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There are fifteenMiocene intrusionswith porphyry coppermineralization in theMetaliferi Mountains, Romania;
most are associatedwith epithermal Au–Ag (±Te, Bi, Se, Ge) vein systems. The investigation offifty samples from
six deposits (Roşia Poieni, Bucium–Tarniţa, Colnic, Rovina, Valea Morii and Bolcana) indicated bulk rock mean
values of 0.16–0.88 ppm Au, b50 ppm Mo, 0.02–0.35 ppm Re, 0.06–0.6 ppm In, 1.3–3.3 ppm Ag, 0.23–
1.17 ppmBi, 3.2–5.5 ppmSe, 2.4–3.3 ppmGe, and 2.6–18 ppmTe. Trace element analyses by electronmicroprobe
suggest that part of the Au, Ag, As, Te and Semay occur as fine-particle inclusions hosted within common sulfide
minerals (pyrite, chalcopyrite and bornite). Measured concentrations range from below the minimum limit of
detection to as much as 1430 ppm Au, 530 ppm Ag, 1920 ppm Te, 10,500 ppm As and 2620 ppm Se in pyrite,
970 ppm Au, 1180 ppm Ag, 1000 ppm Te, 410 ppm As and 420 ppm Se in chalcopyrite, and 920 ppm Au,
4830 ppm Ag, 1470 ppm Te, 4230 ppm Se and 1540 ppm Bi in bornite. Gold is concentrated preferentially in py-
rite, while silver is consistently high (N1000 ppm) in bornite. In the porphyry-type mineralization, galena forms
microinclusions in pyrite, chalcopyrite and bornite, and contains up to 3750 ppm Ag, 17,380 ppm Se, 1570 ppm
Ge and 780 ppm Te. Galena and pyrite from the epithermalmineralization in theMăgura–Bolcana–Troiţa system
contain concentrations of Ag and Se ten times lower than in the same minerals from the porphyry copper min-
eralization. The present data show that Te is a significant trace element in the potassic zone of the investigated
porphyry systems. The data also shows that this does not correlate with the presence or absence of ophiolitic
basement, or with variation in the chemistry of the host intrusions. Tellurium enrichment in porphyry-type de-
posits of the Metaliferi Mountains supports their genetic relationship with the spatially associated epithermal
systems.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Copper, Au andMo are the principal commodities in porphyry-style
ores, but othermetals, notably Ag and platinum group elements (PGEs),
may be recoverable from some porphyry Cu (–Au, –Ag) deposits. Ele-
ments such as In, Re, Sn, W, Bi, Zn, Te, Se and Ge can also be present in
porphyry Cu–(Mo–W–Sn) systems at elevated concentrations (Berger
et al., 2008; Sinclair, 2007) and can potentially be extracted as by-
products (Ayres et al., 2002). Although data for porphyry systems is lim-
ited, these trace elements are commonly concentrated within the com-
mon sulfides, notably gold within pyrite (e.g., Cook and Chryssoulis,
1990; Deditius et al., 2011; Reich et al., 2005, 2013a), silver in chalcocite
or bornite (e.g., Cook et al., 2011; Reich et al., 2013b), indium in sphal-
erite (e.g., Cook et al., 2009a) or rhenium in molybdenite (e.g.,
Aminzadeh et al., 2011; Ciobanu et al., 2013; Golden et al., 2013).
40 21 31 81 326.
The Metaliferi Mountains (South Apuseni Mountains) in Romania
(Fig. 1) host a dense concentration of ore deposits related to Miocene
calc-alkaline magmatism (Ghiţulescu and Socolescu, 1941; Ianovici
et al., 1976; Roşu et al., 2001, 2004; Neubauer et al., 2005). Mineraliza-
tion occurs as veins (Au–Ag ± Te and base metal), epithermal breccia
pipes and replacement bodies, and in several subjacent porphyry Cu-
type systems. Some of these deposits are ranked as large or very large
(Borcoş et al., 1998; Milu et al., 2004; Udubaşa and Udubaşa, 2004;
Vlad and Orlandea, 2004; Tămaş et al., 2006). The largest of these, the
Roşia Poieni porphyry Cu deposit contains 431 Mt ore at 0.55% Cu and
0.25 g/t Au (Kouzmanov et al., 2005b). According to Vlad and
Orlandea (2004), historical gold production in the district totals 630 t
at Roşia Montană, 380 t at Barza–Brad, 330 t at Baia de Arieş and 250 t
at Stănija; all these deposits are of epithermal type. The Săcărâmb
epithermal deposit produced ca. 30 t Au, 55 t Ag and 60 t Te (Udubaşa
and Udubaşa, 2004).

The results of substantial research have been published on individu-
al porphyry Cu deposits. These include accounts of the systems at Roşia
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Fig. 1. Location of the porphyry copper deposits in the “Golden Quadrangle” —Metaliferi Mountains (modified after Cioflica et al., 1973). 1. Valea Tisei, 2. Trâmpoiele, 3. Muncăceasca, 4.
Măgura Poienii, 5. Tălagiu, 6. Cireşata, 7. Musariu, 8. Voia, 9. Deva.
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Poieni (André-Mayer and Sausse, 2012; Iatan, 2009; Kouzmanov et al.,
2005c, 2010; Milu et al., 2004; Popescu et al., 2006); Valea Morii
(André-Mayer et al., 2001; Borcoş et al., 1978), Bolcana (Cardon et al.,
2005, 2008; Cioacă, 2008, 2011; Cioacă et al., 2010; Milu et al., 2003;
Popescu and Cioacă, 2006), Rovina, Colnic and Cireşata (Halga et al.,
2010). Attention has also been given to several of the larger epithermal
deposits, including Roşia Montană (Bailly et al., 2005; Kouzmanov et al.,
2005c; Tămaş et al., 2006, 2014), Săcărâmb (Alderton and Fallick, 2000;
Ciobanu et al., 2008; Cook and Ciobanu, 2005; Popescu et al., 2010,
2013), and Larga (Cook and Ciobanu, 2004, 2005). These articles and a
number of regional studies (Berbeleac, 1985; Borcoş et al., 1998;
Boştinescu, 1984; Harris et al., 2013; Marcoux et al., 2002; Neubauer
et al., 2005; Popescu and Neacşu, 2007; Roşu et al., 2001, 2004;
Udubaşa and Udubaşa, 2004; Udubaşa et al., 2001; Vlad and Orlandea,
2004) have documented the spatial and genetic relationships between
the porphyry Cu deposits and epithermal mineralization.

