Si sub sti tu tion in the Radzimowice de -
villine does not seem to in flu ence the unit cell pa ram e ters much
(Ta ble 5). The ob tained val ues are com pa ra ble to those re -
ported for chem i cally pure devilline by Ondruš et al. (1997) and
also for the min eral as re corded in the RRUFF da ta base
(Downs, 2006).
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Fig. 4. For ma tion of var i ous sec ond ary cop per min er als from Radzimowice

A – blue ag gre gates of chalcoalumite in side sta lac tite of ferrihydrite, B – ac cu mu la tion of cu prite in ferrihydrite, C – ag gre gate
 of langite crys tals, D – den drites of na tive cop per in ferrihydrite, E – den dritic crys tals of posnjakite, F – posnjakite (light blue)

and langite (deep blue) re plac ing ag gre gates of na tive cop per and cu prite



LANGITE Cu4(SO4)(OH)6 × 2H2O

In the aban doned mine gal ler ies langite forms two types of
ag gre gates. The first type grows on the sur face of rocks con -

tain ing dis sem i nated chal co py rite. To gether with posnjakite,
devilline, brochantite, and mal a chite, the langite ag gre gates
cover parts of side walls, over ar eas of a few square metres
where it crys tal lises di rectly from the mine drain age wa ters. The 
sec ond type of langite ag gre gate oc curs within sta lac tites and
sta lag mites of Fe oxyhydroxides. This type of langite co ex ists
with afore men tioned HCS, chalcoalumite, and small amounts of 
mal a chite, gyp sum, and amor phous Cu-Al sulphates. In the
sec ond-type ag gre gates, signs of the re place ment of cop -
per-cu prite inter growths by langite and posnjakite are very of ten 
ob served. Small amounts of langite may also be as so ci ated
with woodwardite.

The langite crys tals are char ac ter ized by sky-blue col our
and glassy luster (Fig. 4C). They are £2 mm in size. Typ i cally,
crys tals are com bi na tions of monoclinic prisms and pina coids,
with the {001} pina coid dom i nat ing and langite crys tal faces
show ing clear dis so lu tion fea tures. Twins and multi-twins on
{110}, spe cific for langite, are also very of ten ob served (Fig.
2D). They form char ac ter is tic star-like inter growths, as re -
ported from other min er al og i cal lo cal i ties (Wil liams, 1964;
Pulou et al., 1978).

Langite was iden ti fied by X-ray pow der dif frac tion data at a
num ber of sam ples (Ta ble 6). The data ob tained does not dif fer
much from PXRD char ac ter is tics of langite from other lo cal i ties
(Øídkošil and Povondra, 1982). Also, the unit cell pa ram e ters
are in good agree ment with the ones re ported by the RRUFF
da ta base (Downs, 2006) and by pre vi ous re search ers, namely
Gentsch and Weber (1984) and Galy et al. (1984).

Recently formed secondary copper minerals as indicators of geochemical conditions... 589

T a  b l e  2

Crys tal lo graphic data for
chalcoalumite from Radzimowice

Unit cell pa ram e ters1) 
(with re fine ment re sults)

Sam ple 35A 199B

a [�] 17.11(2) 17.03(5)

b [�] 8.93(2) 8.97(2)

c [�] 10.19(2) 10.19(1)

a [°] 95.1(2) 94.8(2)

Rwp 2.28 3.22

GoF 1.33 1.15

DW 1.33 1.74

1) unit cell pa ram e ters for co ex ist ing wood -
wardite-3R for sam ple 35A and 199B: a –
3.021(2) and 3.078(2), c – 25.48(3) and
25.51(2), re spec tively; for other ex pla na -
tions see Ta ble 1

T a  b l e  3

Chem i cal com po si tion (wt.%) and crys tal lo graphic data for chrysocolla from Radzimowice

 Num ber 
of 

ana lyse
1 2 3 4 5 6 7 8 9 10 11 12

P2O5   0.1 0.0   0.12 0.1   0.06 0  0.09   0.06 0.1  0.0 0.1   0.08

SO3    0.08   0.08   0.07 0.0 0.0  0.06  0.11   0.08   0.12   0.07   0.11   0.09

SiO2 36.6 36.55 37.01 36.96 36.8 37.09 37.69 37.28 37.48 37.93 38.12 35.55

Fe2O3  0.0 0.0 0.0 0.0 0.0  0.0 0.0  0.0 0.0 0.0   0.16   0.26

Al2O3  0.0 0.0 0.0 0.0 0.0  0.0 0.0  0.0 0.0 0.0 0.0 0.0

ZnO  0.0   0.31 0.0 0.0  0.21  0.0 0.0   0.18 0.0   0.25   0.21   0.17

CuO 46.39 46.36 46.09 46.37 46.05 46.23 45.46 45.82 45.74 45.25 44.96 46.73

CaO 0.2  0.2  0.17  0.12  0.16  0.16  0.14   0.18   0.14   0.12 0.2  0.23

S 83.37 83.5 83.46 83.55 83.28 83.54 83.49 83.6 83.58 83.62 83.86 83.11

H2O
1) 16.63 16.5 16.54 16.45 16.72 16.46 16.51 16.4 16.42 16.38 16.14 16.89

apfu (base: Si + P + S = 2)

P   0.01          

Si 1.99 2.00 1.99 2.00 2.00 2.00 1.99 1.99 1.99 2.00 1.99 1.99

Fe 0.01 0.01

Zn 0.01 0.01 0.01 0.01 0.01 0.01

Cu 1.91 1.91 1.87 1.89 1.89 1.88 1.81 1.85 1.83 1.80 1.77 1.98

Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

unit cell pa ram e ters (with re fine ment sta tis tics)

a [�]   5.81(3)

b [�] 17.51(5)

c [�]   8.02(3)

Rwp 1.39   

GoF 1.10   

DW 1.78   

1) cal cu lated as 100–S; for other ex pla na tions see Ta ble 1



Re place ment of langite by posnjakite is com monly man i -
fested in our sam ples, with grad ual crys tal mor phol ogy change
be ing ob served. PXRD pat terns of typ i cal langite crys tals re veal 
no ad mix tures of other spe cies. In con junc tion with its mor phol -
ogy change, i.e., dis tinct elon ga tion and di vi sion into smaller in -
di vid u als (Fig. 2E), in creas ing num bers of re flec tions spe cific to

posnjakite are no ticed. Feath ery ag gre gates (Fig. 2F) are ex -
clu sively made up of posnjakite.

