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The Johan Hell mine, part of the Breiner polymetallic ore de posit in the Bãiuï min ing area (Maramureê, Ro ma nia), hosts an
ex cep tional di ver sity of sec ond ary sul phate min er als formed through in tense weath er ing of pri mary ore min er al iza tion. This
study pro vides a com pre hen sive min er al og i cal and geo chem i cal char ac ter iza tion of ef flo res cent and crust-form ing
sulphates that de vel oped un der ex treme acidic con di tions. A to tal of 20 sec ond ary min er als were iden ti fied, with
halotrichite-group rep re sen ta tives be ing the most abun dant and wide spread, fol lowed by römerite, voltaite, melanterite,
rozenite, starkeyite, hexahydrite and szomolnokite. These min er als show strong compositional vari abil ity, in flu enced by lo -
cal geo chem i cal gra di ents and microenvironmental fac tors. Geo chem i cal anal y ses (ICP-MS/ES) re veal sig nif i cant en rich -
ment of sev eral el e ments – in clud ing Mn, Zn, Cu, As, REEs and Hg – par tic u larly within the halotrichite group, voltaite and
römerite. Min eral parageneses re flect a three-stage evo lu tion of weath er ing con di tions, con trolled pri mar ily by changes in
pH and hu mid ity. The pro gres sion from ul tra-acidic (pH <2) to mod er ately acidic (pH 2.5–3.5) con di tions gov erned the crys -
tal li za tion of the var i ous hy drated sulphates.

Key words: sec ond ary sulphates, voltaite, römerite, halotrichite group, toxic el e ments.

INTRODUCTION

The Bãiuï re gion (Fig. 1), sit u ated ~40 km east of Baia Mare
in Maramureê County, Ro ma nia, is char ac ter ized by sig nif i cant
polymetallic sul phide min er al iza tion that has been in ten sively
ex ploited since the 12th cen tury. The most eco nom i cally im por -
tant el e ments were gold, sil ver, lead, zinc, cop per and an ti -
mony. This area hosts a rich min ing her i tage and is rec og nized
as one of Eu rope’s most im por tant met al lo gen ic prov inces. Min -
ing op er a tions con tin ued un til the early 21st cen tury (Kovács et
al., 2009). Pre vi ous re search has pri mar ily fo cused on the ore
min er al iza tion (Lang, 1979, 1994; Grancea et al., 2002; Costin,
2003, 2005; Damian et al., 2008, 2020; Plotinskaya et al.,
2009), as well as on the en vi ron men tal im pact of pro longed
min ing ac tiv ity, par tic u larly soil and wa ter con tam i na tion (Fren -
tiu et al., 2008; Levei et al., 2009; Dorotan et al., 2018; Popa et
al., 2019; Santanna et al., 2021).

In this re gion, three main ore de pos its – Breiner, Vãratec
and Cisma – were ex ploited in sev eral mines. The ore min er al -
iza tion is sub ject to in tense weath er ing pro cesses in these ar -
eas. Vari a tions in the com po si tion of the pri mary min er al iza tion
and en vi ron men tal con di tions across the dif fer ent mines re sult
in dis tinct sec ond ary min eral as sem blages (for ex am ple, the
Breiner mine; Januszewska et al., 2025).

Dur ing the de com po si tion of pri mary ore min er als, met als
and other po ten tially toxic el e ments are mo bi lized and then in -
cor po rated into sec ond ary min eral phases. Some of these act
as long-term sinks, ef fec tively im mo bi liz ing (semi)me tal lic con -
tam i nants, while oth ers serve as tem po rary res er voirs, re leas -
ing met als dur ing changes in geo chem i cal con di tions pre vail ing 
in the weath er ing zone.

This study fo cuses on the Johan Hell mine, part of the
Breiner de posit, which is no ta ble for its Au-Ag min er al iza tion, as 
well as for the pres ence of  Zn, Pb, Cu, As and Sb. The pri mary
ob jec tives of this re search were: to char ac ter ize the com po si -
tion of sec ond ary min eral as sem blages in the var i ous mine
zones; and to eval u ate the pos si ble en vi ron men tal im pact of
these phases.* Cor re spond ing au thor, e-mail: anna.januszewska@pgi.gov.pl
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GEOLOGICAL SETTING

The Johan Hell mine is lo cated in the Oaº-Gutâi Moun tains, 
geo log i cally sit u ated within the Tocila-Secu Trans-Carpathian
Flysch (Bombiþã, 1972). Late Neo gene por phy ries in trude the
sed i men tary rocks in the area (Fig. 1). The ev i dence of vol ca nic 
ac tiv ity ob served in the re gion is at trib uted to a com plex in ter -
play of geo log i cal pro cesses, in clud ing subduction, col li sion,
and sub se quent post-collisional and extensional events in volv -
ing the south east ern bor der of the Eu ro pean and Alcapa-Tisia
plates (Seghedi et al., 1998).The polymetallic de pos its in the
Baia Mare area are as so ci ated with the Dragoº Vodã fault zone
(Fig.1, dot ted lines) which is aligned E–W.

The de pos its in the Baia Mare area are part of the Herja-
 Bãiut met al lo gen ic dis trict, known for its Pb-Zn-Cu and Au-Ag
min er al iza tion (Kovacs and FòlØp, 2003). The ore min er al iza -
tion in the broader Baia Mare re gion is clas si fied as of low-
 sulphidation or adu laria-seri cite epi ther mal type (Grancea et al., 
2002), as so ci ated with calc-al ka line vol ca nism (Iancu et al.,
2010). How ever, re cent stud ies con ducted by Kovács and
Tãmaê (2020), on Cu3(As,Sb)S min er als from the Cisma and
Herja mines, have re vealed the pres ence of en ar gite and the
luzonite-famatinite solid so lu tion, typ i cally as so ci ated with
high- sulphidation de pos its or oc ca sional in ter me di ate-
 sulphidation epi ther mal de pos its.