Remarkably few publications (Cheşu, 1983; Cioacă et al., 2010; Cook
and Ciobanu, 2004) deal, however, with the trace element geochemistry
of the porphyry copper deposits in the Metaliferi Mountains. Consider-
ing this, the research reported here is, in many respects, a reconnais-
sance study, aimed at identifying geochemical features and trends that
can serve as premises for more detailed investigation. We provide
new trace element geochemical data on bulk rock samples and on sul-
fide grains from mineralization in six porphyry deposits that were ac-
cessible for sampling: Roşia Poieni, Bucium–Tarniţa, Colnic, Rovina,
Valea Morii and Bolcana. Our aim is to establish any similarities or dif-
ferences between these deposits regarding the distribution of the
trace elements of potential economic interest, and to document the
role of the main sulfide minerals in concentration of trace elements.
We also provide trace element concentrations in sulfides from the
Măgura–Bolcana–Troiţa epithermal system and compare them with
the trace element contents in porphyry-type mineralization. This com-
parison is used to show that the well-documented trace element signa-
ture of the epithermal assemblages (enrichment in Au, Ag and Te) can
also be recognized in higher temperature assemblages within the por-
phyry type mineralization, thus further supporting a genetic relation-
ship between the two styles of mineralization.

2. Geological setting

Miocene (14–7Ma) volcanic-hydrothermal activity in theMetaliferi
Mountains was controlled by the regional geodynamic evolution of the
Carpathian orogen and Pannonian basin during the Cenozoic. This evo-
lution comprised subduction and collision of the European andMoesian
plates with the Intracarpathian Alcapa and Tisia blocks, resulting in a
subsequent extensional regime, driven by the translation and clockwise
rotation of Tisia block (Neubauer et al., 2005; Roşu et al., 2004). Rotation
of the Tisia block in excess of 60° at 14–12 Ma produced deep
transtensional faults and NW–SE-trending graben-like pull-apart ba-
sins, which favored a rapid magma ascent, generating numerous volca-
nic–subvolcanic systems. Although the geochemical studies indicate
that Miocene magmas from the Metaliferi Mountains have a “subduc-
tion signature”, they were generated by decompressional melting of a
heterogeneous source situated at the crust–lithosphere mantle bound-
ary (Neubauer et al., 2005; Roşu et al., 2001, 2004; Seghedi et al.,
2007). Variable and higher Nb and Nb/Y ratio in younger rocks
(10–7Ma) suggest the generation of themagmaby amixing of astheno-
spheric melts (Roşu et al., 2001, 2004). Petrochemical studies indicate a
normal calc-alkaline character for the early magmatic products
(14–12Ma), and an adakite-like calc-alkaline signature for the younger
(12–7Ma) rocks (Roşu et al., 2004). This magmatism generated amphi-
bole andesites with pyroxene ± biotite (particularly well represented
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in the Zarand–Brad–Zlatna and Roşia Montană–Bucium zones), and
high potassium quartz–amphibole andesites with biotite ± pyroxene,
which cover large areas in the Deva–Săcărâmb–Hărţăgani and Baia de
Arieş–Roşia Montană zones. Small bodies of trachyandesites,
microdiorites and basaltic andesites represent the latest products of
the Miocene volcanism (10.5–7 Ma) and occur in the Săcărâmb–
Hărţăgani and Roşia Montană–Bucium zones (Roşu et al., 2004).

The Miocene metallogeny in the Metaliferi Mountains is character-
ized by the extensive generation of hydrothermal deposits and mineral
occurrences within a relatively small area (ca. 900 km2), suggestively
named the “Golden Quadrilateral” (Ghiţulescu and Socolescu, 1941).
The formation of these deposits is related to Miocene magmatism
(14–7 Ma; Roşu et al., 2004; Neubauer et al., 2005), which generated
volcanic and subvolcanic complexes. Mineral deposits are distributed
along four NW–SE-trending alignments considered as metallogenetic
districts (Boştinescu, 1984; Ianovici et al., 1976; Vlad and Orlandea,
2004): Brad–Săcărâmb, Almaş–Stănija; Roşia Montană–Bucium; and
Baia de Arieş. A fifth district, Bulza–Tisa, is located south of the Golden
Quadrilateral, along the E–W-trendingMureş Valley alignment. Accord-
ing to Boştinescu (1984) and Halga et al. (2010), porphyry deposits in
the Metaliferi Mountains (Fig. 1) can be classified as: Cu–Mo (Au)
type (Deva, Roşia Poieni); Cu–Au type (Valea Morii, Bolcana, Rovina,
Voia, Tălagiu, Larga, Trâmpoiele, Valea Tisei, Bucium–Tarniţa); and
Au–Cu type (Colnic, Cireşata). Most of these deposits are associated
with small subvolcanic bodies within volcanic–subvolcanic systems
showing a concentric metallogenetic zoning (Berbeleac, 1985; Borcoş
et al., 1998; Cardon et al., 2005; Popescu and Neacşu, 2007). In these
systems, the porphyry mineralization occupies the cores of the host
subvolcanic bodies, while base metal (Pb–Zn–Cu ± Au, Ag) and Au–
Ag epithermal veins occur peripherally, superimposed on the porphyry
type deposits, and/or relatedwith andesitic stocks emplaced around the
subvolcanic bodies. The spatial overlapping and the so-called “ring-
zoning” distribution of copper, polymetallic and Au–Ag deposits is
explained by Popescu and Neacşu (2007) as a result of the polystadial
evolution of individual caldera systems. Cogenetic relationships be-
tween porphyry and epithermal mineralization are evidenced by
petrographic and geochemical data, the two mineralization types
representing distinct sequences of the same metallogenetic process,
which generated mineral accumulations over a vertical extent of ca.
1500 to 2000m in the case of telescoped porphyry and epithermal sys-
tems (Borcoş et al., 1998).