Quan ti ta tive chem i cal anal y ses ob tained for langite cor re -
spond well to its ideal com po si tion (Ta ble 6). Cu and S are the
dom i nant el e ments. Small amounts of alu mina (up to
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T a  b l e  4

Chem i cal com po si tion (wt.%) and crys tal lo graphic data for cu prite from Radzimowice

Num ber
of 

ana lyse
1 2 3 4 5 6 7 8 9 10

Cu2O 99.05 98.58 99.17 99.31 99.23 99.11 98.70 99.47 99.31 99.30

Fe2O3   1.52  1.26   1.34   0.98   1.26   1.13   1.84   0.81   0.99   0.99

S 100.57 99.84 100.51 100.29 100.49 100.24 100.54 100.28 100.30 100.29 

apfu (base: O = 1)

Cu 1.96 1.97 1.96 1.97 1.97 1.97 1.95 1.98 1.97 1.97

Fe 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01

unit cell pa ram e ters (with re fine ment sta tis tics)

a [�]         4.268(1)

Rwp 12.04

GoF   1.17

DW   1.48

For ex pla na tion see Ta ble 1

T a  b l e  5

Chem i cal com po si tion (wt.%) and crys tal lo graphic data for devilline from Radzimowice

Num ber 
of 

ana lyse
1 2 3 4 5 6 7 8 9 10

SO3 24.25 23.63 23.64 24.66 25.36 24.44 24.46 24.49 24.49 23.99

SiO2  0.68  1.03  0.97  0.83  0.59  0.21  0.00  0.21  0.00  0.10

Al2O3  0.38  0.91  0.47  0.40  0.38  0.22  0.19  0.08  0.00  0.18

CuO 48.11 47.92 48.36 48.06 47.78 48.55 48.39 48.48 48.70 48.47

CaO  8.25  8.39  8.29  8.18  7.65  8.52  8.88  9.17  8.72  9.46

S 81.67 81.88 81.73 82.13 81.76 81.94 81.92 82.43 81.91 82.20

H2O
1) 18.33 18.12 18.27 17.87 18.24 18.06 18.08 17.57 18.09 17.80

apfu (base: Cu + Ca + Al = 5)

S 1.99 1.92 1.93 2.03 2.13 1.99 1.98 1.98 1.99 1.92

Si 0.07 0.11 0.11 0.09 0.07 0.02 0.00 0.02 0.00 0.01

Al 0.05 0.12 0.06 0.05 0.05 0.03 0.02 0.01 0.00 0.02

Cu 3.98 3.91 3.97 3.99 4.03 3.98 3.95 3.93 3.99 3.90

Ca 0.97 0.97 0.97 0.96 0.92 0.99 1.03 1.06 1.01 1.08

unit cell pa ram e ters (with re fine ment sta tis tics)

sam ple dev 1 199B

a [�] 20.836(4) 20.84(1)

b [�]   6.104(2) 6.136(3)

c [�] 22.177(5) 22.19(1)

ß [°] 102.66(2)   102.80(5)

Rwp 7.59   3.22

GoF 1.12   1.15

DW 0.79  1.74

For ex pla na tions see Ta bles 1 and 3



1.79 wt.%) and sil ica (up to 1.23 wt.%) were rec og nized. The
mean chem i cal for mula (n = 10) is: (Cu3.96Al0.04)S4.00(SO4)1.00

(OH)6 × 1.90H2O.

MALACHITE Cu2(CO3)(OH)2

Mal a chite, a com mon sec ond ary Cu min eral in the aban -
doned mine gal ler ies, oc curs in sev eral forms. One of them
com prise forms cryptocrystalline, earthy incrustations on the
sur face of chal co py rite crys tals un der go ing weath er ing. Mal a -
chite also oc curs as incrustations on the sur face of rhyolites
and schists that con tain weath ered chal co py rite. The coat ings
are £2 mm thick and up to sev eral tens of centi metres in di am e -
ter. Mal a chite of this type usu ally co ex ists with HCS, and signs
of mal a chite-for-langite re place ment are oc ca sion ally ob -
served. The next mor pho log i cal type is stalactitic. The length of
mal a chite sta lac tites can reach a few centi metres. As a rule, the 
sta lac tites are soft. The PXRD pat terns of the last mor pho log i -
cal type show broad ened re flec tions, in di cat ing poor or der ing of 
the struc ture. This is due to a rel a tively rapid rate of the sta lac -
tite for ma tion. In places, mal a chite ap pears as spher i cal ag gre -
gates, £3 mm in di am e ter, built of thin nee dles. Lo cally these
mal a chite ag gre gates are found within segregations of
chalcoalumite or woodwardite. Ball-like mal a chite ag gre gates
may also found within ferrihydrite ac cu mu la tions that con tain
na tive cop per, cu prite, HCS and small amounts of gyp sum and
amor phous Cu-Al sulphates.

MOTTRAMITE PbCu(VO4)(OH)

Mottramite was iden ti fied by mi cro-area re search and
PXRD anal y sis (Ta ble 7). Small segregations, <20 mm in
size, were found at the first level of the aban doned mine
where mottramite oc curs at the bor der of goethite and chry -
socolla (Fig. 2G). In places it also fills thin cracks cut ting
goethite. Mottramite is the only vanadate on the site and the
only known Bi- and Zn-bear ing SCM. Con tents of Cu vary
from 1.01 to 1.16 apfu. Lead (from 0.87 to 0.98 apfu) is sub -
sti tuted by cal cium (0.07–0.13 apfu) and bis muth
(0.03–0.05 apfu). The com po si tion cor re sponds to Ca-bear -
ing ar se nate mottramite. Such a re place ment may be com -
pared to the re place ment re ported for the bis muth–calcian
va ri ety of the spe cies, called duhamelite (Krause et al.,
2003). The chem i cal com po si tions of the mottramite at
Radzimowice in di cate sig nif i cant sub sti tu tions on the an ionic
sites. The VO4

