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The occurrence of Cuz(As,Sb)S, minerals, i.e. the enargite and luzonite-famatinite series, is poorly known in the Neogene
Baia Mare metallogenic district, NW Romania, with few records and no analytical data. This study provides the first EPMA
and XRD data on enargite/luzonite from the Baia Mare metallogenic district, i.e. the Cisma ore deposit from the Baiut metal-
logenic field, and the Herja ore deposit. Vein-type ore bodies bearing Cus(As,Sb)S, minerals from Cisma are hosted by
Paleocene—Eocene flysch successions, while the host rock of the enargite-bearing ore from Herja is unknown. The enargite
and luzonite—famatinite series are known as “exotic” in low sulphidation epithermal ore deposits, “typical” in high sulphidation
epithermal deposits in association with tennantite, and “sometimes common” in small amounts in intermediate sulphidation
epithermal ore deposits. The occurrence of enargite/luzonite in the Baia Mare district suggests the need to update the metal-
logenic interpretation for several ore deposits, partly at the district scale in relation to other ore deposit/mineralogy features,
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e.g. vuggy silica, hypogene argillic alteration.
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INTRODUCTION

According to many authors (e.g., Marias, 1996, 2005;
Grancea et al., 2002; Marcoux et al., 2002; Kouzmanov et al.,
2005), the Baia Mare metallogenic district, Romania (Fig. 1A
and B) consists of typical low-sulphidation epithermal ore de-
posits. This interpretation is based on early mention of adularia
alteration at the district scale by Giusca (1960) and Lang et al.
(1994), the widespread occurrence of carbonates (e.g., Lang,
1979), the minor occurrence of covellite, and the absence from
the ores of enargite, and luzonite-famatinite. However,
Kovacs-Palffy et al. (1977) described a high-sulphidation-like
alteration mineral assemblage with pyrite associated with alu-
nite in the llba-Nistru area. Minor adularia and frequent
propylitization, sericitization and argillization were reported by
Stanciu (1973) in ore deposits from the central and eastern Baia
Mare district (Dealul Crucii to Baiu{ deposits), while
chlorite-adularia-sericite-argillic (locally carbonate and silicic)
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alteration was mentioned by Stanciu (1984) in the southern part
of the Gutai Mountains. A quartz-illite-kaolinite-pyrophyllite as-
semblage was described by Marias (2005) in the central part of
the Cavnic ore deposit (Boldut mine), which may be interpreted
as transitional from sericitic to argillic alteration. Finally, in the
upper part of the Cavnic ore deposit a kaolinitetpyrophyl-
litetalunite assemblage was mentioned by Marias (1996).

The present study offers the first EPMA and XRD data on
enargite from the Baia Mare metallogenic district. Enargite
(CusAsS,) is a sulphide (Takéuchi and Sadanaga, 1969) with
orthorhombic hexagonal close-packed structure. Itis a polytype
of luzonite, which together with famatinite are the end-members
of a tetragonal, cubic close-packed complete solid solution se-
ries between CusAsS, and Cu3SbS, (Gaines, 1957; Pdsfai and
Buseck, 1998). As shown by Pdsfai and Sundberg (1998) and
Pdsfai and Buseck (1998) the enargite and luzonite-famatinite
series are frequently intergrown at the atomic level. Enargite
(CusAsS,) is commonly used as an indicator of the sulphidation
state of sulphide assemblages in epithermal deposits. Enargite
is considered "exotic” in low-sulphidation (LS) epithermal ore
deposits (Hedenquist et al., 1994), while, abundantly associ-
ated with tennantite and pyrite, it is typical of high-sulphidation
(HS), and in smaller amounts of intermediate-sulphidation (IS)
epithermal ore deposits (Einaudi et al., 2003).
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REGIONAL GEOLOGY

The Carpathian chain is situated in the central-eastern part
of Europe and is part of the Carpathian—Pannonian area that is
formed of two microplates, Alcapa and Tisia, which are sepa-
rated by the “Mid-Hungarian Line”, a major transcrustal fault
(Csontos and Nagymarosy, 1998). The Alcapa and the Tisia
microplates underwent different tectonic evolution during Me-
sozoic and Cenozoic, i.e. with opposite rotations during the
Neogene (Csontos et al., 1992; Csontos, 1995; Seghedi et al.,
1998), and with different translations (Marton et al., 1992;
Patrascu et al., 1994; Panaiotu et al., 1996). During the Early to
Middle Miocene the Tisia microplate translated eastwards
along the Alcapa microplate (Csontos, 1995; Fodor et al., 1999;
Huismans et al., 2001).

Neogene—Quaternary volcanic activity took place within the
Carpathian—Pannonian region and it occurred on both Alcapa
and Tisia microplates as a volcanic chain located in the inner
part of the Eastern Carpathians. This volcanic arc is the result
of subduction, collision, post-collisional and extensional pro-
cesses among European and Alcapa-Tisia plates (Seghedi
and Downes, 2011). The volcanism started in the Western
Carpathians and Pannonian Basin with Early Miocene felsic
calc-alkaline volcanism (21-18 Ma), which was followed by
Middle Miocene—Pliocene felsic and intermediate calc-alkaline
volcanism (18-8 Ma) and ended during the Pliocene-Pleisto-
cene with alkaline basaltic volcanism (10-0.1 Ma; Szabo et al.,
1992; Seghedi et al., 2005). Calc-alkaline volcanism was active
in the westernmost part of the Eastern Carpathians between
15-9 Ma, while in the Apuseni Mountains area it started as
adakitic calc-alkaline volcanism between 15 — 9 Ma and ended
with OIB-like alkali basaltic (2.5 Ma) and shoshonitic (1.6 Ma)
volcanism (Seghedi et al., 2005).