All porphyry Cu deposits are located within large volcanic com-
plexes, emplaced in extensional duplex structures developed during
the late Badenian to Sarmatian, a result of strike-slip tectonics (Drew,
2003). The location of the mineralized structures at the intersections
of fault systems with different trends (E–W and NW–SE, occasionally
WNW–ESE), the superposition of vein meshes on the porphyry copper
structures and the geometry of deposits outline the control of tensional
strain on themineralization (Drew, 2003; Neubauer et al., 2005). These
structural conditions favored rapid flush upwards of high temperature
fluids from porphyry systems into kin veins, causing the destabilization
of metal complexes and precipitation of epithermal mineralization
(Cook and Ciobanu, 2004; Cook et al., 2009c). Several mechanisms for
metal precipitation have been proposed, including pressure variation,
multistage boiling or vapor-phase release during magmatic brecciation
(Cook et al., 2009c).

Petrography, alteration and mineralization of all porphyry type de-
posits from the Metaliferi Mountains are consistent with Hollister's
(1978) dioritic model, polyascendent subtype (Borcoş et al., 1998).
This considers that the potassic alteration zones are well developed in
the inner parts of the intrusions; argillic/phyllic zones are located at
the peripheries, whereas the pervasive propylitic alteration affected
mainly the surrounding andesitic rocks (Borcoş et al., 1998; Boştinescu,
1984; Milu et al., 2003, 2004). One characteristic feature of the Miocene
mineralization from the Gold Quadrangle is the widespread occurrence
of Au-, Ag- and Au–Ag–tellurides. More than 20 occurrences of telluride
mineralization are known in the Metaliferi Mountains (Cook and
Ciobanu, 2005). Deposits such as Faţa Băii, Săcărâmb and Baia de Arieş
are type localities for native tellurium and telluride species such as
krennerite, muthmanite, nagyágite, petzite, stutzite, museumite,
sylvanite and tellurite (Papp, 2004). Although the tellurides are most
commonly observed in Au–Ag epithermal veins, the Pb-bearing Bi–tel-
luride rucklidgeite was identified by Cook and Ciobanu (2004) in the
porphyry Cu-type mineralization at Trâmpoiele, part of the Larga–Faţa
Băii–Trâmpoiele porphyry–epithermal system, which shows a vertical
zonation of trace elementmineralogy inwhich Au–tellurides and native
tellurium occur at shallow levels and Bi–Pb and Pb–tellurides at depth
(Cook and Ciobanu, 2004).

3. Deposit background

Out of the six investigated porphyry copper deposits, four are locat-
ed in the Brad–Săcărâmb District (Rovina, Colnic, Valea Morii and
Bolcana), in the western part of the Golden Quadrilateral, while the
other two (Roşia Poieni and Bucium–Tarniţa) are located in the eastern
part of the quadrilateral, in the Roşia Montană–Bucium district (Fig. 1).
The main geological characteristics of the investigated deposits are
summarized in Table 1.

3.1. Country and host rocks

The subvolcanic bodies that host the deposits from the Brad–
Săcărâmb district (Rovina, Colnic, Valea Morii and Bolcana) intruded
Miocene amphibole andesites, which cover Late Cretaceous flysch sedi-
ments and ophiolite sequences of Late Triassic to Early Jurassic age
(André-Mayer et al., 2001; Berbeleac, 1985; Boştinescu, 1984; Milu
et al., 2003). At Bolcana, the host subvolcanic body also intruded the
Băiţa rhyolites (Cretaceous) and Paleocene sedimentary rocks (Milu
et al., 2003). At Roşia Poieni and Bucium deposits, the Neogene (Sarma-
tian) andesites intruded by the mineralized subvolcanic bodies lay on a
Tertiary and Cretaceous sedimentary sequence and pre-Mesozoicmeta-
morphic basement (Boştinescu, 1984; Milu et al., 2004).

All six investigated deposits are hosted by relatively small porphyry
stocks whose petrography varies from amphibole ± pyroxene quartz
andesite and quartz diorite at Valea Morii (André-Mayer et al., 2001;
Borcoş et al., 1978) to amphibole-bearing andesite and microdiorite/
diorite in the other deposits (Table 1; Boştinescu, 1984; Halga et al.,
2010; Milu et al., 2003, 2004; Vlad, 1983). A gradual transition from an-
desite at shallow levels to microdiorite and diorite at depth is common
(Boştinescu, 1984). Post-mineralization barren dykes cross themineral-
ized subvolcanic bodies at Colnic (Halga et al., 2010) and Valea Morii
(Borcoş and Berbeleac, 1983). Incipient breccia pipe is recognized at
Bolcana (Boştinescu, 1984). A phreato-magmatic breccia is reported at
Rovina (Boştinescu, 1984; Halga et al., 2010). Injections of tuffitic mate-
rial were mentioned at Bolcana and Roşia Poieni (Boştinescu, 1984).

3.2. Alteration

The studied deposits contain zones affected by potassic, phyllic,
propylitic and argillic alterations. The potassic zones comprise the
inner and deeper parts of the intrusions. The mineral assemblage is
dominated by biotite, potassic feldspar and quartz, accompanied by ep-
idote, actinolite, chlorite, anhydrite and carbonates (Berbeleac, 1985;
Halga et al., 2010; Milu et al., 2003, 2004; Vlad, 1983), which induces
a brownish to gray-greenish color of the rocks. Biotite occurs either as
tiny crystals in the groundmass or as replacements of the hornblende
and plagioclase phenocrysts (Milu et al., 2003, 2004). The alkaline
feldspars replace the plagioclase crystals or occur as rounded to irregular
grains in the groundmass (Borcoş et al., 1978; Ionescu et al., 1975; Milu
et al., 2003, 2004). Veinlets filled with quartz ± alkaline feldspar ±
biotite ± apatite ± carbonate ± magnetite ± sulfides are widespread
(Borcoş et al., 1978; Ionescu et al., 1975; Milu et al., 2003, 2004)



Table 1
Geological characteristics of studied deposits and associated veins systems.