3 - ions (0.42–0.60 apfu) in the tet ra he dral site
are par tially re placed by ar se nate and phos phate ions (0.24–0.41
and 0.16–0.18 apfu, re spec tively). The ap prox i mate for mula (n =
10) is: (Pb0.93Ca0.09Bi0.04)S1.06Cu1.06[(V0.53As0.30P0.17)S1.00O4](OH)1.54.
A good neg a tive cor re la tion (R2 = 0.95) be tween Ca2+ and 
AsO4

3 - could point to the ana lysed mottramite be ing an in ter -
me di ate mem ber of the conichalcite [CaCu(AsO4)(OH)] –
mottramite se ries (e.g., Basso et al., 1989). How ever, the
amount of Ca and Bi (re plac ing Pb) is much smaller than the
amount of As (re plac ing V). The diadochy in the Pb – (Ca +
Bi) sys tem seems to be mi nor here. Thus, the min eral ana -
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T a  b l e  6

Chem i cal com po si tion (wt.%) and crys tal lo graphic data for langite from Radzimowice

Num ber 
of 

ana lyse
1 2 3 4 5 6 7 8 9 10

SO3 16.77 17.28 16.18 15.90 16.16 16.31 16.29 16.27 16.64 16.63

SiO2   0.00  1.23  1.08  0.89  0.42  0.00  0.00  0.06  0.00  0.00

Al2O3   0.00  0.65  1.79  0.60  0.42  0.00  0.56  0.10  0.00  0.00

CuO 64.70 62.83 63.67 64.35 64.43 65.60 64.79 65.71 65.26 65.26

S 81.47 81.99 82.72 81.74 81.43 81.91 81.64 82.14 81.90 81.89

H2O
1) 18.53 18.01 17.28 18.26 18.57 18.09 18.36 17.86 18.10 18.11

apfu (base: Cu + Al = 4)

S 1.03 1.08 0.97 0.97 0.99 0.99 0.99 0.98 1.01 1.01

Si 0.10 0.09 0.07 0.03 0.01

Al 0.06 0.17 0.06 0.04 0.05 0.01

Cu 4.00 3.94 3.83 3.94 3.96 4.00 3.95 3.99 4.00 4.00

unit cell pa ram e ters (with re fine ment sta tis tics)

Sam ple lang 1 lang 2 lang 3 lang 4

a [�] 7.1278(7)  7.119(6)  7.130(8)  7.122(1)

b [�]  6.03522(5)  6.046(8)  6.026(8)  6.01(6)

c [�] 11.213(1)     11.248(8) 11.240(5) 11.25(2)

ß [°] 90.136(9)     89.66(1) 89.9(2)   89.3(2)

Rwp 10.57           9.27   14.09     7.59 

GoF 2.35         1.48    4.96   1.12 

DW 0.68         0.94   0.20   0.79 

For ex pla na tions see Ta bles 1 and 3



lysed should rather be placed in the mottramite – duftite se -
ries. Brugger et al. (2001) sug gest the ex is tence of mottra -
mite – tangeite [CaCu(VO4)(OH)] solid so lu tion. How ever, a
neg a tive cor re la tion be tween Ca2+ and VO4

3 - ex cludes the
Radzimowice mottramite from be long ing to that se ries. Con -
firmed cases of the pres ence of solid so lu tions be tween
mottramite and min er als of the adelite group are rarely found
in the lit er a ture (Lazebnik and Zajakina, 1988). The chem i cal
com po si tion of mottramite from the aban doned mine gal ler -
ies at Radzimowice con firms the ex is tence of such iso -
morphous se ries.

NATIVE COPPER Cu

Na tive cop per was re ported in the 19th cen tury by Traube
(1888) as den dritic ag gre gates ob served in thin fis sures of
green schists. Den drites of na tive cop per were built by small
crys tals formed as dodecahedrons. The pres ence of na tive
cop per in as so ci a tion with he ma tite and pitticite in the near-sur -
face part of the Radzimowice de posit was no ticed by Berg

(1913). The pres ence of na tive cop per pre cip i tat ing on steel
rails was also no ticed by Stauffacher (1916).

Dur ing study of the sec ond ary cop per min er als oc cur ring in
aban doned mine pits, two types of na tive cop per were dis tin -
guished. The first type is na tive cop per form ing sin gle den drites, 
£3 cm long, sit ting in the segregations of ferrihydrite (Fig. 4D).
At sev eral lo cal i ties within the mine pits na tive Cu is as so ci ated
with cu prite, brochantite, langite, posnjakite, mal a chite and
small amounts of chalcoalumite and amor phous sulphates of
Cu and Al. The den drites are lo cally in grown in tab u lar, trans -
par ent gyp sum crys tals, co ex ist ing with pitticite. In places the
den drites form spongy ac cu mu la tions, up to a dozen or so
centi metres in di am e ter, oc cur ring within the sta lag mites of iron
oxyhydroxides. The sec ond type of cop per is ob served in the vi -
cin ity of steel ob jects left in old min ing gal ler ies. The moss-like
ag gre gates of such cop per are up to few centi metres in size.
Both types of na tive cop per form crys tals which usu ally are
com bi na tions of cubes and octahedra. The octahedron face
may be skel e tal (Fig. 2H). In many cases, two gen er a tions of
cop per are ob served, the older of which has cu bic habit, while
the youn ger epitaxially grows on the edges, rep re sent ing a
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T a  b l e  7

Chem i cal com po si tion (wt.%) and crys tal lo graphic data for mottramite from Radzimowice

