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The Johan Hell mine, part of the Breiner polymetallic ore deposit in the Baiut mining area (Maramures, Romania), hosts an
exceptional diversity of secondary sulphate minerals formed through intense weathering of primary ore mineralization. This
study provides a comprehensive mineralogical and geochemical characterization of efflorescent and crust-forming
sulphates that developed under extreme acidic conditions. A total of 20 secondary minerals were identified, with
halotrichite-group representatives being the most abundant and widespread, followed by rOmerite, voltaite, melanterite,
rozenite, starkeyite, hexahydrite and szomolnokite. These minerals show strong compositional variability, influenced by lo-
cal geochemical gradients and microenvironmental factors. Geochemical analyses (ICP-MS/ES) reveal significant enrich-
ment of several elements — including Mn, Zn, Cu, As, REEs and Hg — particularly within the halotrichite group, voltaite and
rémerite. Mineral parageneses reflect a three-stage evolution of weathering conditions, controlled primarily by changes in
pH and humidity. The progression from ultra-acidic (pH <2) to moderately acidic (pH 2.5-3.5) conditions governed the crys-

tallization of the various hydrated sulphates.
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INTRODUCTION

The Baiuf region (Fig. 1), situated ~40 km east of Baia Mare
in Maramures County, Romania, is characterized by significant
polymetallic sulphide mineralization that has been intensively
exploited since the 12" century. The most economically impor-
tant elements were gold, silver, lead, zinc, copper and anti-
mony. This area hosts a rich mining heritage and is recognized
as one of Europe’s most important metallogenic provinces. Min-
ing operations continued until the early 21% century (Kovacs et
al., 2009). Previous research has primarily focused on the ore
mineralization (Lang, 1979, 1994; Grancea et al., 2002; Costin,
2003, 2005; Damian et al., 2008, 2020; Plotinskaya et al.,
2009), as well as on the environmental impact of prolonged
mining activity, particularly soil and water contamination (Fren-
tiu et al., 2008; Levei et al., 2009; Dorotan et al., 2018; Popa et
al., 2019; Santanna et al., 2021).
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In this region, three main ore deposits — Breiner, Varatec
and Cisma — were exploited in several mines. The ore mineral-
ization is subject to intense weathering processes in these ar-
eas. Variations in the composition of the primary mineralization
and environmental conditions across the different mines result
in distinct secondary mineral assemblages (for example, the
Breiner mine; Januszewska et al., 2025).

During the decomposition of primary ore minerals, metals
and other potentially toxic elements are mobilized and then in-
corporated into secondary mineral phases. Some of these act
as long-term sinks, effectively immobilizing (semi)metallic con-
taminants, while others serve as temporary reservoirs, releas-
ing metals during changes in geochemical conditions prevailing
in the weathering zone.

This study focuses on the Johan Hell mine, part of the
Breiner deposit, which is notable for its Au-Ag mineralization, as
well as for the presence of Zn, Pb, Cu, As and Sb. The primary
objectives of this research were: to characterize the composi-
tion of secondary mineral assemblages in the various mine
zones; and to evaluate the possible environmental impact of
these phases.
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Fig. 1. Geological map of the Baia Mare area (after Kovacs et al., 2009)

GEOLOGICAL SETTING

The Johan Hell mine is located in the Oas-Gutai Mountains,
geologically situated within the Tocila-Secu Trans-Carpathian
Flysch (Bombita, 1972). Late Neogene porphyries intrude the
sedimentary rocks in the area (Fig. 1). The evidence of volcanic
activity observed in the region is attributed to a complex inter-
play of geological processes, including subduction, collision,
and subsequent post-collisional and extensional events involv-
ing the southeastern border of the European and Alcapa-Tisia
plates (Seghedi et al., 1998).The polymetallic deposits in the
Baia Mare area are associated with the Dragos Voda fault zone
(Fig.1, dotted lines) which is aligned E-W.

The deposits in the Baia Mare area are part of the Herja-
Baiut metallogenic district, known for its Pb-Zn-Cu and Au-Ag
mineralization (Kovacs and Filop, 2003). The ore mineraliza-
tion in the broader Baia Mare region is classified as of low-
sulphidation or adularia-sericite epithermal type (Grancea et al.,
2002), associated with calc-alkaline volcanism (lancu et al.,
2010). However, recent studies conducted by Kovacs and
Tamas (2020), on Cus(As,Sb)S minerals from the Cisma and
Herja mines, have revealed the presence of enargite and the
luzonite-famatinite solid solution, typically associated with
high-sulphidation  deposits or occasional intermediate-
sulphidation epithermal deposits.

