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The Lece-Radan area of the Oligo-Mio cene mag matic com plex (for mer Tethyan ac tive mar gin, south ern Ser bia) con tains
more or less al tered vol ca nic and/or pyroclastic rocks of pre dom i nant andesitic, andesitic-dacitic, to dacitic com po si tion. Al -
ter ation seen at ex po sures var ies in type and in ten sity. Sam ples with doc u mented alunitization were col lected from hy dro -
ther mally al tered zones em bed ded within lo cal geo log i cal units of Oligo-Mio cene age. Min er al og i cal-chem i cal study has
con firmed for the first time the pres ence of alu nite group min er als (thirty-one oc cur rences) in this area. The min er als of the
alu nite group de scribed ex hibit dif fer ent com po si tions that are re mark ably con sis tent with both dif fer ent al ter ation types and
host lithologies. Six sam ples char ac ter ized in de tail show the fol low ing solid so lu tions: Alu52Nal43Sch5, Alu48Nal40Sch12,
Nal48Alu35Sch17, Nal44Alu35Sch21, Alu36Sch33Nal31 and Sch46Alu27Nal27 (Alu, Nal and Sch re fer to alu nite, natroalunite and
schlossmacherite, re spec tively). The cross-cut ting alu nite-bear ing frac ture pat tern and its den sity in di cate a high-
 sulphidation epi ther mal palaeoenvironment. The alu nite dis cov ery is con sis tent with the struc tural set ting (frac ture fre -
quency) em pha siz ing its dom i nant role in con trol ling the lo cal min er al iza tion. 

Key words: Lece-Radan vol ca nic com plex, alu nite group min er als, high-sulphidation epi ther mal en vi ron ment, struc tural fac -
tor, Vardar Zone, Serbo-Mac e do nian met al lo gen ic prov ince. 

INTRODUCTION

Epi ther mal-type rock al ter ation as so ci ated with up wardly-
 welling up per-crustal vol ca nic in tru sions has of ten been re -
ferred to as “alu nite-kaolinite” or “acid-sul phate” ores. Eco nom i -
cally vi a ble epi ther mal ore de pos its com monly form at a shal low 
depth above lithospheric-scale plate mar gins, as deep as 1 to
2 km, in di cat ing a tem per a ture range of <150 to ~300°C (White
and Hedenquist, 1995). Such shal low crustal lev els al low rapid
ex hu ma tion, post-hy dro ther mal weath er ing, and ero sion of
highly frac tured, po rous and per me able al ter ation zones, such
that these of ten gold-bear ing as sem blies are rarely ex posed.
Ad vanced argillic al ter ation con trib utes to the to tal de struc tion
of pri mary min er als, leav ing an in sol u ble res i due of quartz,
clays (kaolinite or pyrophyllite), alu mi num oxyhydroxides (dia -
spore) and, im por tantly, the tell tale alu nite min eral group (the
so-called “leached cap as sem blage”; Tosdal et al., 2009). 

The alu nite supergroup con sists of more than 40 min eral
spe cies with the gen eral for mula:

DG3(TX4)2X’6

where: D is oc cu pied by Na, K, Rb, Ag, Tl, NH4, H3O, va can cies, Ca,
Sr, Ba, Pb, Hg, Ce, La, Nd, Bi, and Th ions; G is typ i cally Cu2+, Zn2+,
Mg, Al3+, Fe3+, V3+, Cr3+, Ga and Sn4+; T is S6+, Cr6+, As5+, P5+, Sb or
Si; and X is O, (OH), (H2O) and F (Stoffregen et al., 2000; Bayliss,
2010). 

The alu nite sub group, as one part of the alu nite
supergroup, is char ac ter ized by (SO4)2-dom i nant min er als,
i.e., with the gen eral for mula AB3(SO4)2(OH)6, where the A site 
is usu ally oc cu pied by monovalent cat ions (K+, Na+, H3O

+ and
NH4

+), and the B site con tains Al3+ and Fe3+. The end mem -
bers are: alu nite KAl3(SO4)2(OH)6, jarosite KFe3(SO4)2(OH)6,
natro alunite NaAl3(SO4)2(OH)6, natrojarosite NaFe3(SO4)2(OH)6, 
ammo nioalunite (NH4)Al3(SO4)2(OH)6, ammoniojarosite
(NH4)Fe3(SO4)2(OH)6, schlossmacherite (H3O, Ca)Al3(SO4)2(OH)6,
hydro nium jarosite (H3O)Fe3(SO4)2(OH)6, etc. The alunite-
 natroalunite and jarosite-natrojarosite solid-so lu tion se ries are by
far the most abun dant nat u rally oc cur ring spe cies of the alu nite
supergroup. 
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Alunites were first dis cov ered in Ser bia at the Majdan lo cal -
ity in Boljetin near Kosovska Mitrovica (Tuæan, 1938). Iliæ (1961) 
stud ied a sin gle sam ple from this lo cal ity us ing X-ray pow der
dif frac tion (here in af ter XRPD) and chem i cal meth ods. The unit
cell di men sions were char ac ter ized, show ing the sam ple to be
a mix ture of alu nite (in which a small part of K was re placed by
Na) and jarosite. Joksimoviæ (1970) doc u mented quartz-alu nite
rocks at the Kopaonik Mt. area near Lukovska Banja. Vasiæ
(1986) ex plored alunites at Bioèin near Raška, with a sin gle
sam ple from the Veliki Bukovik lo cal ity be ing stud ied with dif fer -
en tial ther mal anal y sis (DTA), thermogravimetric anal y sis
(TGA), and chem i cal anal y sis and de ter mined as pure alu nite.
How ever, Tanèiæ and Janežiæ (2004) fur ther stud ied this sam -
ple by XRPD and sug gested that it is a mix ture of ma jor alu nite
and natroalunite in about equal con tents, with mi nor jarosite,
quartz, and feld spars. The unit cell di men sions of the alu nite,
natroalunite, and jarosite to gether with the chem i cal com po si -
tion were used for the char ac ter iza tion of the crystallochemical
for mu lae of the alu nite and natroalunite. Alu nite min er al iza tion
has also been doc u mented in other mag matic prov inces Bor,
Majdanpek, and Veliki Krivelj (Jankoviæ, 1990). 

A shal low epi ther mal vol ca nic palaeoenvironment is de -
scribed near the Lece ore-bear ing site in south ern Ser bia
(Stajeviæ, 2004; Fig. 1A, B), the Lece-Radan vol ca nic com plex
(Jelenkoviæ et al., 2008; Fig. 1B), re lated to Oligo-Mio cene ex -
ten sion, which is just par tially un der go ing ex plo ra tion. De tails of 
the min er al ogy, (ore) ge ol ogy, and of the tec tonic en vi ron ment
that pro duced rel a tively young vol ca nism, are not fully un der -
stood. As the pres ence of alu nite proved to be in for ma tive re -
gard ing the high-sulphidation hy dro ther mal con di tions, this pa -
per in ves ti gates the epi ther mal en vi ron ment via doc u ment ing
the alu nite group and/or other marker min er als. It doc u ments
the first dis cov ery of alu nite min er al iza tion in the Lece-Radan
vol ca nic com plex in the con text of the en clos ing rocks and their
ob served hy dro ther mal al ter ation, the min eral com po si tions be -
ing ana lysed by petrographic, XRPD, chem i cal, and ore mi cros -
copy meth ods. 