The Breiner de posit en com passes a va ri ety of Paleogene
and Neo gene sed i men tary rock suc ces sions, pri mar ily com -
pris ing marls, sand stones, and shales, with in tru sions of Neo -
gene an de site and diorite. The de posit in the vi cin ity of Bãiuï
was ex ploited in two main mines: the Johan Hell mine (part of
this study) and the Breiner mine. Within the sed i men tary se -
quences, min er al ized quartz veins, no ta bly at Bãiuþ and Roba,
in tri cately in ter sect, host ing a rich as sort ment of me tal lic min er -
als. Among the abun dant ore min er als are py rite, sphalerite, ga -
lena, chal co py rite, marcasite, orpiment, realgar, ar seno py rite,

pyrrhotite, stibnite, tetrahedrite group min er als (sil ver-en -
riched), na tive gold (electrum), and thioantimonate sulphosalts
mainly rep re sented by bour no nite, jamesonite, and semseyite
(Costin, 2000; Mariaº, 2005).

METHODOLOGY

Sam ples of weath er ing min er als were col lected from one of
the adits of the Johan Hell mine. Within the min ing gal ler ies sur -
veyed, dis tinct zones con tain ing weath er ing min er als were
iden ti fied. The prom i nent area within this mine is a cham ber
with abun dant forms of halotrichite group min er als. These min -
er als cre ate struc tures re sem bling strands of hair, hang ing from 
the walls of the mine, that can reach up to 1m in length (Fig. 2A), 
or cre ate efflorescences on the mine walls (Fig.2B). An other
note wor thy lo ca tion is one of the old mine cham bers where
römerite-rich min er al iza tion is pres ent. These zones are lo -
cated deep within the mine, ~3–4 km from the en trance. They
are char ac ter ized by ex tremely dry con di tions and a no tice able
el e vated tem per a ture. Lastly, sit u ated a lit tle far ther from the
römerite-rich zone, is the voltaite-rich zone with abun dant py rite
min er al iza tion.

Sam ples of min er als from all the zones were col lected and
placed in air tight con tain ers to pre vent the loss of crys tal li za tion
wa ter. Phase com po si tion anal y sis was con ducted us ing the
pow der X-Ray dif frac tion method on an X’Pert Pro diffra cto -
meter at the Fac ulty of Ge ol ogy, Uni ver sity of War saw, with the
fol low ing pa ram e ters: cur rent of 30 mA, volt age of 40 kV, and
CoKa an ode TOPAS (v. 3.0) soft ware with the Rietveld method
were used for the qual i ta tive phase anal y sis. For geo chem i cal
stud ies, 19 min eral sam ples (17 sec ond ary min er als and 2 of
py rite ore) un der went chem i cal com po si tion anal y sis us ing the
ICP-MS/ES (AQ250-EXT) method at the Bu reau Veri tas lab o -
ra tory in Can ada. These anal y ses were car ried out on min eral
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Fig. 1. Geo log i cal map of the Baia Mare area (af ter Kovács et al., 2009)
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ag gre gates of typ i cal com po si tion. The sam ple mass de pended 
on the min eral spe cies. Römerite and voltaite were man u ally
sep a rated un der a bin oc u lar mi cro scope. Other min er als such
as halotrichite gr., melanterite, hexahydrite and rozenite were
se lected as monomineral sam ples. Sam ple pu rity was ver i fied
mi cro scop i cally and con firmed by X-ray dif frac tion. In cases
where the ma te rial was not strictly monomineral, this was in di -
cated as min eral parageneses (for ex am ple rozenite and hexa -
hydrite). Over all, the spec i mens ana lysed are con sid ered rep -
re sen ta tive of the sec ond ary sul phate as sem blages stud ied.

Sta tis ti cal anal y sis of the geo chem i cal data was per formed
us ing prin ci pal com po nent anal y sis (PCA) to iden tify un der ly ing
pat terns and re duce data dimensionality. The anal y ses were
car ried out us ing PAST soft ware ver sion 4.13 (Ham mer et al.,
2001) and the RStudio en vi ron ment.

RESULTS

SECONDARY MINERALS

In the Johan Hell mine, com pre hen sive sur vey has iden ti -
fied an as sem blage of 20 dis tinct min er als or min eral groups.
The most com mon are the halotrichite-group min er als
(Figs. 2A,B, 3A, C, F, 4A and Ta ble 1), which oc cur through out
all mine zones. 

The halotrichite-group min er als are monoclinic, highly hy -
drated sulphates with the gen eral for mula XY2(SO4)4·22H2O,
where X is a di va lent cat ion (com monly Fe2+, Mg2+, Mn2+, Zn2+,
Co2+) and Y is a tri va lent cat ion (most com monly Al3+, oc ca sion -
ally Fe3+ or Cr3+; Ballirano, 2006). Crys tal lo graphi cally they be -
long to the space group P21/c, form ing acicular (nee dle-like), fi -
brous or asbestiform ag gre gates, com monly as efflorescences, 
crusts or incrustations. Their crys tal-chem i cal be hav iour is
dom i nated by ex ten sive iso mor phic sub sti tu tion at the X-site
among Fe2+, Mg2+, Mn2+ etc., and more lim ited sub sti tu tion at
the Y-site (Al3+ « Fe3+, Cr3+ in some sam ples; Ballirano, 2006).