GUTAI MOUNTAINS

The Gutai Mountains comprises an important segment of
the Neogene—Quaternary volcanic arc of the Eastern
Carpathians, located at the northeastern margin of Alcapa and
Tisia microplates (Grancea et al., 2002). The Gutai Mts. are
composed of three main geological units: (1) the pre-volcanic
basement; (2) the Neogene sedimentary cover; and (3) the
Neogene volcanic rocks (Sandulescu, 1984). The pre-volcanic
basement consists of Precambrian/Paleozoic metamorphic
rocks and Cretaceous to Oligocene flysch deposits
(Sandulescu, 1984; Sandulescu et al., 1993). The Neogene
sedimentary cover is composed of Badenian/Kosovian
(mudstones), Sarmatian/Volhynian—Bessarabian (mudstones,
siltstones, sandstones) and Pannonian (mudstones, siltstones,
sandstones, microconglomerates, coals) deposits, which
formed more or less synchronously with the volcanic activity
(Kovacs and Fulop, 2010). The Neogene sedimentary rocks
are overlain by the Neogene volcanic rocks across almost the
entire district (Kovacs and Fulop, 2010).

Neogene volcanic activity in the Gutai Mountains started in
the Badenian (15.4 Ma; Fulop, 2001) with silicic calc-alkaline
extensional volcanism (FUl6p and Kovacs, 2003), composed of
rhyolitic  ignimbrites, fallout tuffs and resedimented
volcaniclastic rocks in the southwestern part of the area (Fulop,
2003). The silicic calc-alkaline volcanism was followed by inter-
mediate calc-alkaline arc-type volcanism, which started in the
Sarmatian (13.4 Ma; Edelstein et al., 1992), and continued
southwards until the Quaternary (<0.1 Ma) along the entire
Eastern Carpathian chain (Pécskay et al., 2006). The main vol-

canic structures in the Gutadi Mountains and Eastern
Carpathians formed during the intermediate volcanism. The
surface volcanic rocks that belong to the intermediate volca-
nism in the Gutai Mountains consist of basalts, pyroxene ba-
saltic andesites, dacites and rhyolites (Kovacs and Fulop,
2003), while at subvolcanic level gabbros, diorites,
microdiorites, monzodiorites and microgranodiorites have been
identified (FUlop and Kovacs, 2003). The intermediate calc-al-
kaline volcanic activity in the Gutai Mountains triggered impor-
tant metallogenic activity.

BAIA MARE METALLOGENIC DISTRICT

The Baia Mare metallogenic district in the Eastern
Carpathian volcanic chain is located in the Gutai Mountains
(Fig. 1B). The ore deposits in this district are structurally con-
trolled by the E-W striking Bogdan Voda—Dragos Voda fault
system (Neubauer et al., 2005) located along the southern part
of the Gutai Mountains; this fault is considered the easternmost
prolongation of the “Mid-Hungarian Line” (Csontos and
Nagymarossy, 1998; Tischler et al., 2007). According to mining
and drilling data, satellite images and gravity anomalies, the
fault is partly hidden by Neogene volcanic rocks (Sandulescu et
al., 1993; Grancea et al., 2002); however, it is well exposed in
the eastern part of the Baia Mare ore district (Grancea et al.,
2002). The magmatic control on the ore deposits consists of a
pluton, which according to geophysical and drilling data
(Borcos, 1994; Crahmaliuc et al., 1995; Bailly et al., 1998) is lo-
cated along the southern part of the Gutai Mountains (Fig. 1B).

The Baia Mare metallogenic district has been divided in
three metallogenic sub-districts (Fig. 1B), from west to east as
follows: (1) llba—Nistru (Pb-Zn-CutAu, Ag); (2) Sasar—Dealul
Crucii (Au, Ag); (3) Herja—Baiut (Pb-Zn-Cu and Au-Ag; Kovacs
and Flop, 2010).

The ore deposits in the Baia Mare district are genetically
linked to the intermediate calc-alkaline volcanism (lancu and
Kovacs, 2010) and are considered by many authors as of
low-sulphidation type (e.g., Grancea et al., 2002; Marias, 2005),
or as transitional between low- and high-sulphidation (Marza,
2002). The ore bodies occur mainly as vein structures and
subordinately as stockworks, breccia dykes and breccia pipes
(Gurau et al., 1970; Marcoux et al., 2002; Kouzmanov et al.,
2005; lancu and Kovacs, 2010), which together show clear geo-
chemical vertical zoning (Manilici et al., 1965; Marcoux et al.,
2002; Méarza, 2002; Marias, 2005).

At the scale of the Baia Mare metallogenic district Bailly et
al. (1998) and Grancea et al. (2002) distinguished five ore de-
position stages as follows: (1) Fe with hematite—magne-
titexwolframitetscheelite; (2) Cu-Bi-(W) with chalcopyrite—py-
rite—covellite—bismuth sulphides and sulphosalts and rare gold;
(3) Pb-Zn with sphalerite—galena—chalcopyrite—tetrahedri-
te—tennantitexgold in quartz—adularia—illite/smectite—rhodoni-
te—calcite—kutnohorite and rhodochrosite gangue; (4) Sb with
bournonite—tetrahedrite—stibnite with subordinate gold and rare
realgar and orpiment; and (4) Au-Ag with gold—proustite/pyra-
rgyrite—pearceite/polybasite—native arsenic.