GEOGRAPHIC-GEOLOGICAL OUTLINE 
AND METALLOGENIC SETTING

The Lece-Radan calc-al ka line vol ca nic com plex or Lece
dis trict (Jankoviæ, 1977) is lo cated in a moun tain ous re gion of
south east ern Eu rope, south ern Ser bia (Fig. 1A, B), and cov ers
an area of ~720 km2. This area lies in the core of the poly-
 orogenic Variscan-Al pine amal gam ation of for mer Yu go sla via
and Ser bia (Fig. 1C). The re gional tectonostratigraphic as sem -
bly of for mer Yu go sla via is rep re sented by a de formed rock
amal gam ation shaped by the Phanerozoic in ter ac tion of Eu ro -
pean Gond wana-de rived crust and in ter ven ing oceans. The
area of cen tral-south ern Ser bia (Fig. 1B) hosts Ju ras sic Neo -
tethyan ves tiges of ophiolite-bear ing oce anic crust (Vardar
accre tionary wedge, Vardar Zone) and the over rid ing Serbo -
-Mac e do nian Unit (al ter na tively re ferred to as the “Serbo-Mac e -
do nian Mas sif”; Dimitrijeviæ, 1997; Schmid et al., 2020; Spahiæ
and Gaudenyi, 2019; sensu Spahiæ and Gaudenyi, 2020; Fig.
1C). Con se quently, the Lece-Radan mag matic and sed i men -
tary as sem blage is lo cated above an in ter sect ing deep-seated
lithospheric-scale crustal fault (Vukašinoviæ, 1973) con nected
to the nearby Neotethyan palaeosuture (Dimitrijeviæ and Gru -
biæ, 1977; Jankoviæ, 1977; Dimitrijeviæ, 1997; Fig. 1C). This Late 
Cre ta ceous–Paleogene con ver gent bound ary seems to have
been re ac ti vated by Neoalpine Late Oligocene in ver sion mar -
ked by wide spread extensional mo tions of the lo cal micro -
plates. The Lece-Radan vol ca nic com plex is po si tioned on top

of two prin ci pal, for merly con verg ing, first-or der geotectonic
units: the Serbo-Mac e do nian Unit and the ophiolite-bear ing
Vardar Zone in the west (Fig. 1C). This dis tinc tive lithospheric -
-scale in ter face area can be des ig nated as the “In ter nal Vardar
Zone” (Dimitrijeviæ, 1997; Fig. 1C) or the very west ern mar gin of
the Serbo-Mac e do nian Unit. The “In ter nal Vardar Zone” in the
vi cin ity of the Lece-Radan com plex is char ac ter ized by a Lower
Cre ta ceous megasequence, in clud ing the nearby ophiolite-
 bear ing oce anic ves tiges of the West Vardar Zone and Late
Cre ta ceous turbidites (Dimitrijeviæ, 1997). The com plex it self is
ac com mo dated within the west ern mar gin of the Serbo-Mac e -
do nian Unit (Fig. 1A). Ap par ently, the Late Cre ta ceous- Paleo -
gene Neote thyan palaeosuture un der went sig nif i cant exten -
sional re ac ti va tion and crustal thin ning dur ing the Neo alpine
stage. The Neo alpine extensional re ac ti va tion of the fos sil
Neotethyan con ver gent plate mar gin al lowed re cur rent Late
Oligocene-Mio cene vol ca nic ac tiv ity (the “vol ca nic cli max” of
Jankoviæ, 1977). The change over of the re gional tec tonic forces 
yielded the Neo alpine stage marked by the Early Mio cene –
Ottnangian depo sitional on set. At the re gional scale (for mer Yu -
go sla via), the im prints of re gion ally wide spread Neo gene ex ten -
sion and sub si dence are (i) the land locked Panno nian Ba sin
and (ii) its south ern ex ten sion/bays (to the south of Bel grade;
Fig. 1) reach ing the mod ern-day Južna Morava River (Maroviæ
et al., 2007). As re gards the Lece-Radan vi cin ity, how ever, it
seems that the ex ten sion took place slightly ear lier (prob a bly
along the in ter sect ing in her ited Tupale dis lo ca tion; Dimitrijeviæ,
1997). Thus, the ini tial ex ten sion-driven vol cano- sed i men tary
sys tem is of Late Oligocene age (Maleševiæ et al., 1979;
Vukano viæ et al., 1982).

The Lece-Radan area in ves ti gated com prises Neo gene
vol ca nic rocks, which in cludes the Up per Oligocene vol cano-
 sed i men tary unit. Four prin ci pal mag matic and sed i men tary se -
quences oc cupy the wider area in ves ti gated, while the two main 
events oc curred dur ing the Late Oligocene-Mio cene (Maleševiæ 
et al., 1979; Vukanoviæ et al., 1982). The Lece-Radan vol ca nic
com plex is mainly rep re sented by tuffs, vol ca nic brec cias,
ande sites, quartz latites, and sec ond ary quartzites (Fig. 2). A
small pe riph eral area in cludes con glom er ates, sand stones, and 
marls with lime stone. The rocks un der went hy dro ther mal al ter -
ation of con trast ing in ten si ties. 

METALLOGENIC ZONING

As noted ear lier, epi ther mal ore de pos its form at shal low
depths (White and Hedenquist, 1995). Epi ther mal Au de pos its
are a type of lode de posit bear ing eco nomic con cen tra tions of
Au (±Ag and base met als; Tay lor, 2007). Epi ther mal de pos its
may have a sim i lar age to their host rocks, in par tic u lar when
they are of vol ca nic or i gin or (typ i cally) are youn ger than their
host rock. The Lece-Radan vol ca nic com plex is char ac ter ized
by high and low sulphidation epi ther mal gold min er al iza tion, be -
ing a seg ment of the first-or der Serbo-Mac e do nian metallo -
genetic unit (Jelenkoviæ et al., 2008). The Serbo-Mac e do nian
met al lo gen ic prov ince oc cu pies the cen tral part of Ser bia, cov -
er ing ter rains of the Vardar Zone, ac com mo dated be tween the
un der ly ing east ern part of the Dinarides and the crys tal line
Serbo-Mac e do nian Unit (Fig. 1C). The mag matic ore-bear ing
com plex in ves ti gated be longs to the Lece-Halkidiki met al lo gen -
ic zone, Lece dis trict (Jankoviæ, 1977) or Lece ore field (Jelen -
koviæ et al., 2008). The prin ci pal min er als are ga lena, sphale -
rite, py rite, and Au, doc u mented in andesites and quartz veins.
The Lece ore-bear ing com plex, which is to the south-east of the 
in ves ti gated Lece-Radan area (Fig. 2; see also Stajeviæ, 2004),
is al ready at the ex plo ra tion stage with ap pro pri ate pro cess ing
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Fig. 1A – prin ci pal large-scale struc tural units of the Al -
pine orog eny in Cen tral Eu rope (Lece-Radan area mar -
ked in red); B – re lief map of the wider area in ves ti gated
(east ern for mer Yu go sla via) with the po si tion of the
Lece-Radan com plex; C – prin ci pal tec tonic units of Ser -
bia af ter Dimitrijeviæ (1997), also in Jelen koviæ et al.
(2008)

Dinarides: EBD – East Bosnian-Durmitor, OB – Ophiolite
Belt, DIE – Drina Ivanjica El e ment (d – Drina Block, i –
Ivanjica Block); Vardar zone, Ex ter nal Vardar Subzone: SB
– Srem Block, JB – Jadar Block, KB – Kopaonik Block;
CVSZ – Cen tral Vardar Subzone; IVSZ – In ter nal Vardar
Subzone; SMM – Serbo-Mac e do nian Mas sif: Carpatho-
 Balkanides: gr – Gornjak-Ravanica Zone, r – Ruj Zone, sp –
Stara Planina Zone, k – Kuèaj Zone, i – Liškova (Homolje)
metamorphites, tea – Timok erup tive area, tt – Tupižnica-
 Tepoš Zone, p – Poreè Unit, m – Miroè Zone, st – Suva
Planina, kr – Krajina Unit; PB – Pannonian Ba sin; the area
in ves ti gated be longs to the In ter nal Vardar Sub zone (IVSZ)
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ca pac i ties (Cu, Pb, and Zn). The Lece-Halkidiki met al lo gen ic
zone is the ore-bear ing area of higher ex plo ra tion po ten tial with
well-de fined con trol fac tors. Its spa tial po si tion, and the fac tors
that led to the or i gin of in di vid ual de pos its of gold, have been
well-con strained (Jelenkoviæ, 1998).