Num ber
of 

ana lyse
1 2 3 4 5 6 7 8 9 10

V2O5
1) 12.62 10.77 13.03 12.49 10.53 11.88 11.32   9.23 11.91 12.39

As2O5 7.37   8.78   6.75   7.22   9.06   8.08   8.54 11.37   8.18   7.50

P2O5 2.88   2.76   2.71   3.09   2.85   3.09   2.92   3.09  2.96   3.02

Bi2O3 1.90   2.04   1.53   2.13   2.29   2.12   2.01   2.78   2.06   1.74

PbO 51.71 47.96 52.59 51.17 48.60 50.45 49.24 47.47 49.86 51.97

CuO 19.96 21.65 19.99 20.23 20.82 19.58 20.93 21.19 19.75 19.80

ZnO   0.09  0.06   0.00   0.06   0.00   0.14   0.10   0.00   0.00   0.07

CaO   1.02   1.40   0.89   0.99   1.33   1.32   1.15   1.80   1.27   1.10

S 97.55 95.42 97.49 97.38 95.48 96.66 96.21 96.93 95.99 97.59

H2O
2)  2.45   4.58   2.51   2.62   4.52   3.34  3.79   3.07   4.01   2.41

apfu (base: V + As + P = 1)

V 0.57 0.51 0.60 0.56 0.49 0.53 0.52 0.42 0.54 0.56

As 0.26 0.33 0.24 0.26 0.34 0.29 0.31 0.41 0.29 0.27

P 0.17 0.17 0.16 0.18 0.17 0.18 0.17 0.18 0.17 0.17

Bi 0.03 0.04 0.03 0.04 0.04 0.04 0.04 0.05 0.04 0.03

Pb 0.95 0.92 0.98 0.94 0.93 0.92 0.92 0.87 0.92 0.95

Cu 1.03 1.16 1.05 1.04 1.11 1.01 1.10 1.09 1.02 1.02

Zn 0.01 0.01

Ca 0.07 0.11 0.07 0.07 0.10 0.10 0.09 0.13 0.09 0.08

OH 1.12 2.18 1.16 1.19 2.14 1.52 1.75 1.40 1.83 1.10

unit cell pa ram e ters (with re fine ment sta tis tics)

a [�]   8.98(3)

b [�] 10.77(3)

c [�]   6.75(2)

Rwp 1.39   

GoF 1.10   

DW 1.78  

1) wt.% val ues for SO3, SiO2, Al2O3 and FeO omit ted, as al ways equal ing 0.00; 2) cal cu lated as 100-S;
for other ex pla na tions see Ta ble 1



com bi na tion of octahedron, rhombic dodecahedron and gyroid.
Cop per twins on the oc ta he dral faces are com mon.

Elec tron microprobe anal y sis of the den dritic cop per from
ferrihydrite sta lag mites showed that the chem i cal com po si tion
is very pure. Mi nor con cen tra tions of iron (0.10–0.62 wt.%) are
likely due to the pres ence of tiny in clu sions of Fe oxyhydroxides
in the ma te rial ana lysed.

POSNJAKITE Cu4(SO4)(OH)6 × 2H2O

The hy drous cop per sul phate min eral posnjakite is found in
two set tings. Posnjakite forms light blue den dritic crys tals and
thin tab u lar crys tals, £1 mm long (Fig. 4E) on the sur face of
rhyolitic rocks which con tain weath ered chal co py rite. The
posnjakite is as so ci ated with brochantite, langite, mal a chite and 
small amounts of devilline. Lo cally these min er als grow with
other base cop per sulphates on the wooden shaft sup port pil -
lars. The sec ond type of posnjakite oc cur rence is its as so ci a tion 
with Fe-oxyhydroxide (mainly ferrihydrite) dropstones. Such
posnjakite fills small cav i ties in cen tral parts of the dropstones
or grows on the sur face of cop per-cu prite ag gre gates with
langite (Fig. 4F). In this case, posnjakite co ex ists with small
amounts of mal a chite, gyp sum, chalcoalumite, and amor phous
Cu-Al sulphates.

In both types, a re place ment of langite crys tals by pos -
njakite microcrystalline ag gre gates (see above) was ob served.

Such a pro cess has also been re corded by other au thors e.g.,
Komkov and Fefedov (1967).

The X-ray pow ders pat terns of posnjakite from Radzimo -
wice cor re spond well to the data pub lished for this min eral. The
pa ram e ters b and c fit well into the gen eral trend ex tend ing from 
6.33 to 6.35 � and ca. 7.84 to ca.7.90 �, re spec tively (Ta ble 8).
Other lat tice pa ram e ters are prac ti cally in vari able if one anal y -
ses the pub lished data.

The chem i cal com po si tion of posnjakite was de ter mined by
WDS anal y sis (Ta ble 8). The quan ti ta tive chem i cal study shows
small im pu ri ties of alu minium (£0.08 apfu) and sil ica (£0.11 apfu).
The em pir i cal for mula of posnjakite from Radzi mowice (n = 10) is
as fol low: (Cu3.97Al0.03)S4.00[(SO4)0.95(SiO4)0.05]S1.00(OH)6 × 1.95H2O.
Posnjakite fol lows the same ten dency of con cen trat ing some Al
and Si as does langite.

WOODWARDITE Cu4Al2(SO4)(OH)16 × 2–4H2O

Woodwardite, a min eral giv ing its name to a group of sim i lar
com pounds, forms cryptocrystalline cov ers, deep to light blue,
pre cip i tat ing on the walls of mine gal ler ies down which mine
drain age wa ter is flow ing (Fig. 3B). They com prise sphe roi dal or 
oval ag gre gates (Fig. 5A). Even high-mag ni fi ca tion im ag ing
could not re veal the crys tal habit within them. Lo cally also loose, 
non-con sol i dated ac cu mu la tions of this min eral are found.
Woodwardite is usu ally as so ci ated with small amounts of mal a -
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T a  b l e  8

Chem i cal com po si tion (wt.%) and crys tal lo graphic data of posnjakite from Radzimowice

Num ber 
of 

ana lyse
1 2 3 4 5 6 7 8 9 10

P2O5 0.09  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00

SO3 16.57 15.86 17.72 15.86 15.97 16.98 15.74 16.47 16.90 15.60

SiO2 1.06  0.00  1.35  0.00  0.00  1.28  0.21  1.38  0.00  0.45

Fe2O3 0.00  0.00  0.34  0.00  0.00  0.02  0.00  0.00  0.00  0.00

Al2O3 0.56  0.00  0.72  0.00  0.20  0.77  0.26  0.09  0.00  0.60

CuO 63.38 65.61 61.45 65.57 66.68 62.58 65.56 65.01 64.94 63.95

S 81.66 81.47 81.58 81.43 82.85 81.63 81.77 82.95 81.84 80.60

H2O
1) 18.34 18.53 18.42 18.57 17.15 18.37 18.23 17.05 18.16 19.40

apfu (base: Cu + Al = 4)