The Breiner deposit encompasses a variety of Paleogene
and Neogene sedimentary rock successions, primarily com-
prising marls, sandstones, and shales, with intrusions of Neo-
gene andesite and diorite. The deposit in the vicinity of Baiut
was exploited in two main mines: the Johan Hell mine (part of
this study) and the Breiner mine. Within the sedimentary se-
quences, mineralized quartz veins, notably at Baiut and Roba,
intricately intersect, hosting a rich assortment of metallic miner-
als. Among the abundant ore minerals are pyrite, sphalerite, ga-
lena, chalcopyrite, marcasite, orpiment, realgar, arsenopyrite,

pyrrhotite, stibnite, tetrahedrite group minerals (silver-en-
riched), native gold (electrum), and thioantimonate sulphosalts
mainly represented by bournonite, jamesonite, and semseyite
(Costin, 2000; Marias, 2005).

METHODOLOGY

Samples of weathering minerals were collected from one of
the adits of the Johan Hell mine. Within the mining galleries sur-
veyed, distinct zones containing weathering minerals were
identified. The prominent area within this mine is a chamber
with abundant forms of halotrichite group minerals. These min-
erals create structures resembling strands of hair, hanging from
the walls of the mine, that can reach up to Tmin length (Fig. 2A),
or create efflorescences on the mine walls (Fig.2B). Another
noteworthy location is one of the old mine chambers where
rOmerite-rich mineralization is present. These zones are lo-
cated deep within the mine, ~3—4 km from the entrance. They
are characterized by extremely dry conditions and a noticeable
elevated temperature. Lastly, situated a little farther from the
romerite-rich zone, is the voltaite-rich zone with abundant pyrite
mineralization.

Samples of minerals from all the zones were collected and
placed in airtight containers to prevent the loss of crystallization
water. Phase composition analysis was conducted using the
powder X-Ray diffraction method on an X'Pert Pro diffracto-
meter at the Faculty of Geology, University of Warsaw, with the
following parameters: current of 30 mA, voltage of 40 kV, and
CoKa anode TOPAS (v. 3.0) software with the Rietveld method
were used for the qualitative phase analysis. For geochemical
studies, 19 mineral samples (17 secondary minerals and 2 of
pyrite ore) underwent chemical composition analysis using the
ICP-MS/ES (AQ250-EXT) method at the Bureau Veritas labo-
ratory in Canada. These analyses were carried out on mineral
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Fig. 2. Halotrichite group minerals in the Johan Hell mine

A — strains of hair-like crystals of halotrichite in the most prominent zone of the Johan Hell mine; B — cluster aggregates built with
halotrichite group minerals

aggregates of typical composition. The sample mass depended
on the mineral species. Romerite and voltaite were manually
separated under a binocular microscope. Other minerals such
as halotrichite gr., melanterite, hexahydrite and rozenite were
selected as monomineral samples. Sample purity was verified
microscopically and confirmed by X-ray diffraction. In cases
where the material was not strictly monomineral, this was indi-
cated as mineral parageneses (for example rozenite and hexa-
hydrite). Overall, the specimens analysed are considered rep-
resentative of the secondary sulphate assemblages studied.

Statistical analysis of the geochemical data was performed
using principal component analysis (PCA) to identify underlying
patterns and reduce data dimensionality. The analyses were
carried out using PAST software version 4.13 (Hammer et al.,
2001) and the RStudio environment.

RESULTS

SECONDARY MINERALS

In the Johan Hell mine, comprehensive survey has identi-
fied an assemblage of 20 distinct minerals or mineral groups.
The most common are the halotrichite-group minerals
(Figs. 2A,B, 3A, C, F, 4A and Table 1), which occur throughout
all mine zones.

The halotrichite-group minerals are monoclinic, highly hy-
drated sulphates with the general formula XY2(SO,)s-22H,0,
where X is a divalent cation (commonly Fe?*, Mg, Mn?*, Zn?*,
Co?")and Yis a trivalent cation (most commonly AI**, occasion-
ally Fe* or Cr**; Ballirano, 2006). Crystallographically they be-
long to the space group P2./c, forming acicular (needle-like), fi-
brous or asbestiform aggregates, commonly as efflorescences,
crusts or incrustations. Their crystal-chemical behaviour is
dominated by extensive isomorphic substitution at the X-site
among Fe?*, Mg®*, Mn*" etc., and more limited substitution at
the Y-site (AI** <> Fe**, Cr** in some samples; Ballirano, 2006).