Ore deposit Metallogenetic
unit

Host rocks Hydrothermal
alteration

Ore minerals Geochemical signature Sizes and tonnages Age References

Roşia Poieni Baia de Arieş–
Bucium District

Microdiorite, amphibole-
bearing andesite

Potassic, phyllic,
propylitic, advanced
argillic

Porphyry Cu type: py, cpy, mt,
mo ± hem, bn, tet, sp, gal, en,
dg, cv
Hydrothermal veins:tet–tenn,
en, sp, gal, cpy, py,mar, hess, tbi,
gdf, ge, arg–can.

• Cu, Fe ± Au, Mo, Co, Pb,
Ga, Sn;

431 Mt
(0.55% Cu, 0.25 g/t Au)

9.42 ± 0.14 Ma (U–Pb
single zircon)

Borcoş et al. (1984), Che u
(1983), Iatan (2009),
Kouzmanov et al. (2005c),
Milu et al. (2004).

Bucium–Tarniţa Baia de Arieş–
Bucium District

Microdiorite, amphibole-
bearing andesite

Potassic, phyllic,
propylitic, argillic

Porphyry Cu type: cpy, py, mt,
pyrr, mo, au
Hydrothermal veins: py, sp,
tellurides, gal, bn, cpy, cz, cv, en,
lz, tet, mar, au, ge, arg–can.

• Cu, Au, Fe ± Mo;
• Cu, Au, Ag, Pb, Zn, Ge, Se,
Te, Mn, Ti, Sn, Ni, Co ± Cd,
Ga, Sb, Bi, As, In

250 m × 250 m;
335 Mt @ 0.50% Cu and
0.36 g/t

14.80–14.60 Ma (K–Ar
on whole rock)

Berbeleac (1985), Borcoş
et al. (1984), Che u. (1983),
Kouzmanov et al. (2005b),
Ro u et al. (2004), Vlad
(1983).

Rovina–Remetea Brad–Săcărâmb
District

Microdiorite, amphibole–
pyroxene-bearing quartz–
andesite

Potassic, magnetite–
chlorite–epidote
alteration, argillic

Porphyry Cu type: mt, py, cpy,
mo, au.
Hydrothermal veins py, cpy, sp,
au, ge.

• Cu, Au, Ag, Mo, Zn, Sn;
•Au, Ag ± Pb, Zn, Cu,Mn, Ti,
B, Sn, Co

350 m × 600 m;
0.1–1.0 g/t Au and 0.05–
0.70% Cu

Borcoş et al. (1984), Che u.
(1983), Halga et al. (2010),
Vlad (1983).

Colnic Brad–Săcărâmb
District

Amphibole bearing diorite Potassic, magnetite–
chlorite–epidote
alteration, phyllic

Porphyry Cu type: cpy, py, mt,
pyrr, mo

Cu, Au 600 m × 400 m
0.3–1.3 g/t Au and 0.05–
0.18% Cu

Bo tinescu (1984), Halga
et al. (2010).

Valea Morii Brad–Săcărâmb
District

Quartz–diorite,
amphiboles–pyroxene-
bearing microdiorite

Potassic, propylitic
phyllic, argillic

Porphyry Cu type: cpy, py, mt,
bn, ru, sp, gal, au
Hydrothermal veins (LS): py,
mar, sp, gal, bourn, cpy, tet,
emp, au.

• Cu ± Fe, Zn, Pb, Au,
Ag ± As, Ga, Sn, Ge,Mo,Mn,
V, Se, Sr;
• Au, Ag ± Pb, Zn, Cu, As, Cd,
Mn, Sn, Ti, Te, Ni, Co, V.

250 m × 330 m
0.26% Cu, 0.49 ppm Au

N11 Ma André-Mayer et al. (2001),
Berbeleac (1985), Borcoş
et al. (1984), Harris et al.
(2013).

Bolcana Brad–Săcărâmb
District

Microdiorite, amphibole-
bearing andesite

Potassic, propylitic
phyllic, argillic

Porphyry Cu type: cpy, py, mt,
hem, bn, au ± cv, ch, tet, sp, gal,
pyrr, mol;
Hydrothermal veins: py, sf, gal,
cpy, tet–tenn, bn, ch, sb, hess,
bourn, sell, mar, aspy, pyrr, au,
ge

• Cu, Au ± Pb, Zn, Mo, Ag,
Co, Ni, V, Ti, Cd, Sb;
• Pb, Zn, Au Ag, Cu, Sb, Cd,
Mn, Ga

750 m × 450 m max.
extention;
0.2% Cu and 0.3 g/t Au

10.9 ± 1.9 Ma (Re–Os
on pyrite)

Borcoş et al. (1984), Cardon
et al. (2008), Che u (1983),
Cioacă (2008).

Abbreviations: au = gold, arg–can = argyrodite–canfieldite, aspy = arsenopyrite, bn = bornite, bourn = bournonite, cpy = chalcopyrite, ch = chalcocite cv = covellite, dg = digenite, emp = emplectite, en = enargite, gal = galena,
ge = germanite, gfd = goldfieldite, hem = hematite, hess = hessite, mt = magnetite, mace = magnetite–chlorite–epidote, mar = marcasite, mol = molybdenite, py = pyrite, pyrr = pyrrhotite, rod = rhodochrosite, ru = rutile,
sb = stibnite, sp = sphalerite, sell = selligmanite, tell = undifined tellurides, tet = tetrahedrite, tenn = tennantite, tbi = tellurobismuthite.
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sometimes exhibiting a violet coloration (Borcoş et al., 1978;
Kouzmanov et al., 2010).

Propylitic alteration is commonly developed in andesitic rocks sur-
rounding the mineralized subvolcanic bodies, but can also be present
as relict alteration in the phyllic or/and argillic zones. It contains the as-
semblage chlorite–epidote–actinolite–sericite–carbonate formed on
both plagioclase and mafic minerals (Borcoş et al., 1978; Milu et al.,
2003, 2004). At Valea Morii, propylitic alteration is superimposed onto
potassic alteration in the central zoneof the intrusion, but is also present
in the outer zone, affecting the primary magmatic minerals (Borcoş
et al., 1978). A chlorite-dominated propylitization is mentioned in the
axial zone of the Bucium–Tarniţa deposit (Boştinescu, 1984), but also
at Colnic and Rovina, overlapping the potassic zones of the deposits
(Halga et al., 2010).