Within this group, halotrichite is the most abun dant in the
Johan Hell mine and is par tic u larly con cen trated in a des ig -
nated halotrichite gal lery, where it forms no ta ble, hair-like crys -
tals that can ex ceed one metre in length and that are strik ingly
sil ver-white (Fig. 2A).

Ad di tion ally, apjohnite – the MnAl-dom i nant mem ber of the 
halotrichite-group – was ob served as ef flo res cent de pos its on
the mine walls, typ i cally ar ranged in small cir cu lar clus ters
(Figs. 2B and 4A). While apjohnite gen er ally pres ents a pris tine
white ap pear ance, some spec i mens dis play a yel low ish tint,
likely re sult ing from jarosite encrustations.

In the mine, abun dant mag ne sium sulphates were dis cov -
ered, with starkeyite be ing the most com mon (Fig. 4B). This
min eral is a mem ber of the rozenite group which com prises hy -
drated sulphates with the gen eral for mula MSO4·4H2O (M =
Mg2+, Mn2+, Fe2+, Co2+, Zn2+, Cd2+). Starkeyite co ex isted with
min er als of the halotrichite group, voltaite, szomolnokite, and
other sulphates of di va lent met als (rozenite, melanterite, epso -
mite, hexahydrite).

Hexahydrite oc curs as white fi brous crys tals on the mine
walls, whereas starkeyite forms rel a tively hard, white to yel low -
ish amor phous-like crusts. Ad di tion ally, mi nor amounts of sul -
phate min er als be long ing to the epsomite group were iden ti fied
via PXRD anal y sis in the sam ples con tain ing halotrichite-group
min er als, jarosite, starkeyite, and mem bers of the rozenite
group (Fig. 4A).

Jarosite, char ac ter ized by its finely crys tal line yel low ag gre -
gates (Fig. 3A), was ob served on the sur face of bar ren rocks.
Ad di tion ally, traces of this min eral were iden ti fied in sam ples
con tain ing copiapite and halotrichite-group min er als (Fig. 4C,
D). In some cases, its pres ence may im part a yel low ish col our
to the min er als ana lysed.

Alunogen oc ca sion ally co-oc curs with min er als from the
halotrichite zone (Fig. 4C, D), form ing spher i cal ag gre gates
(Fig. 3B). Within these min er al ized zones, copiapite – as the
only rep re sen ta tive of the copiapite group in the mine – is found
in as so ci a tion with halotrichite, melanterite, rozenite, and
fibroferrite (Fig. 4C). PXRD stud ies have also al lowed de tec tion 
of alum-(K) oc cur ring along side halotrichite-group min er als and 
jarosite. Ad di tion ally, sim ple zinc sulphates such as goslarite
and bianchite are pres ent in the mine, though they are rel a tively 
rare (Fig. 4A).

In the sec ond prom i nent zone of the mine, rich römerite-
 bear ing min er al iza tion has been iden ti fied (Fig. 4D). The most
char ac ter is tic com po nent of this paragenesis is römerite This
min eral forms euhedral crys tals mea sur ing up to a few milli -
metres in size, char ac ter ized by their dis tinc tive brown-gold col -
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Fig. 2. Halotrichite group min er als in the Johan Hell mine

A – strains of hair-like crys tals of halotrichite in the most prom i nent zone of the Johan Hell mine; B – clus ter ag gre gates built with
halotrichite group min er als
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Fig. 3. Macro pho tos of min er als from the Johan Hell mine

A – halotrichite (Hth) euhedral crys tals with small crys tal line alu nite group min er als (Alu); B – ag gre gate of alunogen (Alg); C – well-de fined
römerite (Röm) with halotrichite group min er als (Hth); D – coquimbite (Coq) with fine-grained szomolnokite (Szo) and small römerite (Röm)
crys tals; E – melanterite (Mlt) crust on py rite (Py) with small crys tals of voltaite (Vlt); F – voltaite euhedral crys tal with hair-like halotrichite
(Hth) and small crys tal of py rite (Py)



our (Fig. 3C). Com monly, sugar-like crys tals of szomolnokite
are found co ex ist ing along side small, hair-like halotrichite
(Figs. 4D and 5B). Light pur ple coquimbite crys tals are also
pres ent within this paragenesis (Figs. 3D and 4E). Fur ther more, 
rare sec ond ary min er als were dis cov ered through PXRD stud -
ies, in clud ing paracoquimbite and lausenite (Fig. 4E). These
min er als were iden ti fied only spo rad i cally, oc cur ring in a sin gle
sam ple.

In the last dis tinc tive zone, voltaite is the most char ac ter is -
tic min eral. This phase man i fests as typ i cal, black iso met ric
crys tals, form ing di rectly on py rite sur faces, to gether with me -
lante rite, halotrichite and szomolnokite (Figs. 3E, F and 5A).
The voltaite group con sists of com plex hy drated sulphates with

the gen eral for mula  A2Me25M13Al(SO4)12·18H2O, crys tal liz ing
as black to dark-green oc ta he dral or cu bic crys tals; they are
char ac ter ized by high struc tural com plex ity and ex ten sive iso -
mor phic sub sti tu tions at the Me site (by Fe2+, Mg2+, Zn2+, Mn2+)
and at the tri va lent cat ion site M1 (Al2+ « Fe2+, Cr2+, V2+). The A
site of the min eral may be oc cu pied by NH4.