MATERIALS AND METHODS 

The sur face ex plo ra tion Lece-Radan area cov ers ~53 km2

(Fig. 2). Sam pling for lab o ra tory tests was con ducted by col lect -
ing rocks with mac ro scop i cally vis i ble marks of hy dro ther mal al -
ter ation within the larg est “Ðavolja Varoš“ cal dera. Re gard ing
the vari ances of the min eral oc cur rences ob served, par tic u larly
those of the alu nite group, the whole set of ex posed hy dro ther -
mally al tered rocks was in cluded in sam pling/al ter ation map -
ping. The sam pling net work and its den sity are in ac cor dance
with the type and the in ten sity of ex posed hy dro ther mal al ter -
ation (Fig. 3). 

Thin-sec tions from 77 sam ples un der went petrographic
study us ing a Carl Zeiss trans mit ted light mi cro scope. 180 sam -
ples for XRPD anal y sis were first dried at 105°C and pow dered to 
>~0.07 mm by plate mill. The anal y sis was per formed on a
PHILIPS pow der au to matic X-ray diffractometer, model
PW-1710. The long-fo cus (LFF) Cu-an ode (U = 40 kV and I =
30 mA), with mono chro matic Kl1 ra di a tion (l = 1.54060�) and
Xe pro por tional coun ter, was used. Dif frac tion data were col -
lected in the 4–65° 2q an gle range, with 0.25 s/step count ing time 
on ev ery 0.02°. For the mea sure ment of an gle po si tions of the
dif frac tion max ima and their in ten si ties, PW-1877 soft ware was
used. The pre ci sion of the diffractometer was con trolled be fore
and af ter the ex per i ment with a me tal lic Si pow der stan dard. Cal -
cu la tions of unit cell di men sions were com puted by us ing least-
 square unit cell re fine ment (LSUCRI) soft ware (Garvey, 1987). 

Fi nally, six sam ples with a ma jor alu nite-group con tent were 
chem i cally ana lysed ac cord ing to their to tal de com po si tion: 

  a – by us ing a com bi na tion of HF/HClO4 ac ids (in the
case of Na and K); 

  b – by fu sion with Na2CO3 (other el e ments). 
Au was ob served af ter acid di ges tion (Aqua Regia) and

MIBK (isobutyl methyl ketone) ex trac tion. The con tents of Na,
K, Au, Fe, Ca, and Mg were de ter mined us ing a PERKIN
ELMER 6500 AAS (Atomic Ab sorp tion Spectrophotometer),
while Si, Al, and S were mea sured by us ing a gravimetric
method. Ferro (Fe2+) con tents were char ac ter ized af ter acid di -
ges tion (H2SO4 1:1 so lu tion and HF) in an in ert at mo sphere by
a vol u met ric method (0.01M KMnO4). Loss of ig ni tion was mea -
sured af ter heat ing at 250 (LOI–) and 1000°C (LOI+). H2O

+ con -
tents were cal cu lated in di rectly by de duc tion of the SO3 val ues
from the char ac ter ized LOI+ con tents. An EJKELKAMP multi-
 com po nent pH-me ter mea sured the pH val ues. These sam ples 
were also ad di tion ally ana lysed by ore mi cros copy, us ing a re -
flected light Carl Zeiss mi cro scope on pol ished sec tions.

RESULTS 

LITHOGEOCHEMICAL PROSPECTING: HOST ROCKS 
AND ALTERATIONS 

The host rocks and al ter ation min eral as sem blages of the
Lece-Radan Mas sif were mapped and sam pled dur ing staged
field-based lithogeochemical pros pect ing. Andesites rep re sent
the main vol ca nic bod ies ex posed within the area in ves ti gated,

though andesitic subvolcanic in tru sions were dif fi cult to dis tin -
guish in the field, as they un der went in tense hy dro ther mal ac tiv ity 
ob scur ing their early re la tion ships. The hy dro ther mal chan ges in
the andesites are very pro nounced, in par tic u lar within the cen tral 
and south ern parts of the com plex in ves ti gated, marked by the
prod ucts of sili ci fi ca tion, chloritization, and oc ca sion ally
K-feldspathization, and tourmalinization in clu sive of sec ond ary
zeolitization (north of the Prolomska Reka). The hy dro ther mal
rock changes ob served are char ac ter ized pri mar ily by sili ci fi ca -
tion with limonitization of lesser in ten sity. An de site tuffs are rarely 
ex posed in the field; scarce ex po sures show pro nounced strat i fi -
ca tion. The thick ness of the tuffs (out crop scale) is >100 m
(Mejanske Planine; Fig. 4A). The prod ucts of in tense hy dro ther -
mal al ter ation of the tuff (sili ci fi ca tion, argillization, and limo -
nitization) are widely dis trib uted. Andesitic vol ca nic ag glom er -
ates and brec cias oc cur in the form of len tic u lar inter layers, 10 to
50 m thick, within andesitic units. These rocks con sist of small
andesitic frag ments in a tuff-bear ing ma trix. Ag glom er ates and
brec cias are hy dro ther mally al tered, si lici fied, argillized, and
mildly limonitized (Fig. 4B). Hornblende ande sites are abun dant,
be ing ex posed within the an de site com plex near Banjska Reka.
They are com posed of pheno crystals of plagioclase, hornblende, 
with lesser amounts of pyroxene and ac ces sory ap a tite, zir con,
and opaque me tal lic min er als (mainly py rite). The ini tial com po si -
tion of the rocks has changed sig nif i cantly; the as sem blage has
rarely pre served the orig i nal syn- em place ment post-con sol i da -
tion fab ric. Less fre quent horn blende andesites build out flows
(Banjska Reka, Mejanske Planine) and sub-vol ca nic in tru sions
(Veliko Brdo, Sakovski Lazovi, and Raskrsnice). Andesites rep -
re sent a se ries of ande sitic rocks, with vari able quartz con tent
transitioning into hornblende -pyroxene dacites (with in creased
bi o tite con tent into hornblende-pyroxene-bi o tite andesites with
quartz). These rocks are sig nif i cantly hy dro ther mally al tered be -
tween the lo ca tions Banjska Reka and Mejanske Planine (si lici -
fied, argillized, and par tially min er al ized; Fig. 4C). In some
places, chloritiza tion is the most pro nounced, oc cur ring along
these tran si tion zones. 

Argillization is the most in ten sive kind of rock al ter ation ob -
served. The pri mary rock prop er ties are of ten com pletely al -
tered. Be cause of its soft, clay-rich na ture, the host rock can -
not be prop erly ob served mac ro scop i cally. The colours are
off-white or grey-white. There is a grad ual tran si tion from less
al tered to rel a tively un al tered rocks. The Žute Bare lo cal ity
(Fig. 4D) ex poses argillized rocks that are well-com pacted.
The rocks are mostly po rous (hon ey comb, spongy) or filled
with red dish-pink or fine-grained red dish ma te rial. Sili ci fi ca tion 
fre quently oc curs in the form of a fine-grained ma trix of the
rocks. Quartz reefs are less fre quent; these can be ob served
in the field as el e ments of lo cal re lief, e.g., as el e vated ridges,
be ing ex tremely si lici fied and par tially argillized. At the lo cal ity
of Velika Livada, they form a clearly vis i ble “pro trud ing” lo cal
re lief, dis tinctly si lici fied, ex posed as ridges and very argillized
parts of the ter rain, lo cally of brec cia-like ap pear ance (Fig.
4E). These ridges seem to be ex posed along spe cific di rec -
tions, with sili ci fi ca tion re flected by the pres ence of fine-
 grained to me dium-grained sec ond ary quartz. These “ridge -
-zones” ex tend NE–SW, their lengths rang ing from 12 to 75 m, 
their widths be ing ~25 m. In some seg ments of a zone, rocks
are dis mem bered, de stroyed at zone tips, wedge-shaped, and 
dis ap pear be neath the sur round ing sur face to pog ra phy of the
ter rain. Ex tremely hard rocks, po rous, with empty cav i ties or
oc ca sion ally filled with fine-grained ma te rial, char ac ter ize
these zones. Limonitization (Fig. 4F) is rel a tively com mon and
though vary ing greatly in oc cur rence and in ten sity. At some lo -
ca tions, limonitization oc curs in the form of limonitized ferro -
-mag ne sium and iron min er als, pri mar ily py rite, and is of ten a
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con se quence of ex ter nal agents (weath er ing). Limonitization
oc curs ex clu sively in cer tain parts of the rock vol ume.
Sericitization, chloritization (Fig. 4G), and hematitization are
less fre quent. Sev eral re gions of hy dro ther mally al tered rocks
were also re corded, which may be rel e vant in terms of the pos -
si ble oc cur rence of alu nite min er al iza tion. These are Žuta
Bara (Fig. 4H), Prolom, Mejanske Planine, Samar, Ðake,
Ðurðeviæi, Albijaniæi, and the re gion of Prolomska Reka. 