Within this group, halotrichite is the most abundant in the
Johan Hell mine and is particularly concentrated in a desig-
nated halotrichite gallery, where it forms notable, hair-like crys-
tals that can exceed one metre in length and that are strikingly
silver-white (Fig. 2A).

Additionally, apjohnite — the MnAl-dominant member of the
halotrichite-group — was observed as efflorescent deposits on
the mine walls, typically arranged in small circular clusters
(Figs. 2B and 4A). While apjohnite generally presents a pristine
white appearance, some specimens display a yellowish tint,
likely resulting from jarosite encrustations.

In the mine, abundant magnesium sulphates were discov-
ered, with starkeyite being the most common (Fig. 4B). This
mineral is a member of the rozenite group which comprises hy-
drated sulphates with the general formula MSO4-4H,0 (M =
Mg®*, Mn?*, Fe®*, Co®*, Zn**, Cd?"). Starkeyite coexisted with
minerals of the halotrichite group, voltaite, szomolnokite, and
other sulphates of divalent metals (rozenite, melanterite, epso-
mite, hexahydrite).

Hexahydrite occurs as white fibrous crystals on the mine
walls, whereas starkeyite forms relatively hard, white to yellow-
ish amorphous-like crusts. Additionally, minor amounts of sul-
phate minerals belonging to the epsomite group were identified
via PXRD analysis in the samples containing halotrichite-group
minerals, jarosite, starkeyite, and members of the rozenite
group (Fig. 4A).

Jarosite, characterized by its finely crystalline yellow aggre-
gates (Fig. 3A), was observed on the surface of barren rocks.
Additionally, traces of this mineral were identified in samples
containing copiapite and halotrichite-group minerals (Fig. 4C,
D). In some cases, its presence may impart a yellowish colour
to the minerals analysed.

Alunogen occasionally co-occurs with minerals from the
halotrichite zone (Fig. 4C, D), forming spherical aggregates
(Fig. 3B). Within these mineralized zones, copiapite — as the
only representative of the copiapite group in the mine — is found
in association with halotrichite, melanterite, rozenite, and
fibroferrite (Fig. 4C). PXRD studies have also allowed detection
of alum-(K) occurring alongside halotrichite-group minerals and
jarosite. Additionally, simple zinc sulphates such as goslarite
and bianchite are present in the mine, though they are relatively
rare (Fig. 4A).

In the second prominent zone of the mine, rich romerite-
bearing mineralization has been identified (Fig. 4D). The most
characteristic component of this paragenesis is romerite This
mineral forms euhedral crystals measuring up to a few milli-
metres in size, characterized by their distinctive brown-gold col-
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Fig. 3. Macro photos of minerals from the Johan Hell mine

A — halotrichite (Hth) euhedral crystals with small crystalline alunite group minerals (Alu); B — aggregate of alunogen (Alg); C — well-defined
romerite (R6m) with halotrichite group minerals (Hth); D — coquimbite (Coq) with fine-grained szomolnokite (Szo) and small rémerite (R6m)
crystals; E — melanterite (MIt) crust on pyrite (Py) with small crystals of voltaite (VIt); F — voltaite euhedral crystal with hair-like halotrichite
(Hth) and small crystal of pyrite (Py)
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Fig. 4. PXRD patterns of secondary minerals 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, MIt — melanterite, Pcoq — paracoquimbite, Py — pyrite, Q — quartz,
Rom — romerite, Roz — rozenite, Sta — starkeyite, Szo — szomolnokite

our (Fig. 3C). Commonly, sugar-like crystals of szomolnokite
are found coexisting alongside small, hair-like halotrichite
(Figs. 4D and 5B). Light purple coquimbite crystals are also
present within this paragenesis (Figs. 3D and 4E). Furthermore,
rare secondary minerals were discovered through PXRD stud-
ies, including paracoquimbite and lausenite (Fig. 4E). These
minerals were identified only sporadically, occurring in a single
sample.

In the last distinctive zone, voltaite is the most characteris-
tic mineral. This phase manifests as typical, black isometric
crystals, forming directly on pyrite surfaces, together with me-
lanterite, halotrichite and szomolnokite (Figs. 3E, F and 5A).
The voltaite group consists of complex hydrated sulphates with

the general formula A,Me25M13A1(SO4)12-18H,0, crystallizing
as black to dark-green octahedral or cubic crystals; they are
characterized by high structural complexity and extensive iso-
morphic substitutions at the Me site (by Fe**, Mg®*, Zn**, Mn®")
and at the trivalent cation site M1 (A" <> Fe**, Cr**, V**). The A
site of the mineral may be occupied by NH,.

Szomolnokite in the mine occurs as sugar-like crystals,
commonly associated with massive melanterite, fibrous
halotrichite and euhedral voltaite (Fig. 4D, E). Voltaite crystals
in the Johan Hell mine are small (up to 1-2 mm) and occasion-
ally form intergrowths with melanterite. Similarly, halotrichite
forms intergrowths with melanterite. Szomolnokite typically fills
the spaces between these mineral phases.
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Secondary minerals identified in the Johan Hell mine with unit cell parameters data for selected minerals
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GEOCHEMICAL DATA

The geochemical composition of secondary minerals in the
Johan Hell mine varies across different mineralization zones
(Table 2). The trace-element composition of secondary sul-
phates from the halotrichite zone shows pronounced enrich-
ment in several critical and toxic elements. Manganese is highly
abundant (>10,000 ppm) in almost all phases, confirming its
strong partitioning into hydrated Fe-sulphates such as halo-
trichite-group minerals, copiapite, melanterite, and rozenite.
Zinc also reaches very high concentrations (>10,000 ppm) in
several halotrichite-group samples, as well as in hexahydrite
and rozenite.

Copper and lead are generally present in minor to moderate
amounts (up to several hundred ppm), with occasional enrich-
ments in halotrichite and jarosite samples (Pb 844 ppm) and
copiapite (Pb 174 ppm). Notably, arsenic is markedly enriched
in halotrichite and jarosite (up to 941 ppm) and copiapite
(1187 ppm). Other trace metals such as Co, Ni and Cr are con-
sistently present at tens to hundreds of ppm, confirming broad
substitution at divalent cation sites. Highest Cr values was
found in jarosite sample (Cr 501 ppm).

The rare earth elements measured (La+Y+Ce) are strongly
variable, ranging from background levels to exceptionally high
values in halotrichite-bearing assemblages (up to 1941 ppm).
Elements such as Tl, Rb, Hg, Ag, and Au occur at very low con-
centrations (ppb—ppm range), though sporadic enrichments in
Ag and Hg were detected (halotrichite-bearing samples, Ag up
to 0.6 ppm; Hg up to 15.6 ppm).

Secondary sulphates from the rémerite zone display a dis-
tinctive trace-element pattern compared with those from the
halotrichite zone. Rémerite itself shows low Mn contents
(112 ppm), but is strongly enriched in Cu (2036 ppm), with
some amounts of Pb (327 ppm), and Zn (2533 ppm). It also
hosts exceptionally high concentrations of As (3736 ppm) and
Sb (240 ppm). Precious metals are notably elevated, with Ag
(38 ppm), Au (1.39 ppm), and Hg (16.6 ppm). Associated
halotrichite-group minerals in this zone contain even higher Cu
(7178 ppm) and significant enrichments in As (2052 ppm).

The voltaite zone is characterized by complex trace-ele-
ment enrichments consistent with the structural flexibility of this
mineral group. Voltaite itself contains moderate levels of Mn
(443 ppm) but shows elevated Co (312 ppm) and As (2805
ppm). It also exhibits significant precious-metal contents (Ag
3.7 ppm, Au 2.6 ppm), and relatively high (in comparison to
other secondary minerals) Rb and Tl, indicative of its capacity to
accommodate large alkali ions within the structure. The associ-
ated halotrichite records elevated As (392 ppm) and Pb (113
ppm), together with measurable enrichments in Ag (0.88 ppm)
and Au (0.23 ppm).

The pyrite ore samples (Table 3) are characterized by low
Mn (~80 ppm) and Zn (80-135 ppm) compared with the ex-
tremely high contents in secondary sulphates (commonly
>10,000 ppm). Copper and Sb are also distinctly lower in the
ore (Cu <25 ppm; Sb <7.5 ppm) than in some secondary
sulphates, where Cu commonly exceeds 2,000 ppm and Sb
reaches 240 ppm in rémerite.
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Table 2