Szomolnokite in the mine oc curs as sugar-like crys tals,
com monly as so ci ated with mas sive melanterite, fi brous
halotrichite and euhedral voltaite (Fig. 4D, E). Voltaite crys tals
in the Johan Hell mine are small (up to 1–2 mm) and oc ca sion -
ally form inter growths with melanterite. Sim i larly, halotrichite
forms inter growths with melanterite. Szomolnokite typ i cally fills
the spaces be tween these min eral phases.
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Fig. 4. PXRD pat terns of sec ond ary min er als from Johan Hell mine

 Alg – alunogen, Apj – apjohnite, Bia – bianchite, Cop – copiapite, Coq – coquimbite, Eps – epsomite, Fib – fibroferrite, Gos – goslarite,
Hth – halotrichite, Hex – hexahydrite, Jar – jarosite, Lau – lausenite, Mlt – melanterite, Pcoq – paracoquimbite, Py – py rite, Q – quartz,

Rom – römerite, Roz – rozenite, Sta – starkeyite, Szo – szomolnokite



GEOCHEMICAL DATA

The geo chem i cal com po si tion of sec ond ary min er als in the
Johan Hell mine var ies across dif fer ent min er al iza tion zones
(Ta ble 2). The trace-el e ment com po si tion of sec ond ary sul -
phates from the halotrichite zone shows pro nounced en rich -
ment in sev eral crit i cal and toxic el e ments. Man ga nese is highly 
abun dant (>10,000 ppm) in al most all phases, con firm ing its
strong par ti tion ing into hy drated Fe-sulphates such as halo -
trichite-group min er als, copiapite, melanterite, and rozenite.
Zinc also reaches very high con cen tra tions (>10,000 ppm) in
sev eral halotrichite-group sam ples, as well as in hexahydrite
and rozenite.

Cop per and lead are gen er ally pres ent in mi nor to mod er ate 
amounts (up to sev eral hun dred ppm), with oc ca sional en rich -
ments in halotrichite and jarosite sam ples (Pb 844 ppm) and
copiapite (Pb 174 ppm). No ta bly, ar senic is mark edly en riched
in halotrichite and jarosite (up to 941 ppm) and copiapite
(1187 ppm). Other trace met als such as Co, Ni and Cr are con -
sis tently pres ent at tens to hun dreds of ppm, con firm ing broad
sub sti tu tion at di va lent cat ion sites. High est Cr val ues was
found in jarosite sam ple (Cr 501 ppm).

The rare earth el e ments mea sured (La+Y+Ce) are strongly
vari able, rang ing from back ground lev els to ex cep tion ally high
val ues in halotrichite-bear ing as sem blages (up to 1941 ppm).
El e ments such as Tl, Rb, Hg, Ag, and Au oc cur at very low con -
cen tra tions (ppb–ppm range), though spo radic en rich ments in
Ag and Hg were de tected (halotrichite-bear ing sam ples, Ag up
to 0.6 ppm; Hg up to 15.6 ppm).

Sec ond ary sulphates from the römerite zone dis play a dis -
tinc tive trace-el e ment pat tern com pared with those from the
halotrichite zone. Römerite it self shows low Mn con tents
(112 ppm), but is strongly en riched in Cu (2036 ppm), with
some amounts of Pb (327 ppm), and Zn (2533 ppm). It also
hosts ex cep tion ally high con cen tra tions of As (3736 ppm) and
Sb (240 ppm). Pre cious met als are no ta bly el e vated, with Ag
(38 ppm), Au (1.39 ppm), and Hg (16.6 ppm). As so ci ated
halotrichite-group min er als in this zone con tain even higher Cu
(7178 ppm) and sig nif i cant en rich ments in As (2052 ppm).

The voltaite zone is char ac ter ized by com plex trace-el e -
ment en rich ments con sis tent with the struc tural flex i bil ity of this
min eral group. Voltaite it self con tains mod er ate lev els of Mn
(443 ppm) but shows el e vated Co (312 ppm) and As (2805
ppm). It also ex hib its sig nif i cant pre cious-metal con tents (Ag
3.7 ppm, Au 2.6 ppm), and rel a tively high (in com par i son to
other sec ond ary min er als) Rb and Tl, in dic a tive of its ca pac ity to 
ac com mo date large al kali ions within the struc ture. The as so ci -
ated halotrichite re cords el e vated As (392 ppm) and Pb (113
ppm), to gether with mea sur able en rich ments in Ag (0.88 ppm)
and Au (0.23 ppm).

The py rite ore sam ples (Ta ble 3) are char ac ter ized by low
Mn (~80 ppm) and Zn (80–135 ppm) com pared with the ex -
tremely high con tents in sec ond ary sulphates (com monly
>10,000 ppm). Cop per and Sb are also dis tinctly lower in the
ore (Cu <25 ppm; Sb <7.5 ppm) than in some sec ond ary
sulphates, where Cu com monly ex ceeds 2,000 ppm and Sb
reaches 240 ppm in römerite.
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Ar senic, how ever, is strongly en riched in both ore and sec -
ond ary phases. The py rite ore hosts As at 1300–1400 ppm,
com pa ra ble to the range found in copiapite, but clearly lower
than the ex treme val ues in römerite (>3700 ppm) or voltaite
(~2800 ppm). Co balt is higher in the ore (190–249 ppm) than in
most sec ond ary sulphates, al though voltaite again shows
strong Co en rich ment (312 ppm).