The upper zone of the deposits is affected by phyllic and argillic al-
teration (Boştinescu, 1984). The phyllic and argillic alterations also
occur as haloes to the epithermal veins which cut the porphyry miner-
alization (André-Mayer et al., 2001; Borcoş et al., 1978; Cioacă, 2008;
Milu et al., 2003; Petrulian et al., 1978).

Phyllic alteration consists of the formation of sericite, quartz, pyrite,
chlorite, anhydrite and clayminerals± alunite that overprint the previ-
ous types of alteration (potassic, propylitic) in the marginal and/or
upper zones of the deposits and was described at Roşia Poieni, Bolcana
and Colnic (Boştinescu, 1984; Halga et al., 2010;Milu et al., 2003, 2004).

Argillic alteration affects the upper part of the porphyritic body and
the volcanic country rocks from Valea Morii, Rovina, Bucium–Tarniţa
(Vlad, 1983), Bolcana (intermediate argillic alteration, Milu et al.,
2003) and Roşia Poieni (advanced argillic alteration, Milu et al., 2004).
It consists of kaolinite, smectite, mixed-layer minerals and carbonate
(Milu et al., 2003, 2004).

Overlapping of the alteration zones has been recognized in most de-
posits (Borcoş et al., 1998; Boştinescu, 1984; Milu et al., 2003, 2004).

3.3. Mineralization

Coppermineralization extends vertically across at least several hun-
dred meters: 350–550 m at Colnic and Rovina (Halga et al., 2010), and
more than 800 m at Roşia Poieni (Milu et al., 2004), Bolcana (Cioacă,
2011) and Valea Morii (Borcoş et al., 1978). Mineralization is broadly
coincident with the potassic alteration zone and consists of chalcopy-
rite–pyrite–magnetite ± native gold + molybdenite either finely dis-
seminated or forming stockwork veinlets. Hypogene bornite was
found in the potassic zones at Roşia Poieni, Bolcana, Bucium–Tarniţa
and Valea Morii (Borcoş et al., 1978; Boştinescu, 1984; Cioacă et al.,
2010; Milu et al., 2003, 2004). Chalcopyrite replacing magnetite, pyrite
or bornite is mentioned at Roşia Poieni and Valea Morii (Borcoş et al.,
1978; Petrulian et al., 1978). Gold grains appear as small inclusions in
both chalcopyrite (Borcoş et al., 1978; Cioacă et al., 2010; Milu et al.,
2003, 2004) and pyrite (this study). Galena occurs as microinclusions
in pyrite, chalcopyrite and bornite at Colnic, Bolcana and Valea Morii
(this study) or as tiny grains in the silicatic matrix of the host rocks, at
Bolcana and Roşia Poieni (this study). The presence of pyrrhotite was
mentioned at Bucium–Tarniţa, Rovina and Colnic (Borcoş et al., 1984;
Halga et al., 2010; Vlad, 1983). Rutile occurs at Valea Morii (Borcoş
et al., 1978). In the phyllic and argillic zones, pyrite is the main sulfide,
forming impregnations and vein fillings in association with quartz.
Tetrahedrite–tennantite, sphalerite, galena and digenite also occur in
the phyllic alteration at Roşia Poieni, whereas enargite/luzonite and
chalcocite are present in the advanced argillic zone in association with
pyrite and marcasite (Milu et al., 2004).

Supergene alteration is developed at the surface of Valea Morii,
Bolcana and Roşia Poieni (Borcoş et al., 1978; Milu et al., 2003, 2004).
At Bolcana and Valea Morii, a supergene enrichment zone was also de-
veloped, where secondary Cu-minerals (covellite, chalcocite, bornite)
have partially/totally replaced chalcopyrite and pyrite (Borcoş et al.,
1978; Cioacă, 2008). Supergene bornite from Bolcana can contain
inclusions of native gold (N97‰ Au; Cioacă et al., 2010). The zonality
of the mineralization is reflected also in the spatial distribution of Cu,
Au and Mo, with the higher concentration of Cu and Au in the potassic
zone (0.3–0.6% Cu), where there is a positive correlation between
these elements (Borcoş et al., 1998). A tendency for Mo to be concen-
trated towards the periphery and at depth was reported from Roşia
Poieni, without any correlation with Cu and Au (Borcoş et al., 1998;
Milu et al., 2004).

Late mineralized epithermal vein systems crosscut porphyry-type
mineralization in all deposits, and extend into the country rocks
(Table 1). Deposition of epithermal vein mineralization mostly took
place at low- or intermediate-sulfidation conditions, rarely generating
high sulfidation veins (Vlad and Orlandea, 2004). Low-sulfidation
epithermal veins (sphalerite, galena, pyrite, tennantite–tetrahedrite,
chalcopyrite,marcasite and gold) are present at ValeaMorii and Bolcana
(Table 1), with quartz–calcite gangue and argillic–sericitic halo
(André-Mayer et al., 2001; Borcoş et al., 1978; Cioacă, 2008; Milu
et al., 2003). High-sulfidation epithermal veins, containing pyrite, sphal-
erite, galena, chalcopyrite, tetrahedrite–tennantite, enargite, luzonite
and covellite crosscut the Roşia Poieni and Bucium–Tarniţa porphyry
Cu deposits (Borcoş et al., 1984; Kouzmanov et al., 2005c, 2010; Milu
et al., 2004). Telluriumandgermanium-bearingminerals have been rec-
ognized in both low- and high-sulfidation veins (Table 1; Cheşu, 1983;
Cioacă, 2008; Iatan, 2009).