Geochemical composition of secondary mineral samples from the Johan Hell mine
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T i i i ot e )l o el el Rl ment was characterized by extremely acidic conditions (pH <2)
= |elo|n|2l2ggla|ex g2 n < |~ of pore solutions which were present in thin fissures that cut
N|TY S ||| S (0= | B |~ [N|o| o rocks bearing ore mineralization. Crystallization of these readily
] olo ol lololo soluble sulphates as melanterite, epsomite and goslarite oc-
s 18I8|QI8 S EIREEEEEEINEES curs in areas of exudation of acidic pore solutions on the walls
0]+ || 5= 0@ 5= || 5= =] <= 10| | © <= of mine workings. Rapid evaporation of acidic pore solutions
N < _Jol<lo~<lole ol takes place at the elevated temperatures prevailing in the mine
o QIEETE 312 <K= 2eN N galleries studied (Fig. 6). At such temperatures, there is then a
] o < olo gradual loss of crystallization water from the precipitated sul-
3 NG el o N S T R e R 2 phates and their slow transformation into phases with lower wa-
L ~N ter contents. This shift led to the dehydration of the primary sec-
< 18%l8 9 SRS E NS ondary minerals, forming rozenite, szomolnokite, hexahydrite,
2 [SlQSE|S|eIeleeleleleelnlE QI3 starkeyite and bianchite.
Al AL [AATAAAAA A A Another strong indicator of ultra-acidic conditions in this
5| ol o £ stage is the presence of alunogen, a sulphate mineral that
% Q §§ £ o forms as efflorescence from capillary solutions in extreme
E o S 5 5 é,_@ Slolo %5 5 ® acidic environments (Nordstrom and Alpers, 1999). Addition-
R s S s2|2 £le ally, minerals of the halotrichite group, which are most abun-
= =|c - s1.el's s . .
3 8|2 =|5|5|8| g 3%’ S E 5|2 dant, may have begun to crystallize during this phase. These
& [98|¢|B|5|B 5|8 TEJ °|g| g|3|e T| > minerals tend to form in highly acidic conditions and remain rel-
= 2wl w|-2].8|c clE|® . . L .
s glc|c|c|s|E ol 1< atively stable despite humidity fluctuations (Hammarstrom et
() ] o|o 2
ke g 5|s o al., 2005; Sanchez, 2007).
© » The progressive oxidation of ferrous ions and the continued
o ° release of cations from the barren rock — driven by the aggres-
c g 5 “8’ sive action of sulfuric acid — marked the onset of the second
2 Q NN major stage of mineral formation. With the gradual increase in
= = 2| o . : . .
§ S S| 5 pH (from ~1.2 to 3.0), mixed-valence and ferric sulphate miner-
- 5 £ § als began to crystallize. This stage saw the formation of miner-
2 = als such as lausenite, fibroferrite, copiapite, coquimbite and
a - ~ 2] paracoquimbite. The subsequent formation of rémerite indi-
© Zlelalol 8] 8| o] —| wIE|18l<| el — cates a further pH rise, as this mineral crystallizes from sul-
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2010; Murray et al., 2014).
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Table 3

Geochemical composition of pyrite ore from the Johan Hell mine

Mn[Cu] Pb [Zn[Ni[Co] As [ Cd [Cr[Sb[La+Y+Ce| Tl [Rb|[Hg | Ag | Au
ppm ppb

pyrite ore | 82 [ 24 | 964 | 80 [3.5[249]1431]0.03[1.1[74] 37 [0.12]2.9|680[6248 [ 1396

pyrite ore | 77 | 18 [ 1764 [ 135[4.5[190 | 1304 | 0.07 [1.1[55] 4.2 |0.13| 3 | 633]8826 | 1081

Sample ID

ala

500 pm ' 500 pm

Fig. 5. Microphotographs taken using an electron microprobe of the sample containing voltaite (A) and the sample containing
romerite (B)

A — paragenesis of compact melanterite (Mel) with halotrichite (Hth) intergrowths and voltaite (VIt) inclusions, in contact with pyrite (Py).

Intergranular spaces are filled with fragmented szomolnokite (Szo); B — Rémerite (R6m) crystals associated with fibrous halotrichite (Hth)
and szomolnokite (Szo)
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Fig. 6. Scheme of secondary mineral formation in Johan Hell mine
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The continuous release of cations from barren rock (weath-
ering of micas, K feldspars, and plagioclases) promoted the
crystallization of voltaite, and alum-(K). The persistence of
romerite and voltaite, which are commonly found within the
mine, suggests that these conditions remained stable for an ex-
tended period.

In the final stage of secondary mineral formation, conditions
within the mine stabilized at a higher pH range (2.5-3.5). This
stage is characterized by the crystallization of jarosite, a mineral
that typically forms in acidic aqueous solutions (Hammarstrom
et al., 2005; Sanchez, 2007). A significant rise in pH facilitated
the formation of more stable phases, such as gypsum, which
are indicative of environments with reduced acidity.