PETROGRAPHIC STUDY 

The petrographic study fo cused on the min eral com po si -
tion, fab ric el e ments (struc tural and tex tural fea tures) to gether
with al ter ation pat terns seen in thin-sec tion. The sam ples col -

lected (Fig. 3) rep re sent al tered vol ca nic and/or pyroclastic
rocks of pre dom i nantly andesitic, andesitic-dacitic, to dacitic
com po si tion (the level of al ter ation var ies from low to high in ten -
sity). The fol low ing rock types were iden ti fied:

1) Slightly al tered vol ca nic rocks: 
– andesites (hornblende, hornblende-pyroxene and/or pyro -

xene andesites) in sam ples 13, 416, 417, 419, 474, 702,
703, 705, 714, 730, 732, 744, 757 and 767; 

– andesites-dacites (sam ples 89, 242, 266, 276, 282, 317,
412, 704 and 708); 

– dacites (sam ples 21, 23, 84 and 91). 
The rock groun dmass is mostly hypocrystalline (with a vol -
ca nic glass re sid uum) with the ex cep tion of sam ples 21, 23,
64, 73, 84, 91, 201 and 225 that have a holocrystalline
groun dmass; 
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Fig. 3. Rocks and min er als de ter mined from sam pling points ex clu sively 
within the se lected area at Fig ure 2B (black dashed lines)

Sym bols in cir cles de note study method ap plied: “×” – petrographic, “+” – XRPD; fol low ing re gions-zones with re corded alu nite group min er -
als are clas si fied as: I – Žuta Bara (be tween Žuta Bara, Samar, and Peæine and Panjevi at Mejanske Planine), II – Prolom (be tween Prolom,
Raskrsnice and Žuta Bara), III – Ðake (be tween Sedžada and Velike Livade), IV – Banjska Reka (be tween Banjska Reka, Ðurðeviæi and
Albijaniæi); V – Prolomska Reka



2) In tensely or com pletely al tered vol ca nic/pyroclastic
rocks, most prob a bly of the same pri mary min eral com po si tion
as the vol ca nic rocks: 

– andesitic? (sam ples 64, 414, 433, 447, 449, 452, 458, 461,
490, 491A, 752, 755, 758, 904, 908, 912, 915, 940, 960,
968, 1016, 1035 and 1050); 

– andesitic- dacitic? (sam ples 73, 158, 201, 225, 265, 308,
422, 455, 723, 916, 926, 934, 939, 942, 946, 951, 954, 956,
958, 962, 965, 971, 1009 and 1028);
3) Pyroclastic rocks (rarely iden ti fied; sam ples 3, 725 and

733), mostly of litho-crystaloclastic tex ture (lithic to crys tal tuff). 
Al most the en tire set of sam ples can be char ac ter ized by

mild to al most com plete rock al ter ation. The re corded al ter -
ations are argillization, sili ci fi ca tion, sericitization, ±aluniti -
zation?, ±prehnitization? of fel sic con stit u ents (feld spars)
and/or groundmass, and opacitization, chloritization and
limonitization of mafic min er als (pyroxene/am phi bole/bi o tite).
Mi nor oc cur rences of carbonatization and epidotization were
oc ca sion ally no ticed. The al ter ation types listed above may
have of ten led to a com plete change of the pri mary min eral
com po si tion and of rock fab ric. Well-pre served el e ments of pri -
mary rock fab ric are rel a tively rare, and a vol ca nic or pyroclastic 
or i gin can not be un am big u ously de ter mined.

XRPD STUDY 

The XRPD method en ables qual i ta tive and semi-quan ti ta -
tive (de ter mined by rel a tive in ten sity ra tio) min eral com po si -
tions of the sam ples to be de ter mined (Fig. 3; Ap pen dix 1*). The 
re sults in di cate that quartz (Q, SiO2), the feld spar group (F) and
the clay group (Cl) are the most abun dant min er als, pres ent in
the great ma jor ity of sam ples ana lysed (139, 102, and 76 oc cur -
rences, re spec tively). 

Al though clays oc cur quite fre quently as a mix ture of sev -
eral dif fer ent min er als within this group, many sam ples al low
their spe cific de ter mi na tion, e.g., smectite (Sm), kaolinite-
 dickite (K), pyrophyllite (P), illite-seri cite (I), and chlorites (Ch).
Smectite is as so ci ated with cristobalite, tridymite, and feld -
spars. It is the ma jor min eral in twelve and mi nor in thirty-six
sam ples. Kaolinite (and/or dickite) is as so ci ated with quartz,
cristobalite, alu nite group min er als, tridymite and feld spars (as 
ma jor com po nent in six sam ples: 401, 457, 771, 773, 774 and
826; and a mi nor one in 22 sam ples: 485, 801–803, 805,
810–812, 818, 819, 827, 833, 946, 949, 955, 956, 969, 970,
974, 976, 978, and 979). Illite-seri cite oc curs in as so ci a tion
with quartz and feld spars, and it is rep re sented as mi nor in ten
sam ples: 432, 617, 618, 625, 722, 783, 784, 791, 951, and
977. Pyrophyllite is iden ti fied in sev eral sam ples (834A, 970,
971, 973, 974, and 979), mostly as a mi nor com po nent, usu -
ally as so ci ated with quartz, dia spore, and alu nite group min er -
als. This min eral is highly abun dant ex clu sively in sam ple 823.
Chlorites as mi nor com po nents were iden ti fied ex clu sively in
sam ple 969.

Alu nite group min er als were iden ti fied in 31 sam ples, com -
monly oc cur ring in an as sem blage with quartz, clays, and feld -
spars. The pre lim i nary iden ti fi ca tion takes into ac count the ob -
served d-val ues as alu nite (A), natroalunite (NA), jarosite (J),
and natrojarosite (NJ). These are ma jor com po nents in sam -

ples 401 (A); and 403, 404, 455, 457 and 458A (NA), and mi nor
ones in sam ples 13, 23, 89, 206, 210, 285, 749, 765, 766, 769
and 771 (A); 485, 781, 805, 833, 834A and 979 (NA); 73, 292,
308, 446, 791, 798 and 817 (J); and 407 (NJ). 

Cristobalite (ab bre vi ated by C, SiO2) oc curs mostly in as so -
ci a tion with quartz, feld spars, tridymite, smectite, and kaolinite.
It was iden ti fied as a ma jor min eral in sam ples 401B, 402, 479,
483, 703, 711, 711A, 712, 715, 736, 746, 760, 770, 772–776,
781, 796–800 and 808, and a mi nor com po nent of sam ples
702, 718, 735, 739 and 809. Tridymite (T, SiO2) was iden ti fied
as a ma jor min eral in sam ples 401, 715, 718, 733, 745, 760,
771, and 809; and as a mi nor one within sam ples 400, 465, 703, 
709, 716, and 749. 