Py rite ore is the pri mary host of Ag (6.2–8.8 ppm) and Au
(1.1–1.4 ppm), which are con cen trated also in römerite and
voltaite. Mer cury is el e vated in py rite (633–680 ppb), but sec -
ond ary phases can lo cally reach even higher lev els (e.g.,
römerite ~38,000 ppb). Py rite ore rep re sents the pri mary
source of As, Co, Pb and pre cious met als (Ag, Au, Hg), sub se -
quently mo bi lized and in cor po rated into sec ond ary sulphates.

DISCUSSION

SECONDARY MINERALS FORMATION

The for ma tion and sta bil ity of the sec ond ary min er als in the
Johan Hell mine are closely linked to chang ing en vi ron men tal
con di tions. These fac tors have un der gone sig nif i cant shifts, pri -
mar ily in terms of pH and hu mid ity, in flu enc ing the crys tal li za -
tion, trans for ma tion and per sis tence of var i ous min eral phases
over time.

Dur ing the ini tial stage of min eral for ma tion, the en vi ron -
ment was char ac ter ized by ex tremely acidic con di tions (pH <2)
of pore so lu tions which were pres ent in thin fis sures that cut
rocks bear ing ore min er al iza tion. Crys tal li za tion of these readily 
sol u ble sulphates as melanterite, epsomite and goslarite oc -
curs in ar eas of ex u da tion of acidic pore so lu tions on the walls
of mine work ings. Rapid evap o ra tion of acidic pore so lu tions
takes place at the el e vated tem per a tures pre vail ing in the mine
gal ler ies stud ied (Fig. 6). At such tem per a tures, there is then a
grad ual loss of crys tal li za tion wa ter from the pre cip i tated sul -
pha tes and their slow trans for ma tion into phases with lower wa -
ter con tents. This shift led to the de hy dra tion of the pri mary sec -
ond ary min er als, form ing rozenite, szomolnokite, hexahydrite,
starkeyite and bianchite.

An other strong in di ca tor of ul tra-acidic con di tions in this
stage is the pres ence of alunogen, a sul phate min eral that
forms as ef flo res cence from cap il lary so lu tions in ex treme
acidic en vi ron ments (Nordstrom and Alpers, 1999). Ad di tion -
ally, min er als of the halotrichite group, which are most abun -
dant, may have be gun to crys tal lize dur ing this phase. These
min er als tend to form in highly acidic con di tions and re main rel -
a tively sta ble de spite hu mid ity fluc tu a tions (Hammarstrom et
al., 2005; Sanchez, 2007).

The pro gres sive ox i da tion of fer rous ions and the con tin ued
re lease of cat ions from the bar ren rock – driven by the ag gres -
sive ac tion of sul fu ric acid – marked the on set of the sec ond
ma jor stage of min eral for ma tion. With the grad ual in crease in
pH (from ~1.2 to 3.0), mixed-va lence and fer ric sul phate min er -
als be gan to crys tal lize. This stage saw the for ma tion of min er -
als such as lausenite, fibroferrite, copiapite, coquimbite and
paracoquimbite. The sub se quent for ma tion of römerite in di -
cates a fur ther pH rise, as this min eral crys tal lizes from sul -
phate-rich so lu tions when Fe2+ par tially ox i dizes to Fe3+,
thereby re duc ing the over all acid ity of the wa ter (Frost et al.,
2010; Murray et al., 2014).
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T a  b l e  3

Geo chem i cal com po si tion of py rite ore from the Johan Hell mine

Fig. 5. Mi cro pho to graphs taken us ing an elec tron microprobe of the sam ple con tain ing voltaite (A) and the sam ple con tain ing
römerite (B)

A – paragenesis of com pact melanterite (Mel) with halotrichite (Hth) inter growths and voltaite (Vlt) in clu sions, in con tact with py rite (Py).
Inter gra nu lar spaces are filled with frag mented szomolnokite (Szo); B – Römerite (Röm) crys tals as so ci ated with fi brous halotrichite (Hth) 

and szomolnokite (Szo)

Fig. 6. Scheme of sec ond ary min eral for ma tion in Johan Hell mine



The con tin u ous re lease of cat ions from bar ren rock (weath -
er ing of micas, K feld spars, and plagioclases) pro moted the
crys tal li za tion of voltaite, and alum-(K). The per sis tence of
römerite and voltaite, which are com monly found within the
mine, sug gests that these con di tions re mained sta ble for an ex -
tended pe riod.

In the fi nal stage of sec ond ary min eral for ma tion, con di tions
within the mine sta bi lized at a higher pH range (2.5–3.5). This
stage is char ac ter ized by the crys tal li za tion of jarosite, a min eral 
that typ i cally forms in acidic aque ous so lu tions (Hammarstrom
et al., 2005; Sanchez, 2007). A sig nif i cant rise in pH fa cil i tated
the for ma tion of more sta ble phases, such as gyp sum, which
are in dic a tive of en vi ron ments with re duced acid ity. 

Halotrichite group min er als are par tic u larly abun dant in the
mine due to the pre vail ing dry en vi ron men tal con di tions, which
pre vent its dis so lu tion and en hance its long-term sta bil ity. Its
crys tal li za tion is closely linked to the pres ence of sulphuric acid,
which is gen er ated dur ing the ox i da tion of sul phide min er als
and plays a crit i cal role in main tain ing the ex tremely low pH nec -
es sary for halotrichite for ma tion (Chou et al., 2013). Typ i cally,
this min eral forms in highly acidic set tings, with pH val ues be low 
3.0, where the sol u bil ity of es sen tial cat ions such as iron, mag -
ne sium, man ga nese and alu minium in creases sig nif i cantly,
pro mot ing their in cor po ra tion into the halotrichite struc ture
(Sánchez et al., 2007). They can also form over a wider pH
range, ex tend ing up to 3.5 (Stumbea et al., 2019).

The pri mary source of alu minium, a key com po nent of this
min eral group, is the break down of alu mi no sili cate min er als
such as feld spars, and lay ered aluminosilicates. Fur ther more,
the hydration state of halotrichite un der scores its de pend ence
on wa ter avail abil ity. It typ i cally pre cip i tates in low-tem per a ture
and high-hu mid ity con di tions, where suf fi cient wa ter mol e cules
in te grate into its crys tal lat tice. Alpers et al. (1994) dem on -
strated through ex per i men tal stud ies that the halotrichite group
forms from aque ous so lu tions at tem per a tures be low 50°C.
How ever, halotrichite can also de velop in arid and semi-arid re -
gions through the evap o ra tion of sul phate-rich wa ters, dem on -
strat ing that its for ma tion is not strictly lim ited to hu mid con di -
tions.

COMPARISON WITH THE BREINER MINE

The Johan Hell mine is part of the larger Breiner de posit,
which also in cludes the Breiner mine lo cated be neath it. De -
spite their close prox im ity, the en vi ron men tal con di tions in
these two mines dif fer sig nif i cantly. While part of the Johan Hell
mine is char ac ter ized by a warm and slightly hu mid en vi ron -
ment, the Breiner mine is much colder and wet ter. This con trast
strongly in flu ences the for ma tion and sta bil ity of sec ond ary min -
er als within each mine. In the Breiner mine, melanterite is the
dom i nant sec ond ary min eral (Januszewska et al., 2025), sta bi -
lized by per sis tently high-hu mid ity con di tions that pre vent its
trans for ma tion into lower-hydration sul phate phases. Al though
halotrichite-group min er als are also pres ent, only spe cies such
as halotrichite and bílinite have been iden ti fied. In stead of form -
ing as mas sive or large crys tal line ag gre gates, they oc cur
rather as small spher i cal ag gre gates on the sur face of
melanterite and along the mine walls. This sug gests that their
for ma tion is in flu enced by lo cal microenvironmental con di tions,
in flu enced by fluc tu a tions in hu mid ity and mi nor vari a tions in
pH, which may af fect their crys tal li za tion path ways and sta bil ity
within the Breiner mine.

A com par i son of these two mines, both part of the same ore
de posit, high lights the crit i cal role of chang ing en vi ron men tal
con di tions (such as pH, hu mid ity) in in flu enc ing the com po si tion 
of the sec ond ary min er als. Ef fi cient me te oric wa ter sup ply in the 

Breiner mine en abled the for ma tion of su per sat u rated so lu tions 
that per sisted in the en vi ron ment for an ex tended pe riod, al low -
ing melanterite crystallisation to dom i nate the sec ond ary min er -
als in this part of de posit (Januszewska et al., 2025). By con -
trast, in the Johan Hell mine, the for ma tion of su per sat u rated
so lu tions was re stricted, and am bi ent hu mid ity lev els fa voured
the per sis tence of halotrichite-group min er als. Melanterite oc -
curs only lo cally, re stricted to microenvironments with an in -
creased in flux of acid so lu tions. The as sem blage of Fe-sul -
phate hy drates is pre dom i nantly com posed of de hy drated
phases such as rozenite and szomolnokite. This clear dis tinc -
tion un der scores the im por tance of lo cal hu mid con di tions in
con trol ling sec ond ary min eral di ver sity and sta bil ity within mine
set tings.

MIGRATION OF ELEMENTS

Prin ci pal Com po nent Anal y sis (PCA) was ap plied in this
study as an ex plor atory multivariate method to iden tify as so ci a -
tions be tween trace el e ments and the min eral groups. All
datasets were nor mal ized and cen tred prior to anal y sis to ac -
count for dif fer ences in chem i cal com po si tion among di verse
min eral spe cies. PCA has been suc cess fully ap plied in sim i lar
con texts, such as weath er ing zones and mine wastes, to re veal
geo chem i cal cor re la tions (e.g., Fos ter et al., 2011; Byrne et al.,
2017).

The min er als from the Johan Hell mine show sig nif i cant
vari abil ity in el e men tal dis tri bu tion among sec ond ary min eral
spe cies. The most compositionally di verse group com prises
halotrichite-group min er als, which are also the most abun dant
and widely dis trib uted in the part of the mine in ves ti gated.
These min er als act as ma jor sinks for a broad range of el e -
ments. PCA re veals that these sam ples are dis persed across
dif fer ent re gions of the plot, in di cat ing con sid er able compo -
sitional het er o ge ne ity within this min eral group (Fig. 7).

For ex am ple, in zones where römerite is abun dant,
halotrichite-group min er als are more likely to in cor po rate el e -
ments that dom i nate in that spe cific geo chem i cal en vi ron ment,
such as Cu, Pb, As, Hg, Au and Ag. En rich ment in el e ments
such as Zn, Cu, Pb, Co and Cd is also ob served in the
halotrichite-group min er als. Com pared to the Up per Con ti nen -
tal Crust (UCC) stan dard (Fig. 8; Rudnick and Gao, 2003), the
halotrichite group shows par tic u larly high en rich ment fac tors for 
Zn, As and Cd, reach ing lev els sev eral hun dred times greater
than typ i cal crustal val ues.