Radiometric data by Lang et al. (1994) and Kovacs et al.
(1997) indicate that the overall age of the hydrothermal activ-
ity in the Baia Mare ore district is Pannonian (11.5-7.9 Ma).
According to these authors the ore deposits in the Ilba—Nistru
and Sasar-Dealul Crucii metallogenic sub-districts are of
Early Pannonian age (11.5-10.0 Ma), while the ore deposits
in Herja-Baiut metallogenic sub-district are Late Pannonian
(9.4-7.9 Ma). The ore deposit age progression from west to
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Fig. 1. Location and geology of the area studied

A — position of the Baia Mare metallogenic district in Romania; B — simplified map of the Baia Mare metallogenic district in the Gutai
Mountains (modified after Kovacs and Fulop, 2010; Kovacs et al., 2017); C — simplified geological map of the Baiut metallogenic field

(modified after Sandulescu and Russo-Sandulescu, 1981; Kovacs et al., 1997; Marias, 2005)
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east follows the volcanism age progression (Lang, 1979) with
an ~1 Ma gap between volcanism and ore deposition
(Marias, 2005).

BAIUT METALLOGENIC FIELD

The Baiuf metallogenic field is situated in the easternmost
part of the Herja-Baiuf metallogenic sub-district and is com-
posed of three main ore deposits (Fig. 1C), (from west to east):
Breiner—Baiut, Varatec and Cisma—Poiana Botizei (Borcos and
Gheorghita, 1976). According to available mineralogical data,
the Baiut metallogenic field has been considered during the last
few decades as a meso-hypothermal deposit by Lang (1979),
and as a low-sulphidation epithermal gold-polymetallic ore de-
posit by Grancea et al. (2002) and Marias (2005).

CISMA-POIANA BOTIZEI ORE DEPOSIT

The Cisma—Poiana Botizei (Cisma) deposit is easternmost
in the Baia Mare metallogenic district (Fig. 1C), together with
the Baiut metallogenic field. It comprises the Cisma, Bandurita
(Borcos and Gheorghita, 1976; Istvan et al., 1995; Damian et
al., 2016), Prisacele, Coasta Ursului, Niga, and Olimpiu veins
(Edelstein et al., 1992; Marias, 2005). These veins are hosted
by Paleocene—Eocene schist-like sandy flysch (Sandulescu
and Russo-Sandulescu, 1981), which is intruded by Neogene
quartz  microdiorite and  microgranodiorite  porphyries
(Plotinskaya et al., 2012). Two mineralization stages were iden-
tified by Damian and Damian (2004). The first stage is com-
posed of hematite, pyrite, chalcopyrite, tennantite, and
tetrahedrite (dominant), and sphalerite, galena, wolframite and
pyrrhotite, together with several mineral compositions of the
lillianite—gustavite series, and native Bi (subordinate). The sec-
ond stage contains galena, sphalerite, pyrite, chalcopyrite,
marcasite, native gold, stibnite, realgar, orpiment, semseyite,
boulangerite and jamesonite. The veins are mostly massive
with some related disseminations.

HERJA ORE DEPOSIT

The Herja ore deposit is located in the central part of the
Baia Mare metallogenic district, ~8 km NE from the Baia Mare.
Itis a Pb, Zn, Ag, Sb and subordinately Au deposit that consists
of a vein system including 247 structures mined underground
out of >260 known structures (Damian, 1996). The veins are
hosted by Eocene mudstones and siltstones, Seravallian and
Tortonian sandstones, clays, marls and tuffs, and Tortonian
quartz andesites and pyroxene andesite lavas and quartz an-
desite and microdiorite subvolcanic bodies (Damian, 1996).
The ore deposit is the type locality of fizélyite (Pb14AgsSb21S4s)
and is known for well-developed stibnite, a complex sulphosalt
assemblage (Damian, 1996; Cook and Damian, 1997;
Udubasa et al., 2002), and the occurrence of black calcite
(Tamas et al., 2018) that occasionally forms black and bi-col-
oured black and white spheres (Marza et al., 2019). The deposit
was interpreted as of low-sulphidation type by Damian (1996).

PREVIOUS DATA ON ENARGITE
AND LUZONITE-FAMATINITE FROM
THE BAIA MARE METALLOGENIC DISTRICT

The occurrence of enargite and luzonite—famatinite in the
Baia Mare metallogenic district is poorly known and superficially
described. Pomarleanu (1971) briefly mentioned the presence
of enargite, famatinite and luzonite in the Cavnic ore deposit,
while Petrulian et al. (1976) included enargite among the ore
minerals of the second paragenetic Sb- and Ag-bearing se-
quence they proposed for the Cavnic ore deposit, with enargite
associated with tetrahedrite, bournonite, stibnite, semseyite,
proustite, pyrargyrite, subordinate bismuthinite and germanite.
Bailly et al. (1998) placed enargite in the fifth mineralization se-
quence of the district, which is dominated by electrum,
proustite/pyrargyrite, pearceite/polybasite and native As.
Damian and Damian (2004) compiled a synthesis of the ore
mineralogy in the Baia Mare metallogenic district based on four
references, i.e. Cadere (1925), Radulescu and Dimitrescu
(1965), Udubasa et al. (1992) and Damian et al. (1995), and re-
ported enargite at Nistru (llba—Nistru sub-district) and Baiut
(Herja—Baiuf sub-district). However, none of these four publica-
tions reported the occurrence of enargite at Nistru and Baiut or
elsewhere in the Baia Mare metallogenic district. Andras (2017)
made the first mention of enargite in the Baiut area based on
optical microscopy, and subsequently Kovacs and Tamas
(2017) confirmed it by SEM-EDS data.

MATERIALS AND METHODS

The new mineralogical data on enargite from the Baia Mare
metallogenic district were acquired from ore samples from the
Baiut and Herja ore deposits by optical microscopy, X-Ray pow-
der diffraction (XRD), scanning electron microscopy
(SEM-EDS), and electron probe microanalyzer (EPMA). The
samples from Baiut (Fig. 2A, B) were collected from the former
ore stockpile of the Cisma ore deposit, located in the vicinity of
the abandoned Baiut processing plant. A sample from Herja
(Fig. 2C, D), specimen no. 2660 from the County Museum of
Mineralogy Victor Gorduza, Baia Mare, Romania, was also in-
vestigated.

The optical microscopy was done using a Nikon Eclipse
LV100N POL polarizing microscope from Géosciences
Environnement Toulouse - Observatoire Midi-Pyrénées (GET),
Toulouse, France. The X-Ray diffraction determinations were
performed using a Bruker D8 Advance diffractometer with Cu
Ko radiation (A = 1.5418 A), LynxEye one-dimensional detector
and Fe 0.01 mm filter at the Department of Geology,
Babes-Bolyai University in Cluj-Napoca, Romania. The working
parameters of the X-Ray diffraction were 40 kV and 40 mA. The
diffraction data were collected between 5 and 64° 26 with a step
interval of 0.02° 26. The PDF2 database has been used for min-
eral identification.

The SEM observations were carried out using a JSSM-6360
electron microscope with 20 kV voltage at the GET Labora-
tory, Toulouse, France. The quantitative microprobe analyses
were made at the Centre de Microcaractérisation Raimond
Castaing, Institut National des Sciences Appliquées de
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Fig. 2. Enargite-bearing samples from the Baia Mare metallogenic district

A —longitudinal slice of an ore sample from Cisma hosting chalcopyrite, hematite, galena, kaolinite and quartz used for XRD (kaolinite) and
EPMA (enargite) investigations; B — transverse slice through the ore sample shown in Figure 2A, showing the location of EPMA points for
chalcopyrite and enargite — circles; C, D — ore sample showing greyish-black prismatic enargite crystals associated with quartz (photos C
and D have been taken by loan Beres, museum curator; D is an enlargement of the portion of the sample shown in C); abbreviations: Ccp —
chalcopyrite, Eng — enargite, Gn — galena, Hem — hematite, Kin — kaolinite, Qz — quartz

Toulouse, France, by a CAMECA SXFive electron microprobe
with 25 kV acceleration, a beam current of 20 nA, a surface of
the analysed area of 2 x 2 micrometers and a counting time of
10 s for peaks and 5 s for background. The following standards
and radiations have been used: CuFeS, for S, Fe and Cu;
FeAsS for As; pure Ag for Ag; PbS for Pb; pure Sb for Sb; pure
Bi for Bi; ZnS for Zn; MnTiO3 for Mn; Cd for Cd; pure Sn for Sn;
Ka lines for Cu, Fe, S, Zn; La lines for Ag, Cd, Sb, Sn; Lp lines
for As; and Ma. lines for Bi and Pb. The minimum detection lim-
its were 450 ppm for S; 570 ppm for Cu; 1960 ppm for Ag;
650 ppm for Zn; 440 ppm for Fe; 2000 ppm for As; 570 ppm for
Shb; 3600 ppm for Pb; 2900 ppm for Bi; 300 ppm for Mn; 470
ppm for Sn; and 600 ppm for Cd.

RESULTS

OPTICAL MICROSCOPY AND SCANNING ELECTRON MICROSCOPY

Reflected light microscopy study of ore samples from the
Cisma ore deposit allowed the identification of enargite/luzonite

and tetrahedrite-tennantite. These minerals are associated with
chalcopyrite, sphalerite, galena and hematite. The gangue is
represented mainly by quartz.

Enargite/luzonite (Cu;AsS,) is moderately abundant and
occurs as large (up to 300 um) pale brown subhedral to
anhedral grains with a greyish-purplish tint that contain chalco-
pyrite inclusions (Fig. 3A). It shows visible bireflectance in plane
polarized light and strong anisotropy under crossed polars
(Fig. 3B). Enargite/luzonite is often associated with galena as-
sociated with chalcopyrite (Fig. 3B, C) or sphalerite (Fig. 3D)
and contains local tennantite inclusions controlled by voids.
Chalcopyrite is partly replaced by enargite/luzonite (Fig. 3E).
Enargite/luzonite is also associated with large (up to 0.25 mm)
sphalerite grains (Fig. 3D).

Minerals from the tetrahedrite—tennantite series
((Cu,Fe)s2(As,Sb)4S+3) occur frequently as replacement of en-
argite/luzonite coexisting with galena that is associated with
well-developed sphalerite with chalcopyrite inclusions (Fig. 3D,
E), and as euhedral grains (up to 30 um) hosted by enar-
gite/luzonite (Fig. 3B).
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Fig. 3. Reflected light photomicrographs of enargite/luzonite bearing a mineral assemblage from Cisma ore deposit

A — large anhedral enargite/luzonite grain with small chalcopyrite inclusions; B — large enargite/luzonite grain with strong anisotropy, show-
ing creamy and purple tints, hosting tennantite-chalcopyrite inclusions and associated with galena and chalcopyrite; C — needle-like hematite
associated with enargite/luzonite and chalcopyrite; D — detail of enargite/luzonite, tennantite and galena associated with sphalerite with chal-
copyrite disease; the enargite/luzonite is partly replaced and cut by tennantite; galena is concentrated along the former enar-
gite/luzonite—sphalerite contact; E — large sphalerite with chalcopyrite disease associated with enargite/luzonite and subordinate tennantite
and galena; F — enargite/luzonite, chalcopyrite, and galena hosting a needle-like hematite mineral assemblage; G — galena associated with
chalcopyrite and enargite/luzonite; H — large chalcopyrite grains replaced by enargite/luzonite; note the abundance of voids within enar-
gite/luzonite as compared to chalcopyrite; | — thin needle-like hematite crystals associated with later sphalerite with chalcopyrite disease; J —
galena with triangular pits and visible cleavage; K — fibroradial aggregates of hematite hosted by quartz gangue; L — enargite and hematite
associated with galena and chalcopyrite; abbreviations: Ccp — chalcopyrite, Eng — enargite/luzonite, Gn — galena, Hem — hematite, Qz —
quartz, Sp — sphalerite, Tnt — tennantite; A, C—F, H-L in plane polarized light, B and G under crossed polars)
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Fig. 4. SEM-BSE images of enargite/luzonite from the Cisma deposit

A — partial view of the large enargite/luzonite grain shown in Figure 3A displaying different shades of grey due to variable amounts of As and
Sb; numbers from 1 to 10 indicate the position of EPMA points for enargite/luzonite; B — the equivalent SEM-BSE image of Figure 3D with ga-
lena, tennantite and enargite/luzonite; numbers 11 and 12 show the location of EPMA points for enargite/luzonite; C — the equivalent
SEM-BSE image of Figure 3B, with a tennantite-chalcopyrite inclusion in enargite/luzonite associated with galena and chalcopyrite; numbers
show the location of EPMA points as follows, 13 and 14 for enargite/luzonite, Tnt1-Tnt4 for tennantite—tetrahedrite, and Ccp1 for chalcopy-

rite; other explanations as in Figure 3

Large (up to 200 um) subhedral chalcopyrite (CuFeS,)
grains are associated with galena (Fig. 3C, F) and enar-
gite/luzonite (Fig. 3G). Chalcopyrite also occurs as large (over
250 pm in length) anhedral inclusions hosted by enar-
gite/luzonite (Fig. 3H). The irregular shape of the contact be-
tween chalcopyrite and enargite/luzonite (Fig. 3H) suggests
that chalcopyrite was partly replaced by enargite/luzonite.
Subhedral to anhedral chalcopyrite grains up to 5 um in size re-
lated to tennantite occur as inclusions in enargite/luzonite
(Fig. 3B), as well as in sphalerite showing locally linear distribu-
tion (Fig. 3E, ).

Sphalerite occurs as large (up to 250 pm) grains (Fig. 3I),
enclosing elongated and rounded chalcopyrite inclusions
(Fig. 3l). Subhedral to euhedral sphalerite grains are associated
with enargite/luzonite, tennantite, chalcopyrite (Fig. 3E) or ga-
lena (Fig. 3D), and locally engulf hematite lamellae (Fig. 3l).

Galena appears as large individual grains showing cleav-
age and triangular pits (Fig. 3J). It locally marks the contact
zone between chalcopyrite and enargite/luzonite (Fig. 3B, G),
or between tetrahedrite-tennantite and sphalerite (Fig. 3D). Ga-
lena also encircles acicular hematite (Fig. 3F).

Hematite (Fe,O5) is abundant within the quartz gangue and
appears as elongated lamellae. It may occur as fibroradial aggre-
gates composed of short individual lamellae (Fig. 3K), or as iso-
lated needle-like crystals engulfed by later deposited sulphides,
i.e., sphalerite (Fig. 3I), galena (Fig. 3L), chalcopyrite, tetra-

hedrite—tennantite and enargite/luzonite (Fig. 3C). Quartz
gangue hosting hematite lamellae is macroscopically red.

The SEM-BSE images of enargite/luzonite grains (Fig. 4)
show different shades of grey, which correlates with chemical
heterogeneity of enargite/luzonite represented mostly by As
and Sb content variation. A faint zoning could be discerned lo-
cally along the grain border as well as an outer whitish rim
(Fig. 4A). The enargite/luzonite-tennantite relationship is high-
lighted by a SEM-BSE image (Fig. 4B) that shows that enar-
gite/luzonite is cut by a tennantite stringer that partly follows the
chemical heterogeneity of enargite/luzonite or that created it.
The enargite/luzonite grain from Figure 4C shows apparently
minor shade variations. The numbers depicted in Figure 4 indi-
cate the EPMA points discussed below.

ELECTRON MICROPROBE ANALYSIS

EPMA data were acquired for enargite/luzonite and associ-
ated sulphides and sulphosalts. EPMA data for enar-
gite/luzonite are presented in Table 1 and show significant
chemical variations. The enargite/luzonite analysed contains
variable concentrations of As (ranging between 12.07 and
17.96 wt.%) and Sb (between 0.27 and 8.74 wt.%). The variable
As/Sb ratios determine the various shades of grey in SEM-BSE
images of enargite/luzonite (Fig. 4), i.e. the darker shades corre-
spond to lower Sb content (#5-7; #11—14; 0.27 to 2.42 wt.%) and

Table 1

Representative EPMA results (in wt.%) for enargite/luzonite from the Cisma ore deposit (Baiuf metallogenic field)

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Av.
Cu 47.41 475| 4789 | 47.80| 48.25| 47.90| 48.39| 47.11| 47.50| 47.19| 47.50| 46.93| 47.44| 47.67 47.61
Ag 0.00 - 0.00 - - - - 0.00 0.00 - - 0.30 - - -
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.37 0.67 - 0.00 0.07
Fe 0.37 0.26 0.19 0.22 0.54 1.32 0.53 0.25 0.29 0.29 1.43 1.32 2.61 2.29 0.85
As 1292 | 1435| 1417 | 1530 | 16.68| 16.55| 16.91| 12.52| 13.20| 12.07| 16.31| 16.17| 17.96| 17.71 15.20
Sb 6.15 6.08 5.94 4.84 2.10 2.04 1.65 8.74 7.7 8.38 2.42 2.20 0.27 0.27 4.16
S 34.57 | 32.24| 32.33| 32.51| 32.55| 32.75| 33.18| 31.98| 32.53| 32.68| 32.12| 32.29| 32.85| 32.39 32.64
Total | 101.42 | 100.44 | 100.52 | 100.67 | 100.12 | 100.56 | 100.66 | 100.60 | 100.69 | 100.61 | 100.15| 99.88 | 101.13 | 100.33 | 100.53*

The value marked with * represents the sum of the average value of the elements, while

« »

represents values below the detection limit; the

Pb, Mn, Cd, Sn contents are below the detection limit, while Bi was not detected
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Table 2

Representative EPMA results (in wt.%) for tetrahedrite—tennantite, chalcopyrite and sphalerite

Mineral tetrahedrite—tennantite chalcopyrite sphalerite

Elements tn1 tn2 tn3 tn4 average 1 1 2 average
Cu 43.99| 44.70| 43.36| 43.81 43.97 34.55 0.21 0.32 0.27
Ag 0.60 0.35 0.54 0.58 0.52 0.00 0.00 — 0.00
Zn - 0.00 0.08 0.00 — 0.00| 62.77| 61.94 62.36
Fe 6.33 5.70 8.15 6.49 6.67 30.64 2.62 3.21 2.92
Pb 0.78 0.54 — 0.61 0.48 0.00 0.00 - 0.00
As 18.02| 17.91 15.48 | 18.10 17.38 0.00 0.02 0.02 0.02
Sb 1.73 2.14 3.12 1.67 217 0.00 0.00 0.00 0.00
Cd 0.06 — 0.10 0.06 0.06 0.00 0.61 0.64 0.63
Mn 0.00 0.00 0.00 - 0.00 - 0.06 0.08 0.07
S 28.82| 28.86| 28.03| 28.82 28.63 35.26| 34.05| 34.54 34.30
Total 100.33 | 100.20 | 98.86| 100.14 99.88 100.45 | 100.34 | 100.75 100.55

« »

represents values below the detection limit

the lighter shades correspond to higher Sb content (#8-10; 7.17
to 8.74 wt.%). The calculated average chemical formula of enar-
gite/luzonite is (Cuz.g7,Fe0.06,ZN0.004)5=3.03(AS0.80,Sb0.14)5=094S4.03.

The acquired EPMA data for minerals from the
tetrahedrite—tennantite series (Table 2) show higher average
values for As (17.38 wt.%) than for Sb (2.17 wt.%), with chemical
compositions ranging between 1548-18.10 wt.% (As), and
1.67-3.12 wt.% (Sb), respectively (Table 2). The mineral grains
analysed are closer to tennantite composition. Silver is commonly
present in tennantite with values ranging from 0.35 to 0.60 wt.%
(Table 2). Overall, a higher Fe content correlates well to higher Sb
amount. The calculated average chemical formula of tennantite is
(Cu10.22,Fe1.76,A00.07,P00.05,Co.01)5=12.11(Sb0 26,783 43)5=3.69S 13.20-

The EPMA data on chalcopyrite reveals almost ideal Cu,
Fe, and S values (Table 2). The calculated chemical formula of
the analysed chalcopyrite grain is Cug.goF€1.00S2.01.

The sphalerite analysed (Table 2), contains less than
4.2 wt.% of all minor metals replacing Zn, i.e. (in wt.%), Fe
(min = 2.62; max = 3.21); Cd (min = 0.61; max = 0.64); Cu
(min =0.21; max = 0.32), and Mn (min = 0.06; max = 0.08). The
average chemical formula of the sphalerite is
(ZNno.91,Cuo 004, F€0.05,Cdo.01,MNo 001, AS0.0003)5=0.97S1.03-

X-RAY POWDER DIFFRACTION

Whitish-yellow alteration minerals deposited in voids within
enargite-bearing ore from Cisma were separated for XRD anal-
yses from the sample shown in Figure 2A. The XRD data con-
firms the presence of kaolinite, calcite and galena.

An ore sample from Herja held by the County Museum of
Mineralogy “Victor Gorduza”, Baia Mare, Romania labeled
“quartz—enargite” was also investigated (Fig. 2C). The speci-
men is composed of 0.5-1 cm long greyish-black prismatic
crystals with metallic luster (Fig. 2D) associated with pyrite and
quartz. The XRD of the prismatic metallic crystals confirms the
occurrence of enargite and the minor presence of tennantite
and galena.

DISCUSSION

Enargite/luzonite—famatinite occurrences in Romania are
minor. Several examples are known from the Apuseni Moun-
tains in compatible well-documented ore deposit environments,

e.g., the Paraul lui Avram HS deposit (Socolescu et al., 1963),
the Rosia Poieni Cu-Au porphyry and overprinting HS veins,
and HS veins overprinting Bucium-Tarnita Cu-Au porphyry
(Cioaca et al., 2014). Enargite, famatinite and luzonite are only
briefly mentioned in the Baia Mare metallogenic district (cf.
Pomarleanu, 1971; Petrulian et al., 1976; Bailly et al., 1998)
without any analytical data or geological information on the ore
deposit context.

SEM-BSE images and EPMA data on enargite/luzonite
grains indicate rarely homogeneous (Fig. 4C) and more fre-
quently heterogeneous (Fig. 4A, B) compositions due mostly to
variable Sb and As contents (Table 1). The optical microscopy
study on the ore samples available from Cisma did not allow
clear discrimination between enargite and famatinite. However,
as shown in Figure 5, the composition of the mineral grains ana-
lysed indicates intermediate phases closer to enargite/luzonite.