Am phi boles (Am) were iden ti fied mostly as a mi nor min eral
in sam ples 473, 701, 702, 705, 707, 713, 736, 739–741, 753
and 764. Among mi nor car bon ates, cal cite (Ca, CaCO3) oc curs
in sam ples 710, 720, 728, 730, 733, and 764; rhodochrosite (R,
MnCO3) is doc u mented in sam ples 706, 709, 720, 721, 727,
and 753; and sid er ite (S, FeCO3) only in sam ple 720. Zeolites
(Z) are char ac ter ized as be ing of the clinoptilolite-heulandite
type, iden ti fied ex clu sively in a few sam ples, as a ma jor com po -
nent in sam ple 736, and as mi nor part of sam ples 308 and 739.
Dia spore [D, a-AlO(OH)] was de tected as a mi nor min eral in
sam ples 282, 823, 935, 956, 968, 971, 973, and 974. Among
other mi nor min er als, he ma tite (H, a-Fe2O3) was iden ti fied in
sam ples 308 and 443; goethite [G, a-FeO(OH)] ex clu sively in
sam ple 211; ap a tite [Ap, Ca5(PO4)3(F,Cl,OH)] in sam ple 206;
py rite (Py, FeS2) in sam ple 308; and graph ite (Gr, C-car bon) in
sam ples 709 and 721. The pres ence of some min eral spe cies
(la beled as “?”) can not be un equiv o cally dem on strated, be -
cause of their mi nor con tents and the over lap of the dif frac tion
re flec tions with other min er als. There fore, these data should be
taken into ac count with some cau tion.

Fi nally, we em pha size that 22 sam ples are char ac ter ized as 
of low crystallinity (here in af ter LC) de gree: 400, 401B, 402, 479, 
483, 703, 711A, 718, 745, 746, 760, 772, 772A, 773, 775, 781,
796, 797, 800 and 807–809. These sam ples are com prised
mostly of cristobalite, smectite, and tridymite. The LC may be
at trib uted to the pres ence of some amor phous phase(s), such
as vol ca nic glass or opal, which could not be de tected by
XRPD. Nev er the less, the petrographic re sults show that LC ac -
counts for the pre vi ously de ter mined hypocrystalline rock
groun dmass, which in cludes a glass re sid uum. 

CHARACTERIZATION 
OF THE ALUNITE GROUP MINERALS 

The crys tal struc ture of alu nite and jarosite was ini tially de -
ter mined by Hendricks (1937) in the trigonal R–3m space group
and later re vised by Wang et al. (1965) and Menchetti and
Sabelli (1976). Brophy et al. (1962), Parker (1962), Brophy and
Sheridan (1965), Stoffregen and Alpers (1992), in clud ing Mor ri -
son et al. (2018) stud ied solid so lu tions be tween the end mem -
bers, and the ef fects of ionic sub sti tu tions to their crys tal lo -
graphic axes. With the goal to reach greater ac cu racy and lower 
er ror lev els, unit cell di men sions of min er als (those be long ing to 
the alu nite group) are cal cu lated ex clu sively from sam ples in
which the alu nite group rep re sents a ma jor com po nent (401,
403, 404, 455, 457, and 458A; Ap pen dix 1 and Ta ble 1). 
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Fig. 4A – andesitic tuff (Mejanske Planine); B – limonitized and argillized andesitic ag glom er ates (Mejanske
Planine); C – weakly al tered andesites (Banjska Reka); D – argillization (Žute Bare); E – quartz reefs (Velike
Livade-Veliki Breg); F – limonitization (Samari); G – chloritization (Sedžada); H – pos si ble alunitization (Žute
Bare)



Ac cord ing to the cal cu lated unit cell di men sions, it is ev i dent 
that min er als hav ing the alu nite group con stit u ents be long to
the area be tween alu nite, natroalunite, and schlossmacherite.
Also, cal cu lated cell di men sions are at a con sid er able dis tance
from those of ammonioalunite, ammoniojarosite, jarosite,
hydronium -jarosite, and natrojarosite (Figs. 5 and 6). Com pa ra -
ble unit cell di men sions have in ter nal dif fer ences (D) rang ing
be tween the low er most and the high est val ues of a0, c0, V0 and
ra tio c0/a0 of 0.015(2), 0.20(1), 6.0(6), and 0.033, re spec tively;
these dif fer ences re fer mainly to the sam ples 401 and 403. By
us ing the vari a tion di a gram by Brophy et al. (1962), it ap pears
that the sam ples in ves ti gated, ac cord ing to the a0 axes, can be
clas si fied ex clu sively to the alu nite part, ex clud ing (or in sig nif i -
cant) jarosite (i.e., Fe3+) sub sti tu tions for Al3+. On the other

hand, their c0 axes cross be yond the low est lim its, strongly in di -
cat ing a K+-Na+ sub sti tu tion to ward natroalunites. More over, by
us ing the vari a tion di a gram of Parker (1962), the sam ples ac -
cord ing to the a0 axes are clas si fied to the alu nite-natroalunite
group, cor rob o rat ing the ob ser va tions. The c0 axes al lowed a
more pre cise de ter mi na tion of their com po si tions. Ac cord ingly,
a sin gle sam ple (401) should be pre lim i nar ily treated as alu nite,
whereas oth ers should be clas si fied as natroalunites hav ing
more or less dif fer ent com po si tions. Sam ples with sim i lar con -
tent are 401 and 404; and 455, 457, and 458A. The last three
sam ples have prop er ties very sim i lar to those of the natro -
alunites that were char ac ter ized in ear lier stud ies (Tanèiæ and
Janežiæ, 2004 and the sam ple T-2 in Drouet et al., 2004). How -
ever, the equa tions of c0 and V0 pa ram e ters (Stoffregen and
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T a  b l e  1

Cal cu lated unit cell di men sions of alu nite group min er als

No a0 (�) c0 (�) V0 (�3) c0/a0 1 2 3 4 Av er age

401 6.971(3) 17.00(1) 715.5(6) 2.439 48 52 59 39 50

403 6.983(2) 16.800(9) 709.5(5) 2.406 73 84 81 72 78

404 6.975(2) 16.976(9) 715.2(4) 2.434 52 56 60 43 53

455 6.986(3) 16.87(2) 712.9(8) 2.415 64 73 68 60 66

457 6.976(3) 16.86(1) 710.6(7) 2.417 65 74 77 62 70

458A 6.984(2) 16.853(7) 711.9(4) 2.413 65 75 72 63 69

D 0.015(2) 0.20(1) 6.0(6) 0.033 25 32 22 33 28

Natroalunite con tents (i.e., Na) were de ter mined by c0 pa ram e ter vari a tion di a gram
(Parker, 1962; marked as “1”), equa tions by c0 and V0 pa ram e ters (Stoffregen and Alpers,
1992; marked as “2” and “3”, re spec tively) and equa tions by c0 pa ram e ters (Mor ri son et al.,
2018; marked as “4”)

Fig. 5. The alu nite sam ples in ves ti gated (yel low-green) as a func tion of the a0 unit-cell pa ram e ter ver sus c0 unit-cell pa -
ram e ter (Ta ble 1) jux ta posed onto the in set taken from Parafiniuk and Kruszewski (2010: fig. 5 and ref er ences therein)

 Sym bols “+” and “×” (in red) de note alu nite {a0 = 6.976(1)�; c0 =17.295(6)�; V0 = 729.0(3)�3; c0/a0 = 2.479;
[K0.83(H3O)+

0.17]S1.00Al3.00(S0.99O4)2(OH)6] and natroalunite {a0 = 6.981(1)�; c0 = 16.884(6)�; V0 = 712.6(3)�3; c0/a0 = 2.419;
[Na0.50K0.38(H3O)+

0.12]S1.00(Al2.95Fe0.13)S3.08(S0.99O4)2(OH)6}, re spec tively (Tanèiæ and Janežiæ, 2004)