P 0.01

S 1.02 0.96 1.12 0.96 0.95 1.06 0.95 1.00 1.03 0.96

Si 0.09 0.11 0.11 0.02 0.11 0.04

Al 0.05 0.07 0.02 0.08 0.02 0.01 0.06

Cu 3.95 4.00 3.91 4.00 3.98 3.92 3.98 3.99 4.00 3.94

Fe2+ 0.02

unit cell pa ram e ters (with re fine ment sta tis tics)

Sam ple pos 1 pos 2 pos 3

a [�] 10.557(1) 10.55(2) 10.497(4)

b [�] 6.3326(8) 6.35(1) 6.33(2)

c [�] 7.847(1) 7.81(1) 7.87(3)

ß [°] 117.977(8) 117.5(2) 118.1(4)

Rwp 9.27 14.09 10.57

GoF 1.48 4.96 2.35

DW 0.94 0.20 0.68

For ex pla na tions see Ta bles 1 and 3



chite, langite, chalcoalumite, amor phous sil ica and Cu-Al
sulphates. The Rietveld re fine ment gives unit cell pa ram e ters in 
agree ment with pub lished val ues. Woodwardite is prac ti cally in -
dis tin guish able from chalcoalumite by PXRD. Nev er the less,
the best re fine ment re sults are ob tained when in clud ing this
phase. The cal cu lated crys tal lite size (Lorentzian) is around
222(98) nano metres, sug gest ing that woodwardite is more
crys tal line than chalcoalumite. Nickel (1976) re ports the fol low -
ing d val ues for re flec tions of the Cornwall (real) woodwardite:
9.1, 4.43 (weak, broad and dif fuse), 2.58 and 1.50 �. Tiny,
shoul der-like re flec tion ~9 � are ob served on all the diffra -
ctograms and the cor re spond ing {003}  basal re flec tion is of ten
asym met ri cal. Re flec tions at ~4.50–4.44 � were also no ticed
and are also very weak and dif fuse. A broad re flec tion at 2.60 �
is ev i dent in two of three sam ples un der study. One or two very
dif fuse re flec tions with d val ues of the 1.50–1.54 � range can be 
seen in diffractograms of at least one sam ple.

The IR spec trum of the woodwardite is char ac ter ized by
sev eral ab sorp tion bands. Woodwardite con tains two types of
wa ter – wa ter mol e cules and hydroxyl ions. The main OH
stretch ing vi bra tion is ob served at 3425 cm–1. A strong peak ob -
served at 1635 cm–1 is as so ci ated with dw wa ter bend ing modes 
of H2O mol e cules. The pres ence of SO4

2 - ions is con firmed by
sev eral ab sorp tion bands char ac ter is tic of this an ion (Schmidt
and Lutz, 1993; Frost et al., 2010). The in ten sive band at
1116 cm–1 is as signed to the asym met ri cal stretch ing mode of
sul phate ions (v3), and the one at 976 cm–1 to the sym met ri cal

stretch ing mode of these ions (v1). The band with a max i mum at 
611 cm–1 is as signed to out-of-plane bend ing modes (v4). In the
IR spec tra sev eral bands in dic a tive of car bon ate groups were
also no ticed, namely at 1521, 1430, 1399, 819 cm–1 and
667 cm–1. The oc cur rence of these bands could be ex plained by 
the pres ence of small in clu sions of mal a chite, known to be
closely as so ci ated with woodwardite. On the other hand, small
amounts of car bon ate ions have been de tected in hydro talcite-
 like sul phate min er als from dif fer ent sites (e.g., Nickel, 1976;
Bish and Living stone, 1981; Raade et al., 1985). This is sug ges -
tive of par tial car bon ate-for-sul phate re place ment in the struc -
ture of the woodwardite from Radzimowice. 

WROEWOLFEITE CU4(SO4)(OH)6 × 2H2O

Wroewolfeite forms thin-bladed, light green crys tals
£0.2 mm in size. The crys tals grow on the sur face of rhyolites,
as so ci ated with thin nee dles of mal a chite. No wroewolfeite was
found in as sem blages with other HCS.

This min eral was iden ti fied by X-ray pow der dif frac tion; the
re fined unit-cell pa ram e ters are in good agree ment with the
pub lished data (Ta ble 9). A quan ti ta tive chem i cal anal y sis of
wroewolfeite is shown in Ta ble 9. The min eral ana lysed is rel a -
tively pure; the mi nor ad mix tures in clude iron (from 0.23 to
3.10 wt.% Fe2O3), alu minium (to 0.28 wt.% Al2O3), phos pho rus
(up to 0.12 wt.% P2O5) and sil ica (0.82 wt.% SiO2). The em pir i -

594 Rafa³ Siuda and £ukasz Kruszewski

Fig. 5. SEM im ages of sec ond ary cop per min er als from Radzimowice

A – spher i cal ag gre gates of woodwardite, B – ag gre gates of amor phous Cu-Al sulphates, C – cracked pitticite co ex ist ing
with langite and na tive cop per, D – cu prite crys tals with traces of dis so lu tion, partly cov ered 

by ir reg u lar ag gre gates of HCS (in di cate by ar rows)



cal for mula of the wroewolfeite (n = 8) may be writ ten as
(Cu3.95Fe0.04Al0.01)S4.00[(SO4)0.84(SiO4)0.01]S0.85(OH)6 × 1.63H2O.

OTHER MINERALS COEXISTING WITH SCM

Ferrihydrite is the most com mon min eral as so ci ated with
SCM at the study site. It is usu ally pres ent as sta lag mites or sta -
lac tites, less than tens of centi metres in length. The min eral is
very of ten pres ent as loose ac cu mu la tions, up to 1 or even 2 m
thick, ly ing at the bot tom of old mine pits. Ferrihydrite is ac com -
pa nied by goethite. Schwertmannite ap pears in zones of in flow
of very pH-low wa ters. SCM that oc cur within ferrihydrite ac cu -
mu la tions typ i cally are as so ci ated with gyp sum.

Amor phous phases that pro duce very weak or no XRD re -
sponse also oc cur at the study site as thin crusts of light blue
or blue-green col our. They usu ally co ex ist with chalcoalumite
or woodwardite and may also form loose fill ings oc clud ing
open spaces of ferrihydrite sta lac tites. High mag ni fi ca tion
SEM im ages show that the amor phous crusts form bot ry oi dal
ag gre gates (Fig. 5B). The chem i cal com po si tion of the ag gre -
gates is vari able, and var i ous Cu/Al ra tios were ob tained. In
some cases, small ac cu mu la tions of pitticite, an amor phous
hy drous fer ric ar se nate-sul phate, were found near na tive cop -
per and Cu min er als re plac ing cop per (Fig. 5C). This phase is
strongly cracked, rus set-black, of res in ous luster and con -
choidal frac ture.

SECONDARY Cu MINERAL
PARAGENESES AND THEIR
FORMATION CONDITIONS

Sev eral char ac ter is tic min eral parageneses
are dis tin guished (Ta ble 10) based on our study of
SCM re cently formed in aban doned mine gal ler ies
in Radzimowice. These dis tinct parageneses dif fer 
by min eral com po si tion and by fre quency of oc cur -
rence. The vari abil ity of parageneses of sec ond ary 
Cu min er als from Radzimowice re flects dif fer ent
for ma tion con di tions within the ox i da tion zone, the
com po si tion of the pri mary ore min er als, the min -
eral com po si tion of host rocks, and ac tiv i ties of
par tic u lar ions in wa ters cir cu lat ing in the ox i da tion
zone. The main Cu ore min eral is chal co py rite.
This sul phide ox i dizes rel a tively slowly un der the
in flu ence of at mo spheric ox y gen and wa ter [re ac -
tion 1]: 

CuFeS2 + 4.25O2 + 1.5H2O ® Cu2+ + 2SO4
2-  +

+ 4H+ + FeO(OH) [1]

This pro cess leads to slight pH de crease. Re -
ac tion [1] is catalysed by the pres ence of Fe3+ ions
(Klauber et al., 2001; Maley et al., 2009). The
source of the fer ric iron is the ox i da tion of py rite as -
so ci ated with chal co py rite, ac cord ing to the re ac -
tions [2 and 3]:

FeS2 + 3.5O2 + H2O ® Fe2+ + 2SO4
2-  + 2H+ 

[2]

Fe2+ + 0.25O2 + H+ ® Fe3+ + 0.5H2O [3]

Py rite de com po si tion leads to a dras tic drop of
pH within the en vi ron ment [re ac tion 4] and pro duces chem i cally 
ag gres sive acidic mine wa ters (AMD).

FeS2 + 14Fe3+ + 8H2O ® 15Fe2+ +
+ 2SO4

2-  + 16H+ 

[4]

Acid mine drain age and weath er ing of py ritic schists are ob -
served at Radzimowice (Parafiniuk and Siuda, 2006). The ac -
tion of acid mine wa ters on bar ren rocks is well-known
(Parafiniuk, 1996; Nordstrom and Alpers, 1999; Marini et al.,
2003; Bowell and Parshley, 2005; Hammarstrom et al., 2005).
Un der re duced pH con di tions, some rock-form ing min er als in -
clud ing chlo rites in schists and plagioclases in rhyolites un -
dergo de com po si tion. This causes Al lib er a tion and its in cor po -
ra tion into so lu tions. Alu minium re mains in so lu tion as long as
pH is suf fi ciently low. The rise in pH leads to bind ing of Al in sec -
ond ary Cu-Al min eral spe cies. Such de com po si tion of rock-
 form ing aluminosilicates plays an im por tant role in the for ma tion 
of sec ond ary Cu min er als at Radzimowice.

The first paragenesis (no. I) in cludes HCS – langite,
posnjakite, brochantite, devilline and mal a chite. Min er als of this
as sem blage crys tal lise di rectly from mine wa ters flow ing down
the mine side walls. Nei ther gyp sum nor Fe oxyhydroxides were
iden ti fied in this paragenesis. The crystallisation of a par tic u lar
HCS is mod elled by both the con cen tra tion of SO4

2 -  ions in so lu -
tion and its pH. Gen er ally for ma tion of posnjakite is likely pre -
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T a  b l e  9

Chem i cal com po si tion (wt.%) and crys tal lo graphic data 
for wroewolfeite from Radzimowice

Num ber
of 

ana lyse
1 2 3 4 5 6 7 8

P2O5   0.09  0.00  0.10  0.12  0.00  0.00  0.00  0.00

SO3 15.16 13.23 13.51 14.91 14.52 14.34 14.24 14.93

SiO2  0.17  0.20  0.82  0.00  0.08  0.15  0.00  0.00

Fe2O3  0.37  0.96  3.10  0.23  0.57  0.27  0.29  0.32

Al2O3  0.09  0.06  0.28  0.00  0.05  0.08  0.00  0.00

CuO 66.99 68.15 64.61 67.24 66.48 67.47 67.10 66.71

S 82.87 82.60 82.42 82.50 81.70 82.31 81.63 81.96

H2O
1) 17.13 17.40 17.58 17.50 18.30 17.69 18.37 18.04

apfu (base: Cu + Fe + Al = 4)

P 0.01  0.01 0.01    

S 0.89 0.76 0.79 0.88 0.86 0.84 0.84 0.89

Si 0.01 0.02 0.06 0.01 0.01

Fe2+
0.02 0.06 0.18 0.01 0.03 0.02 0.02 0.02

Al 0.01 0.01 0.03 0.01

Cu 3.97 3.94 3.79 3.99 3.96 3.98 3.98 3.98

unit cell pa ram e ters (with re fine ment sta tis tics)

a [�]   5.989(8)

b [�]   5.709(8)

c [�] 14.328(7)

ß [°] 93.1(2)   

Rwp 4.08  

GoF 1.36  

DW 1.17  

For ex pla na tions see Ta bles 1 and 3

https://gq.pgi.gov.pl/article/view/7429/6079


ceded by the pre cip i ta tion of amor phous HCS that tend to
quickly trans form into posnjakite (Krätschmer et al., 2002). Be -
sides pos njakite, langite also forms early in paragenesis I. Both
sulphates are sta bi lized by rel a tively high a SO4

2 -  (Dabinett et
al., 2008) and pH val ues, the lat ter vary ing from 6.0 to 7.5
(Alwan and Wil liams, 1979).

An in flow of greater amounts of ground wa ter in hu mid sea -
sons causes a de crease in SO4

2 -  and Cu2+ ion con cen tra tions
and a change of pH, which causes posnjakite and langite dis so -
lu tion. This is shown by dis so lu tion traces ob served at the sur -
face of langite crys tals and also by the lack of brochantite
pseudomorphoses af ter langite. So lu tions with low ered Cu2+

and SO4
2 -  con cen tra tions are pa ren tal for brochantite. This min -

eral is the most sta ble HCS, form ing at a pH range of 4–7.5
(Marani et al., 1995; Fitz ger ald et al., 2006; Kaº and Birer,
2012). As Maley et al. (2009) showed, the drop of pH be low the
value of 3 rap idly causes dis so lu tion of brochantite. Fur ther -
more, no antlerite, which crystallises at pH <4 (Pol lard et al.,
1992; Fuente et al., 2008), or tenorite, sta ble by pH >8 (Fitz ger -
ald et al., 1998; Frost, 2003) were found. The rar est HCS found
within paragenesis I is devilline. Its pres ence re flects lo cally
high Ca2+ ion ac tiv ity in the mine wa ters. The chang ing chem is -
try of these so lu tions is also con firmed by the pres ence of mal a -
chite, which forms over a wide range of CO3

2 -  ion con cen tra tions 
(Vink, 1986). Mal a chite may crys tal lise di rectly from the so lu tion 
[re ac tion 5]:

2Cu2+ +  CO3
2-  + 2OH– ® Cu2(CO3)(OH)2 [5]

If the ac tiv ity of SO4
2 -  ions falls and the con cen tra tion of 

CO3
2 -  ions rise within the so lu tion, mal a chite may re place pre vi -

ously formed HCS (Woods and Garrels, 1986; Clissold et al.,
2005). This pro cess is de scribed by re ac tion [6]:

Cu4SO4(OH)6 × 2H2O + 2 CO3
2-+

+ 4H+ ® 2Cu2(CO3)(OH)2 +  SO4
2-+ 4H2O + 2H+ 

[6]

This re ac tion ex plains the for ma tion of mal a chite pseudo -
morphs af ter langite in paragenesis I. On the ba sis of mod el ling
done by Alwan and Wil liams (1979) for a langite/bro -
chantite–mal a chite as sem blage from Cornwall, one may con -
clude that this pro cess takes place at pH 6.0–7.5 and de pends
on a CO3

2 -  in so lu tion. A rise of a CO3
2 - , due to sea sonal in flow of 

rain wa ter, causes dis equi lib rium be tween HCS and mal a chite.
The ab sence of wroewolfeite in paragenesis I is likely due to 

the pre vail ing pH con di tions. Wroewolfeite is known, e.g., from
efflorescences pre cip i tat ing from Cu-rich AMD at the Kirki de -

posit, Greece (Triantafyllidis and Skarpelis, 2006). In this de -
posit wroewolfeite is formed at low pH, i.e. ~3. This is at vari -
ance with the data of Dabinett et al. (2008), that find wroe -
wolfeite, the less sta ble HCS, crystallising by pH ~6. The rar ity
of the oc cur rence of wroewolfeite in the Radzimowice mine may 
be due to el e vated con cen tra tions of Mg in the mine wa ters
(Parafiniuk and Siuda, 2006). Dabinett et al. (2008) no ticed that
the pres ence of Mg2+ in so lu tion in hib its nu cle ation of wroe -
wolfeite while pro mot ing the for ma tion of posnjakite.

HCS are also the dom i nant min er als that char ac ter ize
paragenesis II. How ever, na tive cop per, cu prite and gyp sum
and small amounts of chalcoalumite and amor phous Cu-Al
sulphates also are pres ent. The min er als of this paragenesis
are found ex clu sively within ac cu mu la tions of Fe oxyhydroxides 
with ferrihydrite as the main phase. Na tive cop per forms by re -
duc tion of Cu2+ ions by Fe2+ ions, fol low ing re ac tion [7], with Fe
re moved from the so lu tion by the si mul ta neous pre cip i ta tion of
ferrihydrite:

Cu2+ + 2Fe2+ ®  Cu0 + 2Fe3+ [7]

Cu prite crys tal lises at the sur face of na tive cop per, ac cord -
ing to the re ac tion [8]:

2Cu + 0.5O2 ® Cu2O [8]

Cu prite acts as a pre cur sor for fur ther sec ond ary Cu min er -
als, such as car bon ates and hy drous sulphates (Fitz ger ald et
al., 1998; Mendoza et al., 2004; Fuente et al., 2008). The sur -
faces of cu prite crys tals re veal traces of dis so lu tion and may be
cov ered by HCS (Fig. 5D). This in di cates cu prite dis so lu tion in
the pres ence of SO4

2 -  ions and re place ment by HCS, ac cord ing
to re ac tion [9]:

2Cu2O + SO4
2-  + 6H2O ® Cu4SO4(OH)6 ×

 × 2H2O + 2H+ 

[9]

HCS formed this way may sub sti tute the cu prite-cop per
ag gre gates. Langite and posnjakite of this paragenesis can
trans form into brochantite, as in the case of paragenesis I. The 
other sec ond ary Cu min er als are in sig nif i cant in paragenesis
II. The oc cur rence of small amounts of mal a chite may at test to
a sea sonal in flow of wa ters en riched in CO3

2 -  ions. Co ex is -
tence of sec ond ary Cu min er als with ferrihydrite al lows for the
rec og ni tion of crystallisation con di tions of these phases.
Ferrihydrite pre cip i tates from so lu tions of pH <5.5. By pH 6.5,
ferrihydrite be gins to dom i nate (e.g., Bigham et al., 1996; Yu et 
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T a  b l e  1 0

Min eral parageneses of sec ond ary cop per min er als from an aban doned mine at Radzimowice

Paragenesis Min eral composition1

I langite, posnjakite, brochantite, devilline, mal a chite

II langite, posnjakite, brochantite, mal a chite, chalcoaluminte, gyp sum, cu prite, na tive cop per, ferrihydrite,
amor phous Cu-Al sulphates, goethite, pitticite

III woodwardite, chalcoalumite, langite, mal a chite, amor phous Cu-Al sulphates 

IV chrysocolla, goethite, mottramite

1 mi nor or ac ces sory min er als in italic

https://gq.pgi.gov.pl/article/view/7429/6079


al., 1999; Murad and Rojík, 2003). At the same time, the pres -
ence of brochantite is in dic a tive of pH of the 4–7.5 range
(Bridges and Green, 2007). The pres ence of gyp sum in di -
cates that the value of a SO4

2 -  should be close to 10–2.5 mol/l,
that is the sat u ra tion con cen tra tion of gyp sum. Tak ing this
value un der con sid er ation, the sta bil ity fields of brochantite
and ferri hydrite over lap in the pH range of ~5–6. Im por tantly,
tenorite, which is sta ble at higher pH val ues, was not iden ti fied
within paragenesis II.

Paragenesis III at Radzimowice is dom i nated by wood -
wardite, with mi nor langite, chalcoalumite and mal a chite.
Wood wardite ac cu mu lates in zones 2–3 metres wide, where
mix ing of AMD wa ters with chem i cally un changed ground -
waters oc curs. At the con tact of these wa ters a clear sep a ra tion
of Fe-rich pre cip i tates of AMD wa ters from blue de posit of Cu-Al 
sulphates was ob served (Fig. 3C). Such a con tact zone is a nat -
u ral geo chem i cal bar rier. The blue de posit of woodwardite
binds Al that is re moved from so lu tion un der the con di tions of
el e vated pH. The pres ence of langite points to the pH of the
par ent so lu tions be ing around 6–7.5, which is con sis tent with
the val ues ob served by Dinelli et al. (1998) and Marini et al.
(2003) for blue de pos its of Cu-Al sulphates pre cip i tat ing from
mine wa ters of the Vigonzano and Libiola ar eas, It aly. Hydro -
geo che mical mod el ling and field ob ser va tions car ried out by
Tumiati et al. (2008) show that woodwardite crys tal lise by pH of
7.39–7.55 from CO2-undersaturated so lu tions, i.e., with CO2

con cen tra tion <10–4 mol/l. An in crease of CO2 con cen tra tion
leads to the for ma tion of mal a chite and other car bon ate-bear -
ing min er als (Stara et al., 1999). 

The last paragenesis re cently form ing in aban doned mine
gal ler ies com prises chrysocolla, goethite and mottramite.
These min er als oc cur at the sur face of a joint cut ting rhy o lite.
Along this sur face, mi gra tion of so lu tions rich in metal ions and
sil ica may take place. The source of sil ica for chrysocolla, the
main con stit u ent of the paragenesis, is de com po si tion of rock-
 form ing min er als of both rhyolites and the sur round ing shales.
Ox i da tion of sulphides leads to the gen er a tion of pH-low so lu -
tions. By such con di tions, rock-form ing alu mi no sili cate min er als 
un dergo trans for ma tion rap idly. Mi gra tion of so lu tions out side
the zones in di rect con tact with ore min er als un der go ing ox i da -
tion and in flow of me te oric wa ters leads to an in crease in pH of
these so lu tions and bind ing of sil ica and Cu2+ ions in the form of
chrysocolla (Schlomovitch et al., 1999; Crane et al., 2001;
Števko et al., 2011). Pre cip i ta tion of goethite is sta bi lized by an

el e vated pH. Sub or di nate oc cur rences of mottramite are likely
due to low con cen tra tions of vanadate ions in so lu tion. The
source min er als of va na dium may be both rock-form ing min er -
als (e.g., bi o tite) and mag ne tite, which is pres ent in mi nor
amounts in the de posit and its sur round ings (Stauffacher, 1916; 
Hoehne, 1952; Manecki, 1965).

CONCLUSIONS

Parageneses of re cently form ing SCM re flect a di ver sity of
geo chem i cal con di tions pre vail ing in aban doned mine gal ler -
ies of the polymetallic metal mine in Radzimowice. Of the SCM 
group, the most com mon are HCS, usu ally ac com pa nied by
var i ous amounts of mal a chite. This in di cates rel a tively high
ac tiv ity of sul phate ions, as so ci ated with mod er ate amounts of
car bon ate ions. HCS may crys tal lise (1) di rectly from mine wa -
ters and (2) by trans for ma tion of pre vi ously formed cu prite and 
na tive cop per, due to the ac tion of sul phate-rich wa ters. The
oc cur rence of rich ac cu mu la tions of Cu-Al sulphates and ad -
mix tures of Al in nom i nally Al-free min er als (devilline, langite,
posnjakite) dem on strates rel a tively high ac tiv ity of Al3+ ions in
so lu tions pa ren tal for SCM. The pres ence of alu minium is due
to the de com po si tion of rock-form ing aluminosilicates at -
tacked by mine wa ters. The next fac tor in flu enc ing the for ma -
tion of SCM is pH. In gen eral, the crystallisation of HCS oc -
curred at  mildly acidic to neu tral pH. Cu-Al sulphates formed
in zones where low-pH wa ters, chem i cally trans formed due to
the ox i da tion of ores, were mix ing with neu tral wa ters. Such
zones rep re sent nat u ral geo chem i cal bar ri ers. Abun dant dis -
so lu tion traces and re place ment tex tures doc u ment the ef fects 
of sea sonal mod i fi ca tions of the chem i cal com po si tion of the
mine wa ters. These chem i cal vari a tions re flect an in creased
in flow of wa ters that re main chem i cally un changed due to
weath er ing pro cesses dur ing hu mid sea sons. The crystalli -
sation and dis so lu tion of these re cently form ing SCM play an
im por tant role in cop per se ques tra tion and re lease of cop per
into groundwaters.
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