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Abstract: We evaluated the significance of the iron and manganese content in sphalerite as a tool
for distinguishing between low-sulfidation and intermediate-sulfidation epithermal deposits on the
basis of new and previously published electron probe microanalyses data on the Rosia Montana
epithermal ore deposit and available microchemical data from the Neogene epithermal ore deposits
located in the Apuseni Mountains and Baia Mare region, Romania. Two compositional trends of
the Fe vs. Mn content in sphalerite were delineated, a Fe-dominant and a Mn-dominant, which are
poor in Mn and Fe, respectively. The overlapping compositional range of Fe and Mn in sphalerite in
low-sulfidation and intermediate-sulfidation ores suggests that these microchemical parameters are
not a reliable tool for distinguishing these epithermal mineralization styles.
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1. Introduction

Two styles of epithermal ore deposits were distinguished in the late 1980s under the
names adularia-sericite and acid-sulfate [1] or low- and high-sulfidation [2], respectively.
Both terminologies were used in parallel for more than a decade and afterward low-
sulfidation (LS) and high-sulfidation (HS) gradually became the usual terms employed.
However, a third epithermal ore deposit style, named intermediate-sulfidation (IS), was
distinguished from the previously considered low-sulfidation epithermal style in the late
1990s—early 2000s by the authors in [3] based on a review of the epithermal ore deposits in
the northern Great Basin (USA) made by the researchers in [4].

Among the numerous distinguishing criteria between LS and IS deposits, one is the
abundance and the composition of the sphalerite. This mineral tends to be uncommon or
locally minor, Fe-rich, and compositionally zoned in LS ores, whereas, in IS deposits, it is
common, Fe-poor, and compositionally homogeneous [3,5].

The Rosia Montand Au-Ag epithermal ore deposit from the South Apuseni Moun-
tains (Romania) consists of both low-sulfidation and intermediate-sulfidation ore bodies
characterized by specific ore and gangue mineral assemblages, hydrothermal fluid compo-
sition (salinities and homogenization temperatures), and distinct crosscutting and timing
relationships [6]. Previously published and new electron probe microanalyses data on the
Rosia Montana ore deposit facilitate the evaluation of the content range of Fe and Mn in
sphalerite from both LS and IS ores.

The Baia Mare Neogene ore district in north-western Romania hosts tens of Pb-n-Cu
£ Au-Ag epithermal deposits [7-9]. These ore deposits were previously considered as
low-sulfidation [10,11]. This interpretation is updated for several ore deposits and the
published microchemical data on sphalerite from these deposits are compared with the data
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from Rosia Montana aiming to reconsider the significance of the sphalerite composition,
i.e., the Fe and the Mn content as a distinguishing feature between the LS and IS epithermal
ore deposit styles.

2. Geological Setting
2.1. The Apuseni Mountains

The Apuseni Mountains are located in the inner part of the Carpathian chain and are
divided in two major units due to their pre-Neogene geological evolution [12-19], i.e., the
North Apuseni Mountains (NAM) and the South Apuseni Mountains (SAM), respectively.
The NAM are composed of the Bihor Unit, the Codru nappe system and the Biharia nappe
system. The SAM are composed of Transylvanides units, which consist of an ophiolitic
complex and related sedimentary rocks [14].

Several magmatic/volcanic events are spread within the Apuseni Mountains [20]
(Figure 1a), i.e., Middle Jurassic mafic rocks (gabbros, basalt sheeted dykes, and pillow
lavas) in the SAM; Lower Cretaceous calc-alkaline volcanism related to an island arc setting
(basalts to rhyolites) in the SAM; Upper Cretaceous—Paleocene (mainly granodiorites)
related to a continental subduction in both the NAM and SAM; and the so-called Neogene
calc-alkaline to alkaline volcanism (andesitic-dacitic) set up in an extensional tectonic
setting and restricted to the SAM (Miocene—Quaternary).
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Figure 1. General geology data: (a) simplified geology of the South Apuseni Mountains (SAM) and the location of the ore
deposits with published data on sphalerite (modified after [21,22]; and (b) geological map of the Rosia Montana ore deposit

(modified after [23]).

The Neogene volcanic activity in SAM is concentrated along three main extensional
basins heading NNW-SSE, namely Brad-Sacaramb, Stanija-Zlatna, and Rosia Montana-
Bucium, along with another two small-sized occurrences at Baia de Aries and Deva [9,24].
The Neogene volcanic activity mainly generated andesites (Zarand, Bucium, Brad, Zlatna,
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Baia de Aries, and Sacaramb), subordinately dacites (Rosia Montana), basaltic andesites
(Detunata), and trachyandesites (Sacaramb and Uroi) [25].

Field observations, geochemical analyses, and K-Ar ages [26] indicated that the Neo-
gene volcanic activity started in newly created pull-apart basins with volcanogenic sed-
imentation followed by a calc-alkaline volcanic event (14.8-11 Ma) in the Zarand-Barza-
Zlatna-Rosia Montana-Bucium areas and a subsequent adakite-like calc-alkaline event
(12.6-7.4 Ma) in the Deva-Sacaramb-Hartagani and Baia de Aries-Rosia Montana areas.
Subordinately, alkaline volcanic rocks were emplaced in the Sacaramb-Hartagani area
(10.5 Ma), and at Bucium (7.4 Ma). The last volcanic event (1.6 Ma) occurred at Uroi [25].

The South Apuseni Mountains are the most important ore province in the Carpathian
chain [27] with Neogene epithermal and porphyry ore deposits concentrated in an area
known as the Golden Quadrilateral [24,28]. Two types of porphyry deposits are known
in the Apuseni Mountains, Cu-Au (e.g., Rosia Poieni; [29]) and Au-Cu (Bolcana; [30]).
Tens of epithermal ore deposits occur as well [8,9,31] mostly of an IS type [6,32]; however,
according to the available geological data, LS and HS deposits also occur, e.g., (i) the largest
Au-rich ore bodies from Rosia Montand, and the collapsed breccia host Au-ores from Baia
de Aries and (if) Paraul lui Avram and Larga, respectively.

2.2. The Rosia Montani Ore Deposit

The Rosia Montana ore deposit is located in the northern part of the Golden Quadri-
lateral, in the SAM (Figure 1b). This deposit hosts an identified resource of approximately
400 Mt of ore at an average grade of 1.3 g/t Au and 6 g/t Ag, which makes it the largest
gold deposit in Europe, with a total resource of 16.1 Moz Au and 73.3 Moz Ag [33].

The basement of the Rosia Montana area is formed of Upper Cretaceous flysch with
shales and sandstones, which outcrops around the ore deposit. The crystalline basement
that is exposed towards the north in the Baia de Aries area occurs at Rosia Montana only as
fragments within different breccia pipe structures [12,34,35]. The Neogene volcanic rocks
consist of dacite and andesite rooted bodies and associated volcaniclastics, i.e., dacite vent
breccia, andesite lava flows, and pyroclastics [32,34]. The Vent breccia unit was emplaced
within the Upper Cretaceous flysch, and it was afterward pierced by dacite domes [32,33].
This unit was interpreted by [35] as a large maar-diatreme structure. The volcanic activity
in Rosia Montana started with the Cetate dacite at 13.65 &= 0.63 Ma [26] and continued with
the Rotunda andesite at 9.3 4= 0.47 Ma [36].

The Rosia Montana ore deposit was interpreted as a low-sulfidation one by [37] based
on the morphology of the ore bodies, the ore and gangue mineralogy, the alteration mineral
assemblages, the zonality of alterations around the ore bodies, and the geochemical associa-
tions. The fluid inclusion measurements carried out on magmatic and hydrothermal quartz,
sphalerite, adularia, and apatite [38] revealed the low salinity ranging approximately from
1 to 4 wt% NaCl equiv., and the low to medium homogenization temperatures ranging
from 198 to 300 °C, and exceptionally up to 340 °C, of the fluids in several ore bodies from
Rosia Montana, confirming the LS character of the ore deposit.

These fluid inclusion data are in agreement with the homogenization temperatures
obtained by [39] on two hydrothermal quartz generations from Cetate Breccia, i.e., 267 and
240 °C, and on quartz veins, with values ranging from 237 to 252 °C. The same author
distinguished two gold mineral assemblages, i.e., (i) gold-sulfides-hydrothermal quartz
with a Ty, = 240-297 °C, and (ii) gold-hydrothermal quartz with a Ty, = 250-275 °C. The
Rosia Montana ore deposit was assigned to the IS type by [40], and this opinion was shared
by [32], who interpreted the ore deposit as a mid to shallow-level intermediate sulfidation
epithermal system.

However, based on cross-cutting relationships among different mineralized structures
(veins and breccias), the authors in [6] distinguished four main ore deposition events in
terms of gold and silver grades, ore and gangue mineralogy, and timing, i.e., (/) gold-
rich early hydrothermal breccias with Ag-poor native gold, Ag-sulfosalts, scarce pyrite,
and quartz-adularia gangue; (ii) gold-silver-rich veins with native gold, Ag sulfosalts,
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scarce common sulfides, quartz, and adularia; (iii) Ag-Au hydrothermal breccias and
veins with acanthite, Ag-sulfosalts, native silver, native gold, common sulfides, quartz,
and adularia; and (iv) high-grade silver veins with Ag- and Au-Ag tellurides, Ag-Ge-
Te sulfosalts, tetrahedrite, galena, sphalerite, chalcopyrite, native gold, rhodochrosite,
adularia, and quartz.

These data coupled with the fluid inclusion data by [41] allowed [6] to infer a transi-
tion from an early LS environment with Au-dominant, Ag-subordinate ores to a final IS
environment with dominant Ag, subordinate Au, and a significant Te and Ge signature.
The same evolution from early LS to late IS characteristics at the ore-deposit scale was
stated by [33]. The IS ore bodies demonstrated higher homogenization temperatures than
the early LS ones and were correlated by [6] to late magmatic pulses.

The 4°Ar- Ar radiometric dating made on hydrothermal adularia by [33,41] and [42]
in different sectors of the ore deposit revealed the existence of two distinct ages for ore
deposition, the first one of 13.17 & 0.08 to 13.24 £ 0.10 Ma, and the second one in the
range of 12.85 & 0.07 Ma-12.71 £ 0.13 Ma. These results suggest either a long-lasting ore
deposition period of about 0.5 Ma, or two distinct metallogenic events.

3. Materials and Methods

New ore mineralogy and microchemical data on sphalerite were acquired on samples
from the Roman underground mining networks from the southern part of the Carnic
massif, Rosia Montana, as follows: sample 1372 from Carnic 4 Upper—stope D4; sample
1551 from Céarnic 10 Lower—adit G4; sample 1660 from Carnic 10 Middle—pillar P7; and
sample 2054 from Carnic 1 Lower—stope D15. These ore samples were collected during
the geological mapping of the Roman underground networks from Rosia Montana as part
of the mining archaeological research program carried out from 1999 to 2013 [33,43,44]
in the frame of the Rosia Montana mining project promoted by the Canadian mining
company Gabriel Resources Ltd. [45]. Sample 3231 was collected from the Cérnicel vein in
the Verches mining level (+853 m ASL).

Optical microscopy, scanning electron microscopy, and electron probe microanalyses
were carried out at the GET laboratory from Paul Sabatier University, Toulouse, France and
allowed the mineralogy identification of the Au-Ag ores and the microchemical characteri-
zation of the main ore minerals, including sphalerite. Preliminary SEM observations were
made with a JSM-6360 electron microscope using a voltage of 20 kV. The microchemical
data were acquired with a CAMECA S5X50 electron microprobe using an acceleration volt-
age of 25 kV, a beam current of 20 nA, and a counting time of 10 s for peaks and 5 s for the
background, as well as a 3 micrometer x 3 micrometer analyzed area.

The standards used were pure metals for As, Sb, Ag, Au, Se, Sn, and Te; chalcopyrite
for S, Fe, and Cu; galena for Pb; sphalerite for Zn; CdS for Cd; and MnTiO3 for Mn. We
used K alfa lines for S, Fe, Cu, Mn, Zn, and L; alfa lines for As, Sb, Cd, Ag, Au, Se, Sn,
and Te; L beta lines for As; and M alfa lines for Pb. The calculated detection limits were
500 ppm for Mn, 550 ppm for S, 700 ppm for Cu, 700 ppm for Fe, 800 ppm for Sn, 800 ppm
for Te, 800 ppm for Zn, 900 ppm for Cd, 900 ppm for Se, 1000 ppm for Sb, 1500 ppm for Ag,
2000 ppm for Au, 2700 ppm for Pb, and 4000 ppm for As.

The Au and Ag grades were obtained by the commercially available geochemical ser-
vices provided by ALS Rosia Montana. The dataset used by the present study also includes
EPMA results on sphalerite from the Rosia Montana ore deposit previously published
by [6,23,35,46,47]. Additional microchemical data on sphalerite from the Cisma [48,49],
Cavnic [50], Herja [51-53], and Toroioaga [46,53] ore deposits from the Baia Mare ore
district (NW Romania) were also used.

4. Results

An underground geological observation and mineralogy study presented new ore de-
posit data for several sphalerite-bearing ore bodies from Rosia Montana. Sample 1372 was
collected from a hydrothermal breccia dyke structure (Figure 2a) that belongs to the early
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Au-rich LS ore deposition event separated by [6]. Indeed, the grades of the ore body ranged
from several g/t gold and silver to 57.5 g/t Au and 45 g/t Ag (sample 1365), and rose up
to 177 g/t Auand 133 g/t Ag (sample 1361).

Figure 2. Underground view (a), and microphotographs in plane polarized light (b,c) of the ore body corresponding to
sample 1372, the Roman mining network Carnic 4, Upper sector: (a) detail of the breccia dyke ore body composed of two
types of breccia, one consisting of black hydrothermal cement and scarce small-sized fragments (upper part) and the second
with black fine matrix and angular to rounded dacite fragments (lower part); (b) native gold, chalcopyrite, sphalerite,
tetrahedrite, and Ag-minerals optically identified as polybasite & acanthite within the hydrothermal cement; and (c) native
gold, polybasite, and acanthite deposited on the pyrite grain. Abbreviations: Ach: acanthite; Ag min: Ag minerals; Au:
native gold; Ccp: chalcopyrite; Plb: polybasite; Py: pyrite; Sp: sphalerite; and Ttr: tetrahedrite.

The native gold is hosted by hydrothermal cement and white quartz. It occurs as free
grains in voids and is locally deposited onto and within the pyrite grains. The native gold
is associated with scarce pyrite, minor sphalerite, and very minor chalcopyrite, as well
as several Ag-minerals, likely polybasite and acanthite (Figure 2b,c). The native gold is
covered and slightly corroded by the silver minerals (Figure 2c). The ore body and the host
rock are highly silicified and intensely adularized.

Samples 1551 and 1660 were picked up from an ore body that consists of a hydrother-
mal breccia dyke with dacite fragments held together by black hydrothermal cement and
massive to locally vuggy white quartz (Figure 3a), which is cut by several en échelon quartz
veins. Sample 1551 was selected from the hydrothermal cement of the breccia dyke, and
sample 1660 is a fragment from a quartz vein that cuts the breccia body.

The hydrothermal cement of the breccia contains native gold associated with Ag-
minerals, e.g., polybasite, acanthite (Figure 3b), pyrite, sphalerite, chalcopyrite, galena, and
tetrahedrite (Figure 3c). The ore grades obtained only on the hydrothermal breccia material
without the overprinting quartz vein (sample 1551) were 7.94 g/t Auand 122 g/t Ag.

Sample 1660 was collected approximately 33-m NE from sample 1551, from a vertical
safety pillar where the ore body exploited by the Roman miners is still preserved (Figure 4a).
The sample consists of a quartz vein fragment that contains a continuous sequence of ore
minerals, which cuts the breccia body. Overall, the main ore body composed of breccia
dyke and the crosscutting quartz veins are LS; however, it shows a transition from the LS to
the IS epithermal style, and it belongs to the third ore depositional event separated by [6].
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Figure 3. Underground view (a), and microphotographs in plane polarized light (b,c) of the ore body corresponding to
sample 1551, the Roman mining network Carnic 10, Lower sector: (a) partial view of a face line of the Roman stope with the
hydrothermal breccia ore body with rounded to sub-angular rock fragments (mainly dacite) and black cement; (b) native
gold associated to acanthite and polybasite deposited in a void of the hydrothermal cement; and (c) tetrahedrite grain
associated to galena, chalcopyrite, and an isolated pyrite crystal. Ach: acanthite; Au: native gold; Ccp: chalcopyrite; Gn:
galena; Plb: polybasite; Py: pyrite; Qz: quartz; and Ttr: tetrahedrite.

Figure 4. Underground view (a), and microphotographs in plane polarized light (b,c) of the ore body corresponding to
sample 1660, the Roman mining network Carnic 10, Middle sector; (a) eastern face of pillar P7 with a quartz vein cutting
the hydrothermal breccia dyke; (b) tetrahedrite deposited in a void with associated chalcopyrite, sphalerite, and pyrite;
and (c) tetrahedrite large grain with chalcopyrite, galena, and sphalerite inclusions. Abbreviations: Ccp: chalcopyrite; Gn:
galena; Py: pyrite; Sp: sphalerite; and Ttr: tetrahedrite.

The ore body is intensely silicified and adularized. The grades of a bulk sample
composed of hydrothermal breccia and the overprinting quartz vein located close to
sample 1660 were 97.1 g/t Au and 54 g/t Ag (sample 1657). The ore microscopy study of
sample 1660 revealed the occurrence of tetrahedrite, sphalerite, chalcopyrite, and pyrite
(Figure 4b). The hydrothermal breccia dyke also contains native gold hosted by quartz,
polybasite, and common sulfides (galena, sphalerite, and chalcopyrite).

Argyrodite associated to Ag-bearing tetrahedrite, polybasite, native gold, chalcopyrite,
pyrite, and sphalerite was also reported by [54]. Another sample picked up from the same



Minerals 2021, 11, 634

7 of 15

ore body, approximately 15-m north-west, carries 12 g/t Au and 153 g/t Ag (sample 1713).
This ore sample contains more abundant sulfides, with tetrahedrite, chalcopyrite, galena,
and sphalerite (Figure 4c) associated with native gold and polybasite.

Sample 2054 was collected from a face line of a Roman stope that followed a hydrother-
mal breccia dyke structure (Figure 5a). The breccia is built out of black hydrothermal cement
and white hydrothermal quartz, angular to sub-angular dacite fragments, and rounded to
sub-rounded Cretaceous sandstone fragments. Locally, the hydrothermal cement contains
visible pyrite crystals. The gold and silver grades of this ore body are elevated and constant
from one sample to another, ranging from 33.1 g/t Au and 30 g/t Ag (sample 2010) to
133 g/t Auand 86 g/t Ag (sample 2017). The precious metals grade of the sample 2054 was
83.2g/tAuand 75 g/t Ag.

Figure 5. Underground view (a), and microphotographs in plane polarized light (b,c) of the ore body corresponding to
sample 2054, the Roman mining network Carnic 1, Lower sector; (a) detail of the breccia dyke ore body with angular dacite
fragments and black hydrothermal cement; (b) native gold deposited within a pyrite crystal; and (c) native gold deposited
within the voids of the hydrothermal cement. Abbreviations: Au: native gold; and Py: pyrite.

The ore microscopy study revealed the abundance of native gold and the coarse
dimensions of the gold grains reaching up to 1.5 cm, such as continuous thin layers that
occur as a distinct ore deposition sequence. Apart from native gold, the cement of the
breccia contains pyrite that is abundant locally. Polybasite and scarce chalcopyrite and
sphalerite are also present. Native gold occurs within pyrite (Figure 5b) as isolated grains
within the hydrothermal cement (Figure 5¢) and the white quartz or is deposited on the
dacite fragments of the breccia.

The ore body and the host rock are silicified and adularized. The silicification halo
extends on several tens of centimeters beyond the breccia dyke contact into the dacite host
rock. The mineralogy of the ore and the associated alteration minerals assemblages suggest
that this ore body is part of the early ore deposition event proposed by [6] and typically LS.

Sample 3231 was selected from a vein located in the Carnicel massif. This so-called
Carnicel vein is part of the Silver Vein Group as mentioned by [55]. The vein is exposed
in several tens of meters of the underground mining works, and it does not exceed 25 cm
in width. The vein is banded with rhodochrosite sequences alternating with ore minerals
sequences (Figure 6a). The ore mineral assemblage is dominated by tetrahedrite and
sphalerite, which are associated to galena, chalcopyrite, hessite, and alburnite (Figure 6b,c).
Additionally, native gold, sylvanite, altaite, pyrite, and marcasite were described for the
same ore body by [6,23,56].
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Figure 6. Underground view (a), and microphotographs in plane polarized light (b,c) of the ore
body corresponding to sample 3231, Carnicel vein, Verches mining level: (a) detail of the Carnicel
vein depicting the rhodochrosite and ore minerals sequences; (b) tetrahedrite dominated sulfide
assemblage with sphalerite, galena, and chalcopyrite inclusions; and (c) detail of image 6b, showing
galena and the associated chalcopyrite, hessite, and alburnite inclusions within the tetrahedrite.
Abbreviations: Alb: alburnite; Ccp: chalcopyrite; Gn: galena; Hes: hessite; Sp: sphalerite; and
Ttr: tetrahedrite.

The most abundant gangue mineral is rhodochrosite, whereas rhodonite, quartz,
and adularia occur in small amounts [6]. The vein is hosted by the Vent breccia, and
the hydrothermal alterations consist of adularization, carbonatation, minor silicification,
and sericitization. The overall mineralogy indicates the IS character of the ore body. The
similarities with other vein structures from the Cetate massif suggest its late deposition
time during the hydrothermal system evolution.

The newly acquired geological information on the ore samples from Rosia Montana is
summarized in Table 1 and allows us to distinguish the epithermal style of each ore body.

Table 1. The general characteristics of the epithermal ore bodies from Rosia Montana ore deposits with new EPMA data on

sphalerite.
Sample ID Mining Work Ore Body and Alteration Ore Mineral Assemblage Epithermal Style
hydrothermal breccia dyke and related
1372 C4 Upper-stope D4 hydrothermal cement injections with quartz Au-Py-Plb-Ach-Cep-Sp-Ttr IS
and barite;

silicification, adularia

1551 C10 Lower-adit G4 hydrothermal breccia dyke; Au-Plb-Ach-Py-Sp-Cep-Gn-Ter L transitional LS
silicification, adularia to IS

1660 C10 Middle-pillar P7 quartz vein cgtfu}g hydrotherma} breccia dyke; Au-PIb-Gn-Sp-Cep-Qz LS; transitional LS
silicification, adularia to IS

hydrothermal breccia dyke;
2054 C1 Lower-stope D15 silicification, adularia Au-Py-Plb-Ccp-Sp-Fe hyd LS
Carnicel vein; banded vein with tellurides-base
3031 Verches lz\éil, +853 m metals-gold and rhodochrosite gangue; Ttr-Hes-Gn-Sp-Ccp-Alb-Rds-Qz S

adularia, carbonatation, minor silicification and
sericitization

Abbreviations: Ach: acanthite; Alb: alburnite; Au: native gold; Ccp: chalcopyrite; Fe hyd: Fe-hydroxides; Gn: galena; Hes: hessite; Plb:
polybasite; Py: pyrite; Qz: quartz; Rds: thodochrosite; Sp: sphalerite; and Ttr: tetrahedrite.

The EPMA data acquired on sphalerite from Rosia Montana are listed in Table 2 and

show its low-Fe content (up to 0.53 wt%). The Mn content exceeds the Fe content and
ranged from 1.19 to 6.01 wt%. The Cd and Cu content were up to 0.24 wt% and 0.45 wt%,
respectively. The Sb level was very low, with only three values above the detection limit
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(sample 1660). The Ag content was unusually high, in the 7.63-10.45 wt% range for one
sample, and mostly below the detection limit for the remaining point analysis.

Table 2. The quantitative microchemical data (wt%) for sphalerite from the Rosia Montana ore deposit.

Element (wt%) Calculated Formula

No. Sample LS/1S

P Zn Mn Fe Cu Ag cd Sb Total (Based on 2 apfu)
1 1372-C2-2 LS 34.05 63.25 1.28 0.52 0.11 bdl bdl bdl 99.21 (Zno'g4,Mn0,02,Fe0,01 )Z = 09751.03
2 1372-C2-3 LS 32.42 63.77 1.28 0.45 bdl bdl 0.13 bdl 98.05 (Zno.gli’lo_gz,Feo,gz)z = 1_0051,00
3 2054-C2-6 LS 33.87 61.75 2.21 0.53 0.45 bdl 0.15 bdl 98.96 (Zl’l(],gz,Ml’l(]v(y;,Fe[)_()l ,CU()_(n )2 = (],9751_()3
4 RM 1551-C2-3 LS 33.64 58.72 4.38 0.11 0.41 bdl 0.14 bdl 97.39 (Zno_gg,Mn{)_gg,CuO_o] )2 = 0_9751_03
5 RM 1551-C2-8 LS 33.62 57.60 517 0.08 bdl bdl 0.16 bdl 96.63 (Zng 87,Mng,09)x = 0.9751.03
6 1660-1-C5-9 LS 28.81 54.87 1.39 0.16 0.41 10.45 0.24 0.26 96.60 (Zng.90,A80.10,Mng,03,C0,01)sx = 1.0450.96
7 1660-1-C5-10 LS 30.08 57.81 1.19 0.11 0.31 9.54 0.23 0.19 99.47 (Zno.91,A80.00,Mng,02,Cu0,01)x. = 1.0350.97
8 1660-1-C5-11 LS 30.63 56.84 1.39 0.13 0.16 8.53 0.20 bdl 97.87 (Zl’l(],g(],Ag()_(]g,Mno_(B)g = 1_0150_99
9 1660-1-C5-13 LS 31.60 57.22 1.36 0.14 0.22 7.63 0.19 0.14 98.50 (Zno.89,Ag0.07,MN0 03)z. - 1.0091.00
10 1660-1-20 LS 34.23 61.39 4.44 0.09 0.01 bdl 0.16 bdl 100.33 (Zng.90,Mng 08)x = 0.9851.02
11 3231C_C1_7 1S 34.64 60.68 6.01 0.10 0.17 0.16 0.15 bdl 101.91 (Zngg7,Mnq11)s = 0.9851.02

Below detection limit values were obtained for Au, As, Pb, Se, Sn, and Te in all measured points; “bdl” = below detection limit.

5. Discussion

Sphalerite is the most common Zn sulfide, and it occurs in a wide variety of ore
deposits as the main source of Zn. It has the capacity to host large amounts of minor
and trace elements at levels that allow their economic recovery as by-products or may
create environmental issues [46]. The chemical composition of sphalerite, mostly the
Fe-content, was proven to be temperature and pressure-sensitive and was consequently
used as geothermometer (e.g., [57-59]). The Fe content in sphalerite was also considered a
distinctive feature between LS and IS epithermal ore deposits [3,5] as it is reflected by the
macroscopic color of the mineral, which became a useful field observation.

The ore mineral assemblage of the studied ore samples from Rosia Montana contained
sphalerite, irrespective of their LS or IS style. Samples 1372 and 2054 were collected from
typical LS ore bodies with native gold, subordinate Ag-minerals (sulfide and sulfosalts),
and scarce sulfides, with pyrite being the most abundant. The related hydrothermal
alteration consisted of silicification and adularia. The gold grade of these ore bodies
is generally greater than the silver grade and usually ranges in the level of tens of g/t.
Samples 1551 and 1660 were collected from LS ore bodies showing a transitional character
from LS to IS, with less native gold and more abundant Ag-minerals and common sulfides.

This change in mineralogy is reflected by the precious metal grades as well, with
the Ag content being several times greater than the Au content. The alteration mineral
assemblage remained the same with quartz and adularia. On the other hand, sample
3231 was collected from the IS Carnicel vein. This ore body consists of abundant sulfides
(tetrahedrite-tennantite, sphalerite, galena, and chalcopyrite), hessite, subordinate native
gold, and minor Au-Ag-tellurides, altaite, argyrodite, and alburnite [6,23,60-62].

The hydrothermal alteration assemblage of this IS ore body was similar to that of
the LS ones, with the extra occurrence of carbonatation and minor sericite. The IS ore
bodies from Rosia Montana have abundant rhodochrosite gangue accompanied by minor
Mn-pyroxenoid (rhodonite or pyroxmangite; [61]), which are absent from the LS ore bodies.
The precious metal grades reported for the Carnicel vein were 1.150 g/t Ag and 5 g/t
Au [6], which are in agreement with the Ag:Au ratio > 100:1 of the IS deposits stated by [63].

The Fe content of the analyzed sphalerite from Rosia Montand was low, ranging from
0.08 to 0.53 wt% in LS ore bodies, and had a value of 0.10 wt% in the sample from the IS
Carnicel vein. These values are in contrast with the percent-level values of Mn, ranging
from 1.19 to 5.17 wt% in the LS ore bodies and the 6.01 wt% value in the IS ore body. An
even higher Mn content was reported for the sphalerite from the Carnicel vein and another
rhodochrosite vein in the Cetate massif, i.e., (in wt%), 4.98-6.13 by [6] and 4.45-6.76 by [46].
The Mn-rich environment of the IS veins from Rosia Montana is reflected (in addition to
the abundance of rhodochrosite) by the higher Mn content in sphalerite. However, the



Minerals 2021, 11, 634 10 of 15

LS ore bodies from the Carnic massif had no rhodochrosite gangue and still had high Mn
contents, namely up to 5.17 wt% (Table 2).

According to the review by [46], a Min content in sphalerite exceeding 2 wt% is rare.
However, extremely Mn-rich sphalerite with up to 14.5 wt% Mn was reported by [64] from
the Santo Toribio Ag-rich polymetallic ore deposit in Peru. This Mn-sphalerite is related to
zoned alabandite, arsenopyrite, pyrite, stannite, scarce miargyrite, and quartz gangue.

Similarly, alabandite inclusions in Mn-rich sphalerite were previously reported by [6]
for the Carnicel vein. The overview by (Makovicky [65]) and the experimental evidence by
(Tomashyk et al. [66]) revealed that the incorporation of large amounts of Mn stabilizes
the ZnS wiirtzite-type structure, whereas higher Fe enrichment is characteristic for the
ZnS sphalerite-type structure. Consequently, the Mn-rich character of the sphalerite from
Rosia Montana could be related to micrometric to sub-micrometric alabandite inclusions
within sphalerite.

The Fe, Mn, and Cd distribution in sphalerite is different in Mn-free sphalerite from
the Mn-bearing sphalerite [50]. These authors demonstrated that, in the case of the Mn-
bearing sphalerite, Cd is homogenously distributed, and Fe and Mn showed an antithetic
pattern reflecting their competing behavior during sphalerite precipitation from the fluids.
The analyzed sphalerite from Rosia Montana was Mn-bearing (Mn > 1 wt%) and showed a
constant low Cd content (0.13-0.16 wt% in Ag-free sphalerite) and Mn values approximately
one order of magnitude greater than the Fe values (Table 2 and Figure 7).
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Figure 7. Plot of Mn vs. Fe (in wt%) in sphalerite from Romanian LS, IS, and HS epithermal ore deposits.

The new data for the Rosia Montana ore deposit and the published EPMA data on
sphalerite from the LS, IS, and HS ore deposits in the Apuseni Mountains (Table S1—
supplementary material) [6,35,46,47] and the Baia Mare district (Table S2—supplementary
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material) [46,48-53,67-70] suggest the existence of two major trends of the Fe-Mn ratio
(Figure 7), (i.e., 9i) the Mn-rich trend and (ii) the Fe-rich trend.

The Fe content was usually <1 wt% in the Mn-rich trend, and the Mn content was
<0.75 wt% in the Fe-rich trend (Figure 7). In other words, high Fe values correlated to
low Mn values and vice versa, with no coexisting intermediate values. There was a weak
negative correlation between the Fe and Mn values; however, the distribution of the Fe and
Mn values was discontinuous, with a clear gap between the maximum and the minimum
value ranges.

The anomalously high Ag values in sphalerite from Rosia Montana (Table 2, sample
1660) ranging from 7.63 to 10.45 wt% were due to the presence of micrometric to sub-
micrometric Ag-mineral inclusions. According to the review by [46], the amount of Ag that
sphalerite may incorporate does not exceed several hundreds of ppm. Additionally, the
occurrence of Ag-mineral microinclusions in the analyzed sphalerite is in agreement with
the mineral assemblage containing Ag-bearing tetrahedrite, polybasite, and acanthite.

The available microchemical dataset for the sphalerite in LS and IS epithermal ore
deposits from Romania (Figure 7) suggests that, at low Fe and Mn values, i.e., 2 and 1 wt%,
respectively, there likely is a compositional field with a positive correlation between Fe
and Mn, as was suggested by [50] who noticed the existence of a limited compositional
field of sphalerite where a joint substitution may exist regarding Fe and Mn for Zn. The
clear separation of the Mn-rich and the Fe-rich compositional trends with a gap of the
values distribution between the maximum and minimum ranges confirms the partitioning
between Fe and Mn in sphalerite as stated by [50].

Following the major contribution made by [3,5,63] in distinguishing the IS and LS
epithermal ore deposit styles, the Fe content in sphalerite was considered to be a tool for
differentiating the IS from LS ores, i.e., low Fe content in sphalerite from IS deposits, and
high Fe content in sphalerite from LS deposits. However, [5] stated that these chemical
peculiarities are, in fact, tendencies, not rules. Indeed, [63] indicated that the sphalerite in
IS ore deposits contained from less than 1 to 10 mole percent FeS and locally up to 20 mole
percent FeS, whereas the sphalerite in LS ore deposits contained from 1 to 15 mole percent
FeS [5].

The chemical composition of sphalerite from the Apuseni Mountains generally shows
low values of Fe in sphalerite in IS deposits and higher values in LS deposits; however,
the highest Fe content in sphalerite is registered for the IS Hanes ore deposit (ca. 9 wt% or
16 mole percent FeS) [46], whereas the sphalerite from the LS ores in Rosia Montana have a
Fe content ranging from approximately 0.1 to 8.5 wt% (0.2 to 15 mole percent FeS) [35,47].

The sphalerite from the IS ore deposits in the Baia Mare ore district shows a significant
wider range of values for Fe as compared to the Apuseni Mountains, with the largest
variation registered in the Herja ore deposit, from 1.78 to 12.90 wt% (3 to 23 mole percent
FeS) [51-53,70], which exceeds the upper limit of 20 mole percent FeS in sphalerite from
the IS ore deposits reported by [63].

The Mn content of sphalerite covers approximately the same range for LS and IS ore
deposits, with higher values for the IS ores with rhodochrosite gangue from Rosia Montana
(Figure 7). The IS veins from Sacaramb frequently have rhodochrosite gangue, and the
high-Mn content of sphalerite (4.97 wt%) reported by [46] was likely obtained on sphalerite
associated with rhodochrosite. With the exception of Cavnic [50], the sphalerite from the
Baia Mare ore district shows a low Mn content, with a maximum of 0.71 wt% for the Cisma
ore deposit [48].

The Mn-richest sphalerite from the Baia Mare district, of up to 1.86 wt%, comes from
the IS Pb-Zn-Cu and Au-Ag Cavnic ore deposit [50], where the veins have abundant
rhodochrosite gangue. Apparently, higher Mn-contents in sphalerite in the IS ore bodies
could be correlated to the presence of rhodochrosite gangue. However, the LS ore bodies
without rhodochrosite gangue from Rosia Montana host sphalerite with an elevated Mn-
content that ranges from 1.19 to 5.17 wt% (Table 2).
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Based on EPMA and X-rays of the Fe, Mn, and Cd distribution mapping in zoned
sphalerite crystals, the authors in [50] confirmed the coexistence of Fe-rich and Mn-rich
sphalerite bands in a single crystal and concluded that the occurrence of Mn-rich or Fe-
rich zones in sphalerite was determined by a “local” chemical control responsible for
their incorporation. As such, when the sphalerite solid is enriched in Fe or in Mn, the
other element gradually accumulates in the nearby hydrothermal fluid at the mineral-
fluid interface.

The change in the chemistry of the precipitating sphalerite occurs when the excess
of the first cation is consumed and the second cation begins to be chemisorbed and,
consequently, the “external” factors, e.g., the ore formation conditions, have minor control.
Accordingly, the Fe content in sphalerite appears to be a less reliable indicator for the
epithermal style of the ore, as the EPMA dataset available for Romania also indicates.

6. Conclusions

The existence of the Fe-rich and the Mn-rich sphalerite compositional trends in the
LS and IS epithermal ore deposits in Romania confirmed the competition between Fe and
Mn substitution for Zn with a cation excluding the other one. This compositional pattern
was found to be valid for both the Mn-dominant and the Fe-dominant substituents for Zn
in sphalerite.

The distinction between the LS and IS epithermal style based on the Fe content in
sphalerite from the epithermal deposits in Romania is only partial. Whereas, for the IS
Magura and Sacaramb ore deposits in the Apuseni Mountains, the Fe content of sphalerite
is low, on the contrary, for the IS ore deposits in the Baia Mare district and the Hanes
deposit in the Apuseni Mountains, the Fe content is high. The sphalerite composition in
Rosia Montana is also highly variable, irrespective of the LS or IS style of the host ore body.
Consequently, the use of the Fe content of sphalerite as a distinctive feature between LS
and IS ores does not appear to be reliable.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11060634/s1, Table S1. Quantitative microchemical data (wt%) for sphalerite from the
epithermal ore deposits in the Apuseni Mountains; Table S2. Quantitative microchemical data (wt%)
for sphalerite from the epithermal ore deposits in the Baia Mare ore district.
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