Halotrichite-group min er als are ob served to se ques ter
REE, lo cally ex ceed ing 1000 ppm. A sim i lar sub sti tu tion mech -
a nism has been doc u mented at the sis ter Breiner mine
(Januszewska et al., 2025) and in the Ibe rian Py rite Belt
(Soyol-Erdene et al., 2018). Com pared to PAAS (Post-Archean 
Aus tra lian Shale; McLennan, 1989) these sec ond ary min er als
show REE con cen tra tions that are sev eral times higher. REEs
show a strong cor re la tion with Mn; this can be in ter preted as a
pro cess sig nal of co-trans port and par ti tion ing into the same
sec ond ary phases. Al though di rect, min eral-spe cific datasets
on REEs in halotrichite are scarce, stud ies of AMD sys tems
shows that sec ond ary sulphates (in clud ing halotrichite-group
min er als within their as sem blages) act as tran sient REE sinks
via ad sorp tion and coprecipitation, con trol ling REE frac tion -
ation and mo bil ity in acidic en vi ron ments (Fernández-Caliani,
2021; Soyol-Erdene et al., 2018; Gomes et al., 2022).

Voltaite is pri mar ily en riched in el e ments di rectly in her ited
from the weath er ing of ore veins, mainly py rite. These in clude
Pb, As, Au, Ag, Tl, Co and Rb. The last three el e ments show
rel a tively low di ver sity among sec ond ary min er als, with their
con cen tra tions re main ing fairly con sis tent (Fig. 8). By con trast,
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gold, fol lowed by sil ver, shows the high est vari abil ity in min er al -
og i cal oc cur rence, dis play ing sig nif i cant dif fer ences in con cen -
tra tion across var i ous sec ond ary min eral spe cies. In the case of 
voltaite, com pared to the UCC ref er ence val ues (Fig. 8), gold
shows the high est en rich ment fac tor among all the min eral
phases ex am ined.

The cal cium con tent in voltaite was sig nif i cantly higher than
that re ported in ear lier stud ies con ducted on spec i mens from
the Chiprovtsi ore field in Bul garia (e.g., Dimitrova et al., 2019).

Min er als of the voltaite group have a ten dency to in cor po rate ar -
senic, which was pre vi ously re ported in stud ies by Dimitrova et
al. (2019), with con cen tra tions rang ing from 1,000 to more than
2,000 ppm. This ex ceeds the stan dard UCC val ues ap prox i -
mately a thousandfold (Fig. 8). Ad di tion ally, sil ver en rich ment in
this min eral was not con sis tently re ported in pre vi ous re search
(Dimitrova et al., 2019).
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Fig. 7. PCA anal y sis of el e ment dis tri bu tion in the Johan Hell mine

Fig. 8. Trace el e ment con cen tra tions in the most com mon sec ond ary sul phate min er als from the Johan Hell mine in re la tion to
Up per Con ti nen tal Crust (UCC; Rudnick and Gao, 2003)
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Thal lium is of ten known to be in cor po rated into the struc ture 
of voltaite (Biagioni et al., 2020b); how ever, this was not the
case for sam ples from the Johan Hell mine. The ICP-MS re sults 
re vealed that the high est con cen tra tions of thal lium were in -
deed found in voltaite, though reach ing only up to 6.8 ppm.
Other el e ment sub sti tu tions within the min eral struc ture, such
as Mg, Mn, or Al, have been pre vi ously re ported (Biagioni et al.,
2020a; Zhitova et al., 2023).

Römerite dis plays a dis tinct geo chem i cal com po si tion in
com par i son to the other min er als, oc cu py ing the op po site end
of the PCA plot along side min er als that share a paragenetic as -
so ci a tion with it (Fig. 7). Both römerite and halotrichite from the
römerite-rich zone show the high est ar senic con cen tra tions,
likely re sult ing from the en rich ment of the ore min er als in this el -
e ment. Ad di tion ally, ar senic shows a pos i tive cor re la tion with
Au, Ag and Hg, and this en rich ment is sim i larly ev i dent in
römerite. Ar senic up take in römerite was pre vi ously re ported by
Dimitrova et al. (2019), with val ues rang ing be tween 400 and
500 ppm. By con trast, sam ples from the Johan Hell mine show
ar senic in cor po ra tion sev eral or ders of mag ni tude higher (As
>3700 ppm).In re la tion to UCC, römerite dis plays the high est
en rich ment fac tor of As (Fig. 8). Sil ver and mer cury sub sti tu tion
is un com mon for this type of min eral, as it has not been re ported 
at such lev els in pre vi ous re search. Con versely, cop per en rich -
ment in this phase has also been doc u mented in sam ples col -
lected from the Chiprovtsi ore field in Bul garia (Dimitrova et al.,
2019). Römerite can ac com mo date var i ous cat ions at the A site 
of its crys tal struc ture. For ex am ple, sam ples from the Apuan
Alps show sub sti tu tion by Mg (Mauro et al., 2018). In the case of 
the Johan Hell mine, we ob served the in cor po ra tion of Zn, and
to some ex tent Na. This sub sti tu tion is re lated to the avail abil ity
of Zn ions in the sys tem, which re sults from the ox i da tion of
polymetallic min er al iza tion rich in sphalerite.