Halotrichite group minerals are particularly abundant in the
mine due to the prevailing dry environmental conditions, which
prevent its dissolution and enhance its long-term stability. Its
crystallization is closely linked to the presence of sulphuric acid,
which is generated during the oxidation of sulphide minerals
and plays a critical role in maintaining the extremely low pH nec-
essary for halotrichite formation (Chou et al., 2013). Typically,
this mineral forms in highly acidic settings, with pH values below
3.0, where the solubility of essential cations such as iron, mag-
nesium, manganese and aluminium increases significantly,
promoting their incorporation into the halotrichite structure
(Sanchez et al., 2007). They can also form over a wider pH
range, extending up to 3.5 (Stumbea et al., 2019).

The primary source of aluminium, a key component of this
mineral group, is the breakdown of aluminosilicate minerals
such as feldspars, and layered aluminosilicates. Furthermore,
the hydration state of halotrichite underscores its dependence
on water availability. It typically precipitates in low-temperature
and high-humidity conditions, where sufficient water molecules
integrate into its crystal lattice. Alpers et al. (1994) demon-
strated through experimental studies that the halotrichite group
forms from aqueous solutions at temperatures below 50°C.
However, halotrichite can also develop in arid and semi-arid re-
gions through the evaporation of sulphate-rich waters, demon-
strating that its formation is not strictly limited to humid condi-
tions.

COMPARISON WITH THE BREINER MINE

The Johan Hell mine is part of the larger Breiner deposit,
which also includes the Breiner mine located beneath it. De-
spite their close proximity, the environmental conditions in
these two mines differ significantly. While part of the Johan Hell
mine is characterized by a warm and slightly humid environ-
ment, the Breiner mine is much colder and wetter. This contrast
strongly influences the formation and stability of secondary min-
erals within each mine. In the Breiner mine, melanterite is the
dominant secondary mineral (Januszewska et al., 2025), stabi-
lized by persistently high-humidity conditions that prevent its
transformation into lower-hydration sulphate phases. Although
halotrichite-group minerals are also present, only species such
as halotrichite and bilinite have been identified. Instead of form-
ing as massive or large crystalline aggregates, they occur
rather as small spherical aggregates on the surface of
melanterite and along the mine walls. This suggests that their
formation is influenced by local microenvironmental conditions,
influenced by fluctuations in humidity and minor variations in
pH, which may affect their crystallization pathways and stability
within the Breiner mine.

A comparison of these two mines, both part of the same ore
deposit, highlights the critical role of changing environmental
conditions (such as pH, humidity) in influencing the composition
of the secondary minerals. Efficient meteoric water supply in the

Breiner mine enabled the formation of supersaturated solutions
that persisted in the environment for an extended period, allow-
ing melanterite crystallisation to dominate the secondary miner-
als in this part of deposit (Januszewska et al., 2025). By con-
trast, in the Johan Hell mine, the formation of supersaturated
solutions was restricted, and ambient humidity levels favoured
the persistence of halotrichite-group minerals. Melanterite oc-
curs only locally, restricted to microenvironments with an in-
creased influx of acid solutions. The assemblage of Fe-sul-
phate hydrates is predominantly composed of dehydrated
phases such as rozenite and szomolnokite. This clear distinc-
tion underscores the importance of local humid conditions in
controlling secondary mineral diversity and stability within mine
settings.

MIGRATION OF ELEMENTS

Principal Component Analysis (PCA) was applied in this
study as an exploratory multivariate method to identify associa-
tions between trace elements and the mineral groups. All
datasets were normalized and centred prior to analysis to ac-
count for differences in chemical composition among diverse
mineral species. PCA has been successfully applied in similar
contexts, such as weathering zones and mine wastes, to reveal
geochemical correlations (e.g., Foster et al., 2011; Byrne et al.,
2017).

The minerals from the Johan Hell mine show significant
variability in elemental distribution among secondary mineral
species. The most compositionally diverse group comprises
halotrichite-group minerals, which are also the most abundant
and widely distributed in the part of the mine investigated.
These minerals act as major sinks for a broad range of ele-
ments. PCA reveals that these samples are dispersed across
different regions of the plot, indicating considerable compo-
sitional heterogeneity within this mineral group (Fig. 7).

For example, in zones where romerite is abundant,
halotrichite-group minerals are more likely to incorporate ele-
ments that dominate in that specific geochemical environment,
such as Cu, Pb, As, Hg, Au and Ag. Enrichment in elements
such as Zn, Cu, Pb, Co and Cd is also observed in the
halotrichite-group minerals. Compared to the Upper Continen-
tal Crust (UCC) standard (Fig. 8; Rudnick and Gao, 2003), the
halotrichite group shows particularly high enrichment factors for
Zn, As and Cd, reaching levels several hundred times greater
than typical crustal values.