Alpers, 1992) show el e vated 4–11 and 4–12 mol.% of the
natroalunite con tents, re spec tively. On the other hand, the
equa tions of c0 pa ram e ters (Mor ri son et al., 2018) show lower
1–9 mol.% of the natroalunite con tents. The dis agree ment in flu -
enc ing the unit cell pa ram e ters may be in duced by dif fer ent wa -
ter con tents (Parker, 1962) af fect ing the crys tal struc ture (dis -
tances, an gles, poly he dron dis tor tions, sites shifts, etc.). The
crys tal struc ture could be af fected in var i ous crys tal lo graphic di -
rec tions (i.e., in this case, to wards a0 or c0) com pa ra ble with
some other solid so lu tions (Tanèiæ et al., 2012, 2020). Namely,
a cer tain part of the Na+ con cen tra tion could be sub sti tuted by
(H3O)+, be cause of the very sim i lar ionic ra tios of 0.95 and
0.99�, re spec tively (Shan non and Prewitt, 1969). Al though this
sub sti tu tion has been dif fi cult to doc u ment (be cause it can not
be de ter mined di rectly by wet-chem is try or elec tron microprobe
anal y sis-EMPA meth ods), it has been in ferred for most of the
sam ples by ac count ing for a de fi ciency in al ka lis and an ex cess
of wa ter, com pared with the stoichiometric com po si tion. The
non-stoichiometric wa ter is gen er ally at trib uted to the pres ence
of hydronium, nev er the less, it may also re flect other forms of
“ex cess wa ter”, as dis cussed by Ripmeester et al. (1986),
Stoffregen et al. (2000), Drouet et al. (2004), Parafiniuk and
Kruszewski (2010). With in creas ing tem per a ture, wa ter con -
tents de crease.

To re check the com po si tions of the sam ples cho sen and
the alu nite min er als char ac ter ized (Ta ble 1), we used chem i cal
anal y ses by ap ply ing the ap pro pri ate chem i cal el e ments (Ap -
pen dix 2). The re sults are mostly in agree ment with the qual i ta -
tive and semi-quan ti ta tive min eral com po si tions (Ap pen dix 1),
i.e., the SiO2 con tent ob vi ously re flects the ma jor quartz,
kaolinite, and tridymite pre vi ously noted, whereas sig nif i cant
con tents of K2O, Na2O, Al2O3, Fe2O3, SO3 and H2O

+ con firm the 
pres ence of ma jor alu nite min er als. On the other hand, CaO,
MgO and FeO con tents are mi nor, in di cat ing that no other ma -
jor min eral phases ac count for the el e ments char ac ter ized and
ob served. How ever, the cal cu lated num ber of at oms per for -
mula unit (apfu) slightly de vi ates from the ideal stoichio metric
com po si tion. We pro vide the fol low ing ex pla na tions, which in -
clude the re sult ing char ac ter iza tion of mi nor min er als (from ore
mi cros copy): 

1. Sig nif i cant ex cess of Al and O (sam ple 401) and H (in -
clud ing sam ple 457) marks the ma jor kaolinite al ready char ac -
ter ized. On the other hand, an in sig nif i cant in crease in Al, O, H
and K in di cates pre vi ously un de tected mi nor illite-seri cite con -
tent in sam ple 404;

2. Def i cit of H, ex cess of Fe, higher SO3/H2O
+ and lower

(Na+K+H)/S (ideal value of 3.5) ra tios were caused by py rite
de ter mined in sam ples 401, 403, 455, and 458A; 

3. Ex cess of Fe in all of the sam ples is also caused by the
char ac ter ized mi nor pres ence of goethite and/or he ma tite
and/or mag ne tite; 

4. Ex cess of K (with Ca) in di cates a pre vi ously un de tected
mi nor feld spar con tent pres ent across the en tire set of sam ples
ana lysed; 

5. Def i cit be tween 1 and sum of the cal cu lated (K+Na) con -
tents at the A site in di cate a va ri ety of sub sti tu tions with (H3O)+

across the en tire set of sam ples ana lysed. Ac cord ingly, the
high est schlossmacherite con tent is in sam ple 403, and the low -
er most in sam ple 401. 

De spite the re sult ing unit cell di men sions (Ta ble 1; Figs. 5
and 6) strongly in di cat ing that the am mo nium (NH4

+) con tents
(at the A site) should be mi nor or neg li gi ble (ac count ing for its
larger ionic ra tio than K+ of 1.46� ver sus 1.33�, re spec tively;
Shan non and Prewitt, 1969), such a pos si bil ity should be cross -
checked in fu ture in stances (by EMPA, DTA/TGA, FTIR, etc.).
An ad di tional val i da tion at tempt may in di cate the pres ence of
sour-gas-bear ing hy dro ther mal sys tems (Parafiniuk and
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Fig. 6. The alu nite sam ples in ves ti gated (yel low-green) as a func tion of the a0 unit-cell pa ram e ter ver sus c0

unit-cell pa ram e ter (Ta ble 1) jux ta posed onto the alu nite (alu)–natroalunite (nalu)–jarosite (jrs)– natro jarosite 
(njrs) quad ri lat eral com po si tions. In set is taken from Mor ri son et al. (2018: fig. 9), pre sented at the up -
per-right part of the fig ure

Sym bols “+” and “×” (in red) de note schlossmacherite by Schmetzer et al. (1980) and natroalunite 
by Drouet et al. (2004; sam ple H-3), re spec tively

T a  b l e  2

Cal cu lated com po si tions of the min er als stud ied 
from the alu nite group [in mol. %]

401 403 404 455 457 458A 

Alu nite (Alu) 52 27 48 36 35 35 

Natroalunite (Nal) 43 27 40 31 48 44 

Schlossmacherite (Sch) 5 46 12 33 17 21 

https://gq.pgi.gov.pl/rt/suppFiles/29032/


Kruszewski, 2010). More over, the po ten tial pres ence of other
el e ments and site va can cies (Drouet et al., 2004) has also not
been ex cluded. 

Nev er the less, syn the sis of the data as sem bled (Ta ble 1
and Ap pen dix 2) yields alu nite (Alu), natroalunite (Nal), and
schlossmacherite (Sch) con tents (Ta ble 2). Ac cord ingly, the re -
sult ing min er als should be con sid ered as the fol low ing solid so -
lu tions: Alu52Nal43Sch5 (401), Alu48Nal40Sch12 (404),
Nal48Alu35Sch17 (457), Nal44Alu35Sch21 (458A), Alu36Sch33Nal31

(455), and Sch46Alu27Nal27 (403). A vo lu mi nous hydronium con -
tent in sam ples 403, 455 and 458A (Ta ble 2) can for ar gu ment
be ex plained as a sig nif i cant in crease of a0 val ues by com par i -
son with the other three sam ples (Ta ble 1; Figs. 5 and 6).
Namely, such a sub sti tu tion causes an in crease of this crys tal -
lo graphic pa ram e ter (Parker, 1962; Stoffregen and Alpers,
1992; Stoffregen et al., 2000). In ad di tion, the sub sti tu tion in flu -
enced the other two pa ram e ters (c0 and V0) con sid er ing the dif -
fer ent val ues among the com puted natroalunite con tent (marks
1–4 at Ta ble 1). Epi ther mal en vi ron ments ac count for sig nif i -
cant gold pro duc tion (Poulsen et al., 2000; Tosdal et al., 2009;
Walshe and Cleverley, 2009). Be cause alunites are a well-rec -
og nized in di ca tor for gold in epi ther mal en vi ron ments, this el e -
ment has also been ana lysed. Con tents of Au are mostly at in -
sig nif i cant lev els, i.e., be low the de tec tion limit (Ap pen dix 2).
There is only a sin gle higher value (0.4 ppm) de ter mined in
sam ple 401. Such a value might be in ter est ing for eco nomic
eval u a tions be cause the mean value in the neigh bour ing Lece
ore-field is 0.03 ppm (from 0.004 to 5.03 ppm; Stajeviæ, 2004). 