Optical microscopy distinction between enargite and
luzonite is uncertain (Uytenbogaardt and Burke, 1971;
Pracejus, 2015), and their ideal chemical composition is also
identical. Based on high-resolution transmitted electron micros-
copy and electron diffraction on selected areas in samples from
the Recsk porphyry-HS system (NE Hungary), Posfai and
Sundberg (1998) demonstrated that enargite and luzonite are
commonly intergrown at the atomic level. However, Springer
(1969) has shown that the maximum content of Sb in enargite

Tetrahedrite Tennantite
(Cu,Fe),,Sb,S,, (Cu,Fe),,As,S,,
O—CD

Famatinite Enargite

Cu.SbS, Cu,AsS,
T O—O——OO——@O

I \ I \

0 0.2 0.4 0.6 0.8 1

As/(As+8b)

Fig. 5. Plot of compositional variations of analysed
enargite/luzonite and tennantite from Cisma
in the diagram of Ciobanu et al. (2005)
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can reach up to 6 wt.%, and Gaines (1957) demonstrated by
XRD and chemical data that there is a complete solid solution
between luzonite and famatinite. Consequently, certain distinc-
tion between enargite and luzonite can be made based on
microchemical data only if the Sb content exceeds the limit
highlighted by Springer (1969), i.e. 6 wt.% Sb that corresponds
to ~20 mol % Cu3SbS,. Among the available EPMA results ac-
quired from Cisma there are three compositions exceeding this
Sb limit (Table 1), i.e. #8 (8.74 wt.%), #9 (7.17 wt.%), and #10
(8.38 wt.%), three other points are close to the limit, i.e. #1
(6.15 wt.%), #2 (6.08 wt.%), and #3 (5.94 wt.%), and the re-
maining ones are largely below. The EPMA points #8-10 thus
indicate the occurrence of luzonite, which likely corresponds to
the lighter spots in Figure 4A. The Sb values of the EPMA
points #1-3 are too close to the limit (6 wt.%) to really discrimi-
nate between enargite and luzonite, and the remaining EPMA
points did not support such discrimination. Pésfai and Buseck
(1998) stated that when enargite and luzonite coexist, luzonite
typically contains more Sb than enargite. Moreover, the same
authors suggest that enargite that coexists with
luzonite-famatinite can contain a maximum of 11 mol%
Cu3SbS,, which corresponds approximately to 3.3 wt.% Sb.
However, higher values were encountered for enargite associ-
ated with Mn-bearing tetrahedrite. According to these additional
observations, the EPMA points #1—4 with Sb content ranging
from 4.84 to 6.15 represent luzonite, and the remaining EPMA
points #5—7 and #11-14 with Sb content ranging from 0.27 to
2.42 (Table 1) correspond to enargite. A similar Sb content
range in enargite was reported by Deyell and Hedenquist
(2011) from the Lepanto high-sulphidation Cu-Au deposit and
the nearby Far Southeast Cu-Au porphyry deposit, Mankayan
district, Philippines, i.e., 0.19 to 3.59 wt.% Sb.

EPMA and LA-ICP-MS studies of trace elements in enargite
from porphyry and HS ores in the Far Southeast and Lepanto
deposits, Philippines reveal Ag, Fe and Pb enrichment in enar-
gite from the main HS ore body (Deyell and Hedenquist, 2011).
The Fe content in enargite from Cisma, i.e., up to 2.61 wt.%, ex-
ceeds the maximum Fe content reported from the Lepanto
main ore body that ranges from 0.21 to 0.75 wt.%. As regards
the enargite from Cisma, the EPMA detection limits are too high
for the identification of Pb and Ag contents in enargite as re-
ported by Deyell and Hedenquist (2011), performed by
LA-ICP-MS, and consequently it is impossible to propose other
correlations. Based on EPMA and LA-ICP-MS data on enargite
from porphyry, HS and IS ore deposits from the Zijinshan Cu-Au
ore district (southeastern China), Liu et al. (2019) have shown
that the trace element pattern of enargite is specific for each de-
posit type and for the case of epithermal deposits it correlates to
the transition from HS to IS and reflects the hydrothermal fluid
evolution. The enargite from Cisma shows similar depletion in
Zn as does the enargite from the Longjiangting IS deposit (Liu
etal., 2019), and enrichment in Sb and Fe as in the IS enargite
rim formed on enargite from the Wuzigilong Cu deposit (Liu et
al.,, 2019). Overall, these authors stated that at least for the
Zijinshan ore district in China, enargite from HS deposits is en-
riched in Te and Sn, and enargite from IS deposits is depleted in
these elements and enriched in Sb and Se. Accordingly, the
trace element chemical pattern of enargite from Cisma (Ta-
ble 1), e.g., Sn below the detection limit and enrichment in Sb,
suggests its IS affinity.

The optical microscopy study of the Cisma ores shows that
hematite predated the sulphides and chalcopyrite is partly re-
placed by enargite/luzonite, which is cut and partly replaced by
tennantite (Figs. 3D and 4C). Hematite was previously identified
in the paragenesis of Varatec ore deposit, Baiut metallogenic
field as mentioned by Costin and Viad (2005) in the first two
mineralization stages, i.e., quartz—Fe-oxidestpyritetwo-

lframates (1), and quartz—chalcopyrite—Bi-minerals—py-
ritexFe-oxides (2). The widespread occurrence of hematite in
the ore samples from Cisma indicates an intermediate
sulphidation stage according to the log f(S,) — temperature dia-
gram of Einaudi et al. (2003).

These mineral relationships, indicating the paragenetic se-
quence hematite—chalcopyrite—enargite and luzonite—tennan-
tite, suggest an early intermediate sulphidation environment
(hematite and chalcopyrite) followed by a passage towards
high-sulphidation conditions as indicated by chalcopyrite re-
placement by enargite/luzonite and a final overprint by an inter-
mediate sulphidation stage suggested by enargite/luzonite re-
placement by tennantite and the absence of bornite and pyrite.
Similar sulphidation state evolution trend was found in the
Recsk porphyry—skarn—epithermal metallogenic system, Hun-
gary, by Takacs et al. (2017). The abundant hypogene kaolinite
closely related to the enargite—tennantite—chalcopyrite mineral
assemblage indicates the intermediate/high sulphidation state.
Similarly, the presence of significant enargite associated with
tennantite and galena in the sample studied from the Herja ore
deposit suggests a similar intermediate/high sulphidation envi-
ronment during ore deposition.

Based mostly on LA-ICP-MS data on enargite from enar-
gite-rich HS ore bodies, Deyell and Hedenquist (2011) showed
a lateral variation of trace elements in enargite from porphyry to
proximal (HS) and distal (IS) environments. This variability is
characterized by: Au and Te enrichment proximal to cogenetic
porphyry; Ag, Fe, and Pb enrichment in the main HS ore body;
and Zn+Cd enrichment in distal veins. Thus, the chemical char-
acter of the enargite could be used as a vectoring tool for explo-
ration in porphyry to epithermal environments. The occurrence
of Cus(As,Sb)S, minerals (enargite and luzonite) in the Cisma
and Herja ore deposits suggests that IS and HS conditions ex-
isted during the formation of these deposits. Strongly leached
and highly silicified zones, e.g., massive and vuggy silica
hosted by rocks with argillic/advanced argillic alteration halos
and containing disseminated mineralization, were ignored in
the Baia Mare district. Similarly, the presence of porphyry de-
posits was generally neglected. An overview of the ore deposits
from the Baia Mare metallogenic district using up-to-date ore
deposit models based on available geological and mineralogi-
cal data, as proposed by Nie¢ et al. (2016) for the Polish
Carpathians, could reveal prospective spots at least for HS
style ores.

The common sulphides have been previously described
from all ore deposits within the Baiut metallogenic field. Galena
was identified in the upper part of the veins from the
Cisma—Poiana Botizei deposit (Damian et al., 2010) and from
the dominantly Pb-rich Varatec ore deposit, being associated
with sphalerite and subordinate chalcopyrite (Cook, 1998).

The sphalerite analysed has similar amounts of Fe (2.62
and 3.21 wt.% Fe) as the sphalerite-1 described by Plotinskaya
et al. (2014), characterized by low Fe content (1.3 to 4.6 wt.%).
However, the sphalerite analysed has lower Mn
(0.06-0.08 wt.%) and higher Cd (0.61-0.64 wt.%) contents as
compared to the sphalerite-1 (cf. Plotinskaya et al., 2014), i.e.
0.5-0.7 wt.% Mn and 0.2 wt.% Cd, respectively. Similarly, chal-
copyrite inclusions have been described in the zoned
sphalerite-2 from the Cisma vein reported by Plotinskaya et al.
(2012). Previous studies on the Baia Mare metallogenic district
(Bailly et al., 1998) and the Varatec ore deposit (Costin, 2003;
Costin and Vlad, 2005) interpreted chalcopyrite as part of the
second paragenetic sequence, associated with quartz, Fe-ox-
ides, pyrite and Bi-minerals.

The tennantite grains analysed (Table 2) have As apfu >3
(As apfu ranging between 3.09-3.56, average 3.43), as com-
pared to tennantite—tetrahedrite with As apfu <2.2 from Baiut
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reported by Damian and Damian (2003). The variation of As
and Sb content in the tennantite grains analysed is shown in
Figure 5. According to Damian and Damian (2003) the ore de-
posits from the Baia Mare area contain Zn-rich tetrahedrites
and Fe-rich tennantites, with up to 7.69 wt.% Zn and 6.46 wt.%
Fe, respectively. However, only one out of 4 tennantite grains
analysed in the present study contains Zn (0.08 wt.%) close to
the detection limit (0.065 wt.%), while all the grains analysed
have high Fe values, ranging from 5.70 to 8.15 wt.%, exceeding
the upper limit previously mentioned.

The tennantite from Cisma has high Fe (ranging from 5.70
to 8.15 wt.%), low Zn (from below the detection limit up to 0.8
wt.%), no Mn and a clear Cu-excess with Cu >10 apfu (Table 2
and Fig. 4C). Manganese-free fahlore minerals were reported
by Takacs et al. (2017) from the Lahéca Hill, Recsk ore com-
plex, Hungary, from pre- and post-enargite depositional stages
in HS ore bodies. Contrastingly, fahlore minerals containing Mn
were identified by the same authors in the Lejtanka transitional
HS-IS and Parad IS deposits from the Recsk ore complex, Hun-
gary, and these geochemical peculiarities were considered evi-
dence of lower sulphidation state hydrothermal fluids, likely re-
sponsible for IS mineralization. Consequently, the absence of
Mn in tennantite from Cisma could be also interpreted as an in-
dicator of the HS character of the host ore. The Ag content of
tennantite from Cisma (0.35-0.60 wt.%) is in agreement with
the previously reported data by Damian and Damian (2003),
which stated that the Ag content in tetrahedrite-tennantite from
the Baia Mare district is <2 wt.%.

CONCLUSIONS

EPMA results acquired from the Cisma ore deposit in the
Baiut ore field and XRD data on an ore sample from the Herja

ore deposit represent the first analytical evidence for the occur-
rence of enargite and luzonite in the Baia Mare ore district. The
newly acquired micro-chemical results on enargite/luzonite,
sphalerite and tennantite, and the significant occurrence of
kaolinite, reveal a clear intermediate to high sulphidation state
environment of Cu-rich ore at Cisma. An evolution trend of the
sulphidation state of the hydrothermal fluids is inferred for
Cisma from an early IS stage with hematite and chalcopyrite to
a HS stage with enargite and luzonite and a final IS stage with
tennantite and base metal sulphides.

The hitherto generally accepted low sulphidation character
of the Neogene Baia Mare metallogenic district should be re-
considered from these results, and this approach may open
new mineral exploration challenges for IS/HS ores and their
deep/hidden porphyry roots in this district. The massive and/or
vuggy silica bodies hosted by argillic/advanced argillic alteration
with disseminated Au mineralization seem to represent a new
exploration target in the Baia Mare metallogenic district.
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