Halotrichite-group minerals are observed to sequester
REE, locally exceeding 1000 ppm. A similar substitution mech-
anism has been documented at the sister Breiner mine
(Januszewska et al., 2025) and in the Iberian Pyrite Belt
(Soyol-Erdene et al., 2018). Compared to PAAS (Post-Archean
Australian Shale; MclLennan, 1989) these secondary minerals
show REE concentrations that are several times higher. REEs
show a strong correlation with Mn; this can be interpreted as a
process signal of co-transport and partitioning into the same
secondary phases. Although direct, mineral-specific datasets
on REEs in halotrichite are scarce, studies of AMD systems
shows that secondary sulphates (including halotrichite-group
minerals within their assemblages) act as transient REE sinks
via adsorption and coprecipitation, controling REE fraction-
ation and mobility in acidic environments (Fernandez-Caliani,
2021; Soyol-Erdene et al., 2018; Gomes et al., 2022).

Voltaite is primarily enriched in elements directly inherited
from the weathering of ore veins, mainly pyrite. These include
Pb, As, Au, Ag, Tl, Co and Rb. The last three elements show
relatively low diversity among secondary minerals, with their
concentrations remaining fairly consistent (Fig. 8). By contrast,
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Fig. 8. Trace element concentrations in the most common secondary sulphate minerals from the Johan Hell mine in relation to
Upper Continental Crust (UCC; Rudnick and Gao, 2003)

gold, followed by silver, shows the highest variability in mineral-
ogical occurrence, displaying significant differences in concen-
tration across various secondary mineral species. In the case of
voltaite, compared to the UCC reference values (Fig. 8), gold
shows the highest enrichment factor among all the mineral
phases examined.

The calcium content in voltaite was significantly higher than
that reported in earlier studies conducted on specimens from
the Chiprovtsi ore field in Bulgaria (e.g., Dimitrova et al., 2019).

Minerals of the voltaite group have a tendency to incorporate ar-
senic, which was previously reported in studies by Dimitrova et
al. (2019), with concentrations ranging from 1,000 to more than
2,000 ppm. This exceeds the standard UCC values approxi-
mately a thousandfold (Fig. 8). Additionally, silver enrichment in
this mineral was not consistently reported in previous research
(Dimitrova et al., 2019).
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Thallium is often known to be incorporated into the structure
of voltaite (Biagioni et al., 2020b); however, this was not the
case for samples from the Johan Hell mine. The ICP-MS results
revealed that the highest concentrations of thallium were in-
deed found in voltaite, though reaching only up to 6.8 ppm.
Other element substitutions within the mineral structure, such
as Mg, Mn, or Al, have been previously reported (Biagioni et al.,
2020a; Zhitova et al., 2023).

Romerite displays a distinct geochemical composition in
comparison to the other minerals, occupying the opposite end
of the PCA plot alongside minerals that share a paragenetic as-
sociation with it (Fig. 7). Both rémerite and halotrichite from the
romerite-rich zone show the highest arsenic concentrations,
likely resulting from the enrichment of the ore minerals in this el-
ement. Additionally, arsenic shows a positive correlation with
Au, Ag and Hg, and this enrichment is similarly evident in
romerite. Arsenic uptake in romerite was previously reported by
Dimitrova et al. (2019), with values ranging between 400 and
500 ppm. By contrast, samples from the Johan Hell mine show
arsenic incorporation several orders of magnitude higher (As
>3700 ppm).In relation to UCC, rémerite displays the highest
enrichment factor of As (Fig. 8). Silver and mercury substitution
is uncommon for this type of mineral, as it has not been reported
at such levels in previous research. Conversely, copper enrich-
ment in this phase has also been documented in samples col-
lected from the Chiprovtsi ore field in Bulgaria (Dimitrova et al.,
2019). Rémerite can accommodate various cations at the A site
of its crystal structure. For example, samples from the Apuan
Alps show substitution by Mg (Mauro et al., 2018). In the case of
the Johan Hell mine, we observed the incorporation of Zn, and
to some extent Na. This substitution is related to the availability
of Zn ions in the system, which results from the oxidation of
polymetallic mineralization rich in sphalerite.

Hydrated divalent cation sulphates, such as melanterite,
rozenite, epsomite and hexahydrite, show similar trace element
compositions. These minerals are closely positioned on the
PCA plot and are predominantly composed of Ca, Mg, Na and
Mn. Substitution of these elements is most commonly observed
within this group of minerals. However, the diversity of Mg and
Mn across the secondary minerals varies significantly. Zinc and
nickel exhibit a linear correlation, suggesting similar geochemi-
cal behaviour and substitution within the mineral structures
(e.g., in melanterite and rozenite). By contrast, the antimony
vector is inversely correlated with Zn and Ni. This element is pri-
marily concentrated in different minerals, such as those associ-
ated with the halotrichite group, as well as jarosite, copiapite
and romerite.

When considering the origin of metals incorporated into
secondary sulphates, it is important to note that they do not de-
rive solely from the oxidation of sulphide ores. Their composi-
tion also reflects the breakdown of barren host minerals under
acidic conditions. Elements such as Mg and Fe can be released
from chlorite, amphiboles and pyroxenes; Al from alumino-
silicates including feldspars, muscovite, illite and kaolinite; and
K and Na from feldspars and micas. Manganese may originate
from Mn-carbonates, while Ca can be supplied by plagioclase.
As a result, the chemistry of secondary sulphates records con-
tributions both from the alteration of ore sulphides and from the
parallel decomposition of easily weathered gangue minerals. In
addition, pyrite ore represents the main source of As, Co and
Pb, as well as precious metals such as Ag, Au and Hg, which
are mobilized during weathering and subsequently incorpo-
rated into secondary sulphate phases.

From an environmental perspective, the ability, e.g., of
halotrichite-group minerals, rémerite and voltaite to incorporate
and only temporarily immobilize toxic elements such as As, Cu,

Zn, Cd, Pb and Hg is of particular concern. Because these sec-
ondary sulphates are highly soluble and unstable under chang-
ing humidity or pH conditions, their dissolution can rapidly re-
lease contaminants into surface and groundwater. Such pro-
cesses are known drivers of severe acid mine drainage impacts
worldwide, for example in the Iberian Pyrite Belt (Spain), where
the long-term weathering of massive sulphide deposits has cre-
ated highly acidic rivers enriched in Fe, As and heavy metals,
and in the Berkeley Pit, Butte, Montana (USA), where AMD has
generated a toxic lake containing extremely high metal concen-
trations. In the Breiner—Baiut mining area (Romania), weather-
ing zones with efflorescent secondary sulphates exert a strong
negative impact on local waters by contributing to acid mine
drainage and releasing Cu, Zn, Fe and other toxic elements into
adjacent streams at concentrations far exceeding environmen-
tal thresholds (lepure et al., 2025). These examples highlight
that the instability of secondary sulphates can transform mining
wastes into a persistent source of metal contamination in sur-
face waters.

CONCLUSION

This study investigated the secondary sulphate mineral as-
semblages formed under active weathering conditions in the
Johan Hell mine, located in the Baia Mare metallogenic district
of northern Romania. The mine, part of the Breiner deposit, is
characterized by Au-Ag polymetallic mineralization and intense
supergene alteration. Detailed mineralogical and geochemical
(ICP-MS/ES) analyses allowed the identification of 20 second-
ary sulphate phases, dominated by halotrichite-group minerals,
romerite, voltaite, melanterite, starkeyite, hexahydrite, epso-
mite, rozenite, szomolnokite and copiapite.

The mineral assemblages reflect a multi-stage formation
history controlled by variable pH and moisture conditions.
Early-forming phases such as melanterite and epsomite are as-
sociated with extreme acidity and high humidity, while dehy-
drated sulphates and mixed-valence minerals (e.g., rémerite,
voltaite) indicate subsequent shifts in environmental parame-
ters. The Johan Hell mine’s dry and warm microclimate favored
the preservation of low-hydration minerals, in contrast to the ad-
jacent Breiner mine, where high humidity supports melanterite
stability.

The geochemical composition of the secondary minerals
highlights their role as sinks for toxic and critical elements, in-
cluding Fe, As, Sb, Cu, Pb, Zn, Hg and REEs. Particularly,
halotrichite and romerite show exceptional enrichment in ar-
senic and trace metals, suggesting potential environmental
risk. Principal Component Analysis (PCA) corroborated the
compositional heterogeneity and mineral-specific elemental as-
sociations.

The findings contribute to a better understanding of sul-
phate mineral evolution in ore weathering environments and
underline the importance of local climatic and geochemical con-
trols on secondary mineral paragenesis. This knowledge is es-
sential for assessing environmental impacts and potential
remediation strategies in post-mining landscapes.
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