Hy drated di va lent cat ion sulphates, such as melanterite,
rozenite, epsomite and hexahydrite, show sim i lar trace el e ment
com po si tions. These min er als are closely po si tioned on the
PCA plot and are pre dom i nantly com posed of Ca, Mg, Na and
Mn. Sub sti tu tion of these el e ments is most com monly ob served 
within this group of min er als. How ever, the di ver sity of Mg and
Mn across the sec ond ary min er als var ies sig nif i cantly. Zinc and
nickel ex hibit a lin ear cor re la tion, sug gest ing sim i lar geo chem i -
cal be hav iour and sub sti tu tion within the min eral struc tures
(e.g., in melanterite and rozenite). By con trast, the an ti mony
vec tor is in versely cor re lated with Zn and Ni. This el e ment is pri -
mar ily con cen trated in dif fer ent min er als, such as those as so ci -
ated with the halotrichite group, as well as jarosite, copiapite
and römerite.

When con sid er ing the or i gin of met als in cor po rated into
sec ond ary sulphates, it is im por tant to note that they do not de -
rive solely from the ox i da tion of sul phide ores. Their com po si -
tion also re flects the break down of bar ren host min er als un der
acidic con di tions. El e ments such as Mg and Fe can be re leased 
from chlorite, am phi boles and py rox enes; Al from alumino -
silicates in clud ing feld spars, mus co vite, illite and kaolinite; and
K and Na from feld spars and micas. Man ga nese may orig i nate
from Mn-car bon ates, while Ca can be sup plied by plagioclase.
As a re sult, the chem is try of sec ond ary sulphates re cords con -
tri bu tions both from the al ter ation of ore sulphides and from the
par al lel de com po si tion of eas ily weath ered gangue min er als. In
ad di tion, py rite ore rep re sents the main source of As, Co and
Pb, as well as pre cious met als such as Ag, Au and Hg, which
are mo bi lized dur ing weath er ing and sub se quently in cor po -
rated into sec ond ary sul phate phases.

From an en vi ron men tal per spec tive, the abil ity, e.g., of
halotrichite-group min er als, römerite and voltaite to in cor po rate
and only tem po rarily im mo bi lize toxic el e ments such as As, Cu,

Zn, Cd, Pb and Hg is of par tic u lar con cern. Be cause these sec -
ond ary sulphates are highly sol u ble and un sta ble un der chang -
ing hu mid ity or pH con di tions, their dis so lu tion can rap idly re -
lease con tam i nants into sur face and ground wa ter. Such pro -
cesses are known driv ers of se vere acid mine drain age im pacts 
world wide, for ex am ple in the Ibe rian Py rite Belt (Spain), where
the long-term weath er ing of mas sive sul phide de pos its has cre -
ated highly acidic rivers en riched in Fe, As and heavy met als,
and in the Berke ley Pit, Butte, Montana (USA), where AMD has
gen er ated a toxic lake con tain ing ex tremely high metal con cen -
tra tions. In the Breiner–Bãiuï min ing area (Ro ma nia), weath er -
ing zones with ef flo res cent sec ond ary sulphates ex ert a strong
neg a tive im pact on lo cal wa ters by con trib ut ing to acid mine
drain age and re leas ing Cu, Zn, Fe and other toxic el e ments into 
ad ja cent streams at con cen tra tions far ex ceed ing en vi ron men -
tal thresh olds (Iepure et al., 2025). These ex am ples high light
that the in sta bil ity of sec ond ary sulphates can trans form min ing
wastes into a per sis tent source of metal con tam i na tion in sur -
face wa ters.

CONCLUSION

This study in ves ti gated the sec ond ary sul phate min eral as -
sem blages formed un der ac tive weath er ing con di tions in the
Johan Hell mine, lo cated in the Baia Mare met al lo gen ic dis trict
of north ern Ro ma nia. The mine, part of the Breiner de posit, is
char ac ter ized by Au-Ag polymetallic min er al iza tion and in tense
supergene al ter ation. De tailed min er al og i cal and geo chem i cal
(ICP-MS/ES) anal y ses al lowed the iden ti fi ca tion of 20 sec ond -
ary sul phate phases, dom i nated by halotrichite-group min er als, 
römerite, voltaite, melanterite, starkeyite, hexahydrite, epso -
mite, rozenite, szomolnokite and copiapite.

The min eral as sem blages re flect a multi-stage for ma tion
his tory con trolled by vari able pH and mois ture con di tions.
Early-form ing phases such as melanterite and epsomite are as -
so ci ated with ex treme acid ity and high hu mid ity, while de hy -
drated sulphates and mixed-va lence min er als (e.g., römerite,
voltaite) in di cate sub se quent shifts in en vi ron men tal pa ram e -
ters. The Johan Hell mine’s dry and warm mi cro cli mate fa vored
the pres er va tion of low-hydration min er als, in con trast to the ad -
ja cent Breiner mine, where high hu mid ity sup ports melanterite
sta bil ity.

The geo chem i cal com po si tion of the sec ond ary min er als
high lights their role as sinks for toxic and crit i cal el e ments, in -
clud ing Fe, As, Sb, Cu, Pb, Zn, Hg and REEs. Par tic u larly,
halotrichite and römerite show ex cep tional en rich ment in ar -
senic and trace met als, sug gest ing po ten tial en vi ron men tal
risk. Prin ci pal Com po nent Anal y sis (PCA) cor rob o rated the
compositional het er o ge ne ity and min eral-spe cific el e men tal as -
so ci a tions.

The find ings con trib ute to a better un der stand ing of sul -
phate min eral evo lu tion in ore weath er ing en vi ron ments and
un der line the im por tance of lo cal cli ma tic and geo chem i cal con -
trols on sec ond ary min eral paragenesis. This knowl edge is es -
sen tial for as sess ing en vi ron men tal im pacts and po ten tial
remediation strat e gies in post-min ing land scapes.
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