DISCUSSION

The min er al og i cal data ob tained show that the com plex in -
ves ti gated un der went pro cesses of hy dro ther mal al ter ation.
Straight for ward iden ti fi ca tion of out crop-scale in tense changes
within the rocks dem on strates argillization and sili ci fi ca tion.
Limonitization is a rel a tively com mon oc cur rence, whereas
sericitization, chloritization, and hematitization show only lo cal
ap pear ances (Fig. 4). The pe trog ra phy re sults cor rob o rated the 
pres ence of slightly to com pletely al tered vol ca nic and pyro -
clastic rocks of andesitic, andesitic-dacitic, and dacitic com po -
si tion, con sis tent with de tailed field sam pling (Fig. 3). Re corded
al ter ations are argillization, sili ci fi ca tion, seri citization, opa -
citization, chloritization and limonitization. Oc ca sion ally some

oc cur rences of carbonatization and epidotization were re -
corded. Sim i larly, the XRPD min eral com po si tions (Ap pen dix 1) 
at test to the pres ence of al ter ation within the sam ples in ves ti -
gated. Sili ci fi ca tion and kaolinization are the most fre quent;
sericitization is lim ited, whereas limonitization (of goethite -type), 
chloritization, and hematitization are mi nor. The method ad di -
tion ally al lowed the char ac ter iza tion of other kinds of al ter ation
and of sec ond ary min er als, such as the alu nite group min er als,
var i ous clay min er als, zeolites, dia spore, etc. The pres ence of
quartz, alu nite, pyrophyllite, kaolinite (dickite), illite, and py rite
(also with an ab sence of cal cite and adu laria in this
paragenesis) in di cates high-sulfidation and ad vanced or pro -
gres sive argillic al ter ation (Sillitoe, 1993; White and Heden -
quist, 1995; Tay lor, 2007). 

The min eral com po si tion (Ap pen dix 1) fur ther per mits the
clas si fi ca tion of re gions with sim i lar min eral con tents. Such
group ing al lows the des ig na tion of a spe cific min eral clus -
ter/group to an al ter ation zone (Fig. 3). Im por tantly, such ex -
trap o la tion into a group of sim i lar min er als may fa cil i tate the cor -
re la tion of the pro spec tive min er al iza tion types. The cor re la tion
al lows ex trap o la tion plus de tailed in ter pre ta tion de spite the dif -
fer ence in rock lithostratigraphic prop er ties (the range of geo -
log i cal units; Fig. 3). For ex am ple, sam ples with doc u mented
min er al iza tion in volv ing the alu nite group were col lected from
vari ably hy dro ther mally al tered geo log i cal units com pris ing:

– andesitic pyroclastic rocks;
– hornblende andesites; 
– sec ond ary quartzites;
– pyroxene andesites. 

The ex trap o la tion and cor re la tion of the alu nite min eral
groups show that struc ture and li thol ogy were the pri mary con -
trols on the em place ment of the alu nite min er al iza tion. There is
a close cor re spon dence be tween the five re gions/al ter ation
zones of the alu nite min er al iza tion and their dis tinct min er al og i -
cal prop er ties, as shown in Ta ble 3. 

Our re sults show that ad vanced argillic al ter ation is most in -
tense at the Žuta Bara (I) re gion with 8 natroalunite, 1 jarosite,
22 kaolinite-dickite, 8 illite-seri cite, and 2 py rite oc cur rences; in -
clud ing the doc u mented pres ence of pyrophyllite and dia spore
min er als (both with 7 oc cur rences). The Prolom (II) re gion, with
nine dif fer ent min er als of the alu nite group char ac ter ized, and 6
kaolinite-dickite, 4 illite-seri cite, and 2 py rite oc cur rences, is less 
argillized. On the other hand, the re gions Ðake (III, 6 alunites)
and Banjska Reka (IV, 3 jarosites) also have a doc u mented
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T a  b l e  3

Data com par ing five sep a rate alu nite-bear ing re gions

Re gion/zone 

Rocks 
al ter ations Min eral com po si tions with num ber of oc cur rences 

LC FF
Slight In ten sive Alu nite group 

min er als Sm K I P D Py

I Žuta Bara 1 21 NA (8), J (1) 2 22 8 7 7 2 2 >100

II Prolom n.d. 8 NA (3), J (3), A (2),
NJ (1) 9 6 4

n.d. n.d.

2 11 >100–40

III Ðake 3 n.d. A (6) n.d.

n.d.

5 n.d.

n.d.

>100–40

IV Banjska Reka n.d. 2 J (3) n.d. 3 1 >100–40

V Prolomska Reka* 1 2 A (4) 8 1 n.d. n.d. 

Sym bols   are the same as in Ap pen dix 1; LC – low crystallinity of min er als; FF – fre quency of frac tures (in F/m2, af ter Hrkoviæ,
1991); num bers of to tal (ma jor and mi nor) oc cur rences are also show; * – to gether with the Mehanski Potok lo cal ity (1 alu nite oc -
cur rence); n.d.– not de tected  

https://gq.pgi.gov.pl/rt/suppFiles/29032/
https://gq.pgi.gov.pl/rt/suppFiles/29032/
https://gq.pgi.gov.pl/rt/suppFiles/29032/


pres ence of illite-seri cite, though with out kaolinite or smectite
de tected; whereas the Prolomska Reka re gion (V, 3 alunites)
has a con sid er able num ber of the smectite oc cur rences. The
re gions I–IV are also mu tu ally cor re la tive and data from them
fits well with the fre quency of frac tures, i.e., the re corded
petrophysical anom a lies ex posed by pre vi ous geo phys i cal sur -
veys at the Žuta Bara-Raskrsnice, Samar, Æupriæka Livada,
and Velike Livade lo cal i ties (Hrkoviæ, 1991; Fig. 7). De spite the
study area span ning a large sur face area, it is ob vi ous that the
de gree of al ter ation de creases with the fre quency of the frac -
tures from Žuta Bara, over Prolom, to the Ðake and Banjska
Reka re gions (Ta ble 3).

Al though ex plor ing the pre cise ore-form ing pro cesses as so -
ci ated with this vol ca nic-hy dro ther mal en vi ron ment are be yond
this pa per’s scope, the re sult ing min er als and min eral as so ci a -
tions, in clud ing the dif fer ences re corded across the al ter ation
zones in ves ti gated, in di cate a near-sur face hy dro ther mal en vi -
ron ment, char ac ter ized by rap idly chang ing em place ment con -
di tions. The es ti mated for ma tion tem per a tures, based on min -
er al og i cal geothermometers, in di cate a wide tem per a ture
range, start ing from the high est at >1470°C (b-cristobalite)
and/or >870°C (b-tridymite) de creas ing to £80°C (Lece ore
field; sphalerite geothermometer; Tanèiæ, 2017, 2018). We pre -
sume that the palaeotemperature most prob a bly de creased
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Fig. 7. The den sity of microfractures jux ta posed onto the here iso lated min eral re gions
(Fig. 3 and Ta ble 3)

I – Žuta Bara, II – Prolom, III – Ðake, IV – Banjska Reka;
 in set is taken from Hrkoviæ (1991: fig. 5)



from the ini tial or pri mary mag matic ac tiv ity (form ing vol ca nic
rocks) to wards the youn ger, low hy dro ther mal (epi ther mal), and 
other var i ously al tered re gions. Many al ter ation min er als are
sta ble over lim ited tem per a ture and/or pH ranges, thus pro vid -
ing im por tant in for ma tion for re con struct ing the ther mal and
geo chem i cal struc ture of a hy dro ther mal sys tem (Reyes, 1990;
White and Hedenquist, 1995). For ex am ple, among the five
sep a rate alu nite-bear ing re gions, the for ma tion tem per a tures at 
the Ðake re gion should have been >220°C (ac cord ing to the
illite-seri cite ob served). In ad di tion to these prin ci pal re gions, it
is also pos si ble to de lin eate other tem per a ture vari a tions con -
sid er ing dif fer ent rock and min eral clus ters/groups. Sig nif i cant
tem per a ture vari a tions have been re corded among the same
min eral-based area/re gion. Con se quently, the ob served vari a -
tions are in di ca tors of the ar ray of sub(min er al og i cal)-zones in -
tro duced here. At the LC zone of the Žuta Bara re gion (Fig. 3),
natroalunite and jarosite (<100°C), b-cristobalite and
b-tridymite (100–160°C) and smectite (<160°C) oc cur rences
are in prox im ity to (sev eral hun dred metres from) oc cur rences
with pyro phyllite (200–300°C), dia spore (>150°C) and illite
(220–300°C). Sim i lar con straints can be at trib uted to the
Prolom (natroalunite, jarosite, b-cristobalite, b-tridymite and
smectite ver sus illite), Banjska Reka (jarosite ver sus illite), and
Prolomska Reka (smectite ver sus illite) re gions. Alu nite oc curs
at <320°C, kaolinite at <200°C, whereas the ap pear ance of
dickite is at the 120–280°C range. The re sult ing syn the sis in di -
cates that the al tered re gions have formed in a tem per a ture
range from <100 to ~300°C, con sis tent with epi ther mal type
palaeoenvironments. 

The doc u mented pres ence of the schlossmacherite com po -
nents in the Žuta Bara and Prolom re gions (Ta bles 1 and 2;
Figs. 5 and 6) fur ther cor rob o rates the pres ence of a low-tem -
per a ture en vi ron ment, while the to tal min eral con tent pro vides
more spe cific tem per a ture con straints (tem per a ture in creases
from sam ple 403 to sam ples 401 and 404). The pres ence of pri -
mary cristobalite or tridymite (from high-tem per a ture devitrifi -
cation of vol ca nic glass) in di cates the rocks least af fected in
space and time by low-tem per a ture hy dro ther mal flu ids (Izawa
et al., 1990). This is in agree ment with the pre sump tion that the
epi ther mal de pos its are youn ger than their en clos ing rocks
(Tay lor, 2007). 

Other pa ram e ters, such as pres sure, pH, Eh, etc., af fect the 
es ti mates of the or i gin vari a tions. For ex am ple, the min er als

from the alu nite group doc u mented and their parageneses (i.e.,
kaolinite-dickite, pyrophyllite, and dia spore) re flect the ac tiv ity of 
highly-acidic hy dro ther mal flu ids, marked by pH val ues rang ing
from <2 to ³5 (Giggenbach, 1992). How ever, the pres ence of
smectite (which forms in a neu tral pH en vi ron ment; Reyes,
1990; White and Hedenquist, 1995) among the Žuta Bara,
Prolom, and Prolomska Reka alu nite-bear ing re gions rather
typ ify a multi-staged his tory of al ter ation pre served within each
par tic u lar host rock. The re sults thus dem on strate a re cur rent
ac tiv ity of re gional palaeohydrothermal sys tems. Fur ther more,
the pH val ues sup port a hy poth e sis of (H3O)+/(Na, K)+ ex -
change, with the high est schlossmacherite con tent doc u -
mented in sam ple 403. From the cor re la tions (Fig. 8) be tween
the mea sured pH val ues (Ap pen dix 2) within the com puted alu -
nite, natroalunite and schlossmacherite com po nents (Ta ble 2),
it could be ob served that the pos i tive co ef fi cient of the re gres -
sion (R2) and the high cor re la tion co ef fi cients (r) can be as so ci -
ated with the alu nite and natroalunite con tents (r = 0.80 and r =
0.62, re spec tively). On the other hand, a high neg a tive cor re la -
tion co ef fi cient (r = –0.84) is ob served be tween the pH and
schlossmacherite con tents. The main rea son for such de pend -
ency could be that, un like alu nite or natroalunite,
schlossmacherite has a co va lent bond be tween S-O-H at oms.
In aque ous so lu tion, this group acts as an acid, and re leases
the H+ ion. The fi nal re sult is a higher con cen tra tion of (H3O)+

ions (lower pH) once schlossmacherite is pres ent. We strongly
be lieve that the pH val ues in sam ples 401 and 457 should be
higher ac cord ing to the de ter mined schlossmacherite com po -
nent; how ever, it seems that these val ues were slightly de -
creased due to a mi nor pres ence of kaolinite. 

CONCLUSIONS

This de tailed min er al ogy-based study (lithogeochemical
pros pect ing, pe trog ra phy, XRPD, unit cell di men sions, chem i -
cal anal y ses, ore mi cros copy, pH) of the Lece-Radan vol ca nic
com plex shows that acidic hy dro ther mally-driven fluid flow was
pow ered by magma upwelling. The Neo gene vol ca nic ep i sode
led to a range of al ter ation types, in clud ing the pre cip i ta tion of
the alu nite min eral group, pyrophyllite, quartz, dia spore,
kaolinite (dickite), and illite. This pro cess typ i fies fluid- dom i -
nated near-sur face con di tions (epi ther mal en vi ron ment), in -
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Fig. 8. Di a grams ex pos ing vari a tions in pH val ues from: 
A – alu nite, B – natroalunite, C – schlossmacherite con tents 
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clud ing ad vanced argillic al ter ation as an im por tant in di ca tor
(Sillitoe, 1993; Tosdal et al., 2009). The host rocks were ex -
posed to hy dro ther mal flu ids, pri mar ily by re place ment (i.e., by
so lu tion and reprecipitation) or by open-space fill ing (e.g.,
veins, brec cias, pore spaces). The de pos its orig i nat ing by the
open- space fill ing mech a nism typ i cally re flect struc tur ally-con -
trolled flow of hy dro ther mal flu ids (pla nar ver sus ir reg u lar frac -
tures, etc.). The de po si tion of the alu nite-bear ing min eral group
pre cip i tated closely cor re sponds with the zones of higher frac -
ture fre quency (Ta ble 3 and Fig. 7). The re sult ing min er al og i cal
zon ing (Fig. 3) dem on strates the im por tance of the struc tural
set ting for the or i gin of the min er al iza tion types char ac ter ized. 

Min er als from the alu nite group were doc u mented for the
first time in the fol low ing lo cal i ties of the vol ca nic com plex: Žuta
Bara (9 oc cur rences), Prolom (9 oc cur rences), and Ðake,
Banjska Reka, and Prolomska Reka (to tal 13 oc cur rences).
Sam ples with alunitization col lected from dif fer ent hy dro ther -
mally-changed geo log i cal units of dif fer ent ages in di cate that
struc tural and lithological con trol fac tors were of crit i cal im por -
tance for their de po si tion/pre cip i ta tion. The min er als from the
alu nite group have dif fer ent com po si tions, cor re spond ing with
the unit cell di men sions, pH val ues (Ta bles 1, 2 and Figs. 5, 6,
8) and sur face-ex posed host rocks (Fig. 3). Their doc u mented
pres ence may link the epi ther mal-type ores (de ter mined tem -
per a tures from <100 to ~300°C) with the high- sulphidation style 

of the Lece-Radan vol ca nic mas sif. How ever, extensional litho -
spheric-scale Neo gene tectonism above a pre cur sor Neo -
tethyan con ver gent mar gin rep re sents an atyp i cal set ting for the 
Late Oligocene-Mio cene magma sour cing. Such an atyp i cal
palaeo tectonic en vi ron ment ac count ing for epi ther mal ores re -
quires fur ther in ves ti ga tion.

This study shows that in ad di tion to alu nite, the smectite,
kaolinite-dickite, and pyrophyllite min eral groups might be of
eco nomic in ter est, help ful to ad di tional ex plo ra tion. The doc u -
mented pres ence of dia spore has also been of sig nif i cant im -
pact be cause this min eral is rare in Ser bia. The near est
well-doc u mented pres ence of dia spore (-boehmite) are the
bauxites of Grebnik Mt. (~100 km to the south-west; Cvetkoviæ
and Tanèiæ, 2019). 
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