The source of metals for porphyry deposits of the Golden Quadrilat-
eral is magmatic, as indicated by the Pb and S isotopic signatures of the
mineralization (André-Mayer et al., 2001; Marcoux et al., 2002). Stable
and radiogenic isotopic data (S, O, H and Pb) of epithermal deposits
also indicate a predominantmagmatic source formetals and hydrother-
mal fluids (Alderton and Fallick, 2000; André-Mayer et al., 2001;
Marcoux et al., 2002). Fluid inclusion data are available for Valea
Morii, Roşia Poieni and Bolcana (André-Mayer et al., 2001; Cioacă,
2011; Pettke et al., 2001; Pintea, 2001) and indicate early high temper-
aturefluids (350 °C to N700 °C) and pressures in excess of 400 bars. The
coexistence of low salinity vapors and brine inclusions (40–70 wt.%
NaCl equiv.), containing halite, sylvite, anhydrite, hematite and
chalcopyrite as daughter crystals, is characteristic of all deposits
(André-Mayer et al., 2001; Cioacă, 2011; Pettke et al., 2001; Pintea,
2001). The tendency for enrichment of Cu, As, Sb and As in the volatile
phase relative to brine inclusions from the porphyry-stage boiling as-
semblage at Roşia Poieni (Pettke et al., 2001) supports a genetic rela-
tionship between porphyry and epithermal mineralization.

The epithermal deposits are characterized by low-salinity aqueous
inclusions with homogenization temperatures in the range 202 °C to
278 °C at Valea Morii (André-Mayer et al., 2001), 300 °C to 450 °C at
Bolcana (Cioacă, 2011) and 250 °C to 340 °C at Roşia Poieni
(Kouzmanov et al., 2010). Boiling may have been involved at some de-
posits, e.g., at Valea Morii (André-Mayer et al., 2001) but is absent in
others, e.g., at Bolcana (Cioacă, 2011).
4. Samples and analytical methods

Fifty bulk rock samples from the six porphyry copper deposits were
analyzed for trace elements. The bulk samples (1–2 kg each)were taken
from open pits (Valea Morii, Roşia Poieni), outcrops (Colnic), and from
minedumps (Bucium–Tarnita, Rovina). Samples fromBolcanawere col-
lected from an open pit (argillic alteration zone), +150 adit, and from a
mine dump.Most sampleswere taken from the potassic zones of the in-
trusions, as these characterize the early stage of mineralization. Our aim
was to investigate the rocks affected by pervasive alteration andminer-
alization. Therefore, only rocks devoid of veinlets thicker than 1 mm
across were sampled. When the samples contained thicker veins,
these and their alteration haloes were handpicked and removed during
crushing. All fiftywhole rock sampleswere investigatedwith the optical
microscope (at least one thin section and one polished section of each
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sample) for the study of the ore and gangue minerals and for the iden-
tification of the alteration type.

Concentrations of trace elements other than gold were determined
by inductively-coupled plasma mass-spectrometry (ICP-MS) using a
Bruker Aurora M90 instrument, Guizhou Tuopu Resource and Environ-
mental Analysis Center, China, using the method of Qi et al. (2000) for
sample preparation. About 0.05 g of powdered sample was placed in a
PTFE bomb, and 1 ml of HF and 1 ml of HNO3 were added. The sealed
bombs were then placed in an electric oven and heated to 190 °C for
about 36 h. After cooling, the bombs were placed on a hot plate to evap-
orate to dryness. 500 ng of Rh was added as an internal standard, and
then 2 ml of HNO3 and 4 ml of water were added. The bomb was
again sealed and placed in an electric oven at 140 °C for about 5 h to
dissolve the residue. After cooling, the final dilute factor is about 3000
for ICP-MS measurements. The sensitivity of the instrument was
adjusted to 300,000 cps for 1 ng ml−1 115In and 100,000 cps for
1 ng ml−1 of 232Th. Medium attenuation (about 50 times) was used in
the scan settings for the elements with relatively high concentration
(for example, Cu). The accuracies for reference materials, AMH-1 (an-
desite, Thompson et al., 2000) and OU-6 (slate, Potts and Kane, 2005)
of the ICP-MS analyses are estimated to be better than ±5% (relative)
for most elements.

Gold concentrations in whole-rock samples were obtained using
atomic absorption spectroscopy (AAS), with pre-concentration by fire
assay method at the Geological Analyses Laboratory of Prospectiuni
S.A., Bucharest. The minimum detection limit for Au is 0.01 ppm.

Fifteen samples of porphyrymineralizationwhich showed relatively
high trace element values were also investigated with respect to the
trace element concentration of individual sulfide minerals by electron
probe microanalysis (EPMA). This microprobe investigation was fo-
cused on porous pyrite (see mineralogical and textural descriptions
below), which is clearly not related to vein-typemineralization. Chalco-
pyrite and bornite were also analyzed. Galena was identified as
microinclusions in the pyrite, chalcopyrite and bornite from four por-
phyry deposits (Colnic, Valea Morii, Roşia Poieni and Bolcana) and
was also analyzed. For the purpose of comparing between the porphyry
and epithermal mineralization types, pyrite and galena from eight sam-
ples of vein-type epithermal ore from the Măgura–Bolcana–Troiţa sys-
tem were investigated. EPMA data were acquired on a Jeol JXA 8230
Superprobe (Rhodes University, South Africa). Four WD spectrometers
were used to identify and then measure concentrations of major and
minor (N0.01 and b0.1 wt.%) elements in specific minerals. Analytical
conditions were: acceleration voltage 15 kV; probe current 20 nA;
beam size 1 μm; and count times 10 s (peak) and 5 s (upper and
lower backgrounds). ZAF correction method was used for quantifica-
tion. For trace element analysis, the accelerating voltage was kept at
15 kV, but a higher beam current (200 nA) was employed. Count
times were 100 s (peak) and 50 s (lower and upper backgrounds).
Only large, sensitive diffracting crystals were used (TAPL, PETL and
LiFL). Standards (St), diffracting crystals, characteristic X-raysmeasured,
peak (Pk) positions, lower (bk-) and upper (bk+) backgrounds, stan-
dard deviation 1 sigma (SD) and detection limits (DL) are detailed in
Appendix 1. A second set of measurements have been done with the
count time for peak increased to 200 s to lower the detection limits for
Ag, Au, Te and As to 10 ppm, 30 ppm, 20 ppm and 10 ppm, respectively.

5. Mineral assemblages and textural relations

The main minerals and types of alteration in the investigated sam-
ples are summarized in Table 2. Magmatic textures are preserved in
samples from the potassic alteration zones. The plagioclase phenocrysts
show twinning and zoning, frequently having completely altered cores
(Fig. 2A). The mafic phenocrysts are completely replaced by secondary
hydrous silicates. The groundmass contains biotite flakes and rounded
grains of potassium feldspar and quartz. The feldspars commonly
show various degrees of sericitization. Accessory zircon, apatite and
barite occur in the groundmass but locally can occur at much higher
concentrations (Fig. 2B). In samples from the phyllic alteration zones,
magmatic textures are mostly obliterated by the development of a
sericite mass.

The ore minerals in the studied samples occur as disseminated or
clustered grains (Figs. 2A, E and 3A, B, D, E) in the groundmass of the
host rocks, in the altered mafic minerals and plagioclase phenocrysts
(Fig. 2A) or as veinlet fillings (Fig. 3A–D). Among the ore minerals
from the potassic zone, chalcopyrite and magnetite are dominant in
most deposits, followed by pyrite. The size of the sulfide grains generally
varies in the range 100–500 μm, seldom larger. Magnetite can occur as
isolated grains or as clusters of many crystals that may be contiguous
or scattered (Fig. 2C, D). Magnetite veinlets, b1 mm across, commonly
with quartz selvages, are widespread in the samples from Roşia Poieni,
ValeaMorii, Bolcana, and Rovina (Fig. 3D). These aremostly sulfide-free,
but sometimes contain subordinated pyrite, chalcopyrite or bornite
(Fig. 3D). Themagnetite is sometimes transformed into hematite. Chal-
copyrite commonly occurs as tiny crystals interstitial to silicates or as
veinlet fillings but can also form larger grains adjacent to the magnetite
and pyrite. Chalcopyrite is frequently included in magnetite and pyrite
(Figs. 2C, D and 4B) in all deposits. Chalcopyritewith inclusions of pyrite
(at Bolcana and ValeaMorii), ormagnetite (at Roşia Poieni), is relatively
rare and is restricted to the largest chalcopyrite grains (Fig. 2D). In
sericite-altered samples from Colnic and Bolcana, chalcopyrite is totally
or partially substituted by bornite and covellite.

Pyrite forms euhedral to subeuhedral crystals, which can be clus-
tered (especially at Colnic and Rovina, Figs. 3B and 4A). In quartz vein-
lets, pyrite is often anhedral, interstitial to quartz (Fig. 3B). Pyrite can
growadjacent tomagnetite and chalcopyrite, and, occasionally,fills frac-
tures in magnetite. Pyrite and, less frequently, magnetite exhibit porous
skeletal structures (Figs. 2D; 3B–D and 4A–H), engulfing silicate grains
(mostly plagioclase). Porous pyrite occurs in all studied intrusions but
ismost characteristic andwidespread at Colnic andRovina,where pyrite
is themain sulfide. At Roşia Poieni, porous pyrite occurs only in the sam-
ples with phyllic alteration. Some porous pyrite grains can contain
microinclusions of galena (at Colnic, Valea Morii and Bolcana) and elec-
trum (at Colnic) (Fig. 4E–H). In one sample from Bolcana, we also ob-
served tiny grains of galena disseminated within the host rock (Fig. 4G).

Hypogene bornite was found in association with chalcopyrite at
Roşia Poieni and at Bolcana, more rarely at Valea Morii (Table 2). At
Bolcana, bornite can occur as inclusions in magnetite or as distinct
grains in the groundmass of the host rock, but also as rare crystals in
veinlets with magnetite filling (Fig. 3D). At Roşia Poieni, the bornite is
partially replaced by covellite. We observed molybdenite in samples
from Rovina and Bolcana as 50–100 μm-sized grains, sometimes
euhedral, in the rock groundmass (Fig. 2F). Sphalerite was found in
the samples from Bolcana and Colnic (Fig. 2E). Gold is present as small
inclusions (up to 10–20 μm) in chalcopyrite (Rovina), quartz and chal-
copyrite (Bolcana) and in pyrite at Colnic (Fig. 4E, F).

Samples of epithermalmineralization contain variedmineral assem-
blages. When sphalerite is the dominant metallic mineral, galena,
tetrahedrite–tennantite and chalcopyrite form small polymineral
aggregates interstitial to sphalerite grains. Sphalerite can contain chal-
copyrite disease. Galena can form large grains, which encapsulate sphal-
erite and pyrite. Pyrite occurs as round to subeuhedral grains together
with sphalerite, tennantite–tetrahedrite, galena and chalcopyrite in a
polymineral mass. In one polished section from the Măgura vein, we
found grains of hessite together with subordinate empressite, petzite,
sylvanite, cervelleite, electrum and coloradoite.

6. Results

6.1. Trace elements in bulk rock samples

Mean trace element concentrations in the investigated samples are
given in Table 3, separated by alteration type. Individual data are



Table 2
Description of the samples.

Deposits Sample Alteration type Mineralization Location

Ro ia Poieni RP01 Potassic mt, cpy, bn(cv) Open pit — bottom
RP02 Potassic mt, cpy, bn(cv) Open pit — bottom
RP03 Potassic mt, cpy, bn(cv) Open pit — bottom
RP04 Potassic mt Open pit — bottom
RP05 Potassic mt, cpy, bn(cv) Open pit — bottom
RP06 Potassic mt, bn (cv) Open pit — bottom
RP07 Sericitization py, cpy Open pit — bottom
RP08 Sericitization mt (hem), cpy, py Open pit — bottom
RP09 Potassic, incipient sericitization mt, cpy, py Open pit — bottom
RP10 Potassic, incipient sericitization mt, cpy, bn(cv) Open pit — bottom

Bucium–Tarni a BI01 Potassic, silicification py, cpy, mt Mine dump, Napoleon adit
BI04 Potassic, cloritization, incipient sericitization cpy, mt, py Mine dump, Napoleon adit
BI05 Potassic, incipient sericitization cpy, mt, py Mine dump, Napoleon adit
BI07 Potassic mt, cpy, py Mine dump, Napoleon adit
BI08 Potassic mt (hem), cpy, py Mine dump, Napoleon adit
BI16 Potassic, partial sericitization cpy, mt, py Mine dump, adit +880
BI17 Potassic, cloritization, partial sericitization cpy, mt, py Mine dump, adit +880
BI30 Sericitization, cloritization py, cpy Mine dump, adit +980
BI32 Sericitization, cloritization py, cpy Mine dump, adit +980
BI33 Sericitization, cloritization py, cpy Mine dump, adit +980
BI34 Potassic, cloritization mt, py, cp Mine dump, adit +980

Rovina ROV02 Potassic, biotitization mt, cpy, py Mine dump
ROV03 Potassic, partial sericitization mt, cpy, mol Mine dump
ROV05 Potassic, partial sericitization cpy, py, mt Mine dump
ROV09 Sericitization py Mine dump
ROV12 Potassic cpy, mt, py Mine dump
ROV14 Potassic, biotitization py, mt Mine dump
ROV16 Potassic py, mt, cpy Mine dump
ROV17 Potassic, partial sericitization py, cpy, mt, mo Mine dump
ROV18 Potassic py, cpy, mt Mine dump

Colnic COL01 Potassic cpy(cv), py, mt, sp Outcrop
COL02 Potassic py, cpy, au Outcrop
COL04 Potassic py, cpy(cv), mt, gal, au Outcrop
COL06 Potassic cpy(cv), py, mt Outcrop
COL08 Potassic py, mt, cpy, bn, au Outcrop
COL10 Potassic mt, py, cpy(cv), au Outcrop
COL13 Sericitization py, cp(cv) Outcrop
COL17 Sericitization, silicification py Outcrop

Valea Morii ARS01 Potassic cpy, mt, py Open pit — bottom
ARS02 Potassic mt (hem), cpy, bn Open pit — bottom
ARS03 Potassic cpy, mt, py Open pit — bottom
ARS07 Sericitization mt, cpy, bn Open pit — bottom
ARS13 Potassic cpy, mt Open pit — bottom
ARS16 Potassic, cloritization, partial sericitization mt, cpy, bn Open pit — bottom
ARS17 Potassic, cloritization, partial sericitization cpy, mt, py Open pit — bottom

Bolcana BO-C2 Argillic alteration, silicification py Open pit
BO-150 Potassic cpy, py, mt(hem), mol +150 adit
BO-150-3 Potassic cpy, mt, py, au +150 adit
BO-F21 Potassic–propylitic mt Mine dump
BO-F3-02 Potassic–propylitic mt, py, cpy (bn), bn, gal Mine dump
M1278 mt, py, ccp

Abbreviations: au = gold, bn = bornite, cpy = chalcopyrite, cv = covellite, gal = galena, hem = hematite, mt = magnetite, mol = molybdenite, py = pyrite, sp = sphalerite.
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given as electronic supplementary material. Comparing the mean
values from the potassic zone of each deposit, Colnic displays the
highest Au contents (average 0.81 g/t). Of the five values above 1 g/t
Au in Appendix 2, three are from Colnic. The samples from Valea Morii
have the lowest Au content (average 0.24 g/t), while the other deposits
have values between 0.37 g/t (Rovina) and 0.54 g/t (Bolcana). In phyllic
or argillic alterated samples, Au is lower than the mean value for the
corresponding potassic zone for each deposit, except in the case of
Colnic (1.1 ppm Au) and Ro ia Poieni (0.67 ppm Au). Average Cu con-
tents vary from b0.1% in the potassic zone at Rovina to ca. 0.34% at
Bucium. Phyllic alterated samples have lower Cu contents in each
deposit, except for samples from Valea Morii and Bolcana. The mean
Ag concentrations in the potassic alterated samples range between
0.79 ppm (Rovina) and 2.80 ppm (Colnic and Bolcana). Samples from
Valea Morii, Roşia Poieni and Bucium–Tarniţa and Bolcana contain con-
centrations between 1.22 ppm and 1.72 ppm Ag. Comparing the mean
concentrations of Ag in the potassic zone with Ag from sericitized sam-
ples, a tendency for Ag enrichment is evidenced at Rovina, Colnic and
Bucium–Tarni a. Molybdenum shows the highest mean concentrations
(N15 ppm) at Roşia Poieni and Colnic, where the most elevated mean
values come from the phyllic alteration zones (42 ppm, and 79 ppm, re-
spectively) (Table 3). In samples from Valea Morii, Bolcana, Rovina and
Bucium–Tarniţa, mean Mo contents are b10 ppm in both potassic and
phyllic/argillic samples. The average Re contents of the bulk rock sam-
ples in the investigated deposits vary between 0.02 ppm (Bolcana)
and 0.36 ppm (Roşia Poieni). The highest Re values were obtained
from samples with higher Mo contents.

Mean Te concentrations range from 1.9 to 11 ppm in potassic zones,
and between 0.44 and 34 ppm in phyllic altered samples (Table 3). The
lowest values (b5 ppm) were obtained from Valea Morii, Rovina and
from the potassic zone of Bolcana and Bucium–Tarniţa. The sample
with the highest Te content (105 ppm) comes from sericitized sam-
ple of Roşia Poieni deposit. Selenium records the highest mean value
(5.8 ppm) in the potassic zone at Bucium–Tarniţa and is ca. 3–4 ppm in
the other deposits. Our data indicate concentrations of ca. 2–3 ppm Ge
in all the samples investigated. Bismuth has a mean concentration



Fig. 2. Back-scatter electron image showing petrographic aspects of the investigated samples. A. Zoned plagioclase phenocryst (pl) with several chalcopyrite grains in its altered core
(Colnic; sample COL06). B. Zircon and apatite-rich mineral assemblage in the potassic zone at Rovina (sample ROV17). C. Aggregate of magnetite grains in a groundmass of potassium
feldspar and quartz grains; some magnetite grains contain chalcopyrite inclusions (Valea Morii; sample ARS06). D. Aggregate of magnetite and chalcopyrite grains; in its central part,
smaller grains of each mineral are included in larger grains of the other mineral (Roşia Poieni; sample RP02). E. Interstitial sulfide grain (chalcopyrite + bornite + sphalerite) in
quartz veinlet from Colnic (sample COL01). F. Molybdenite grain in potassic alteration zone from Rovina (sample ROV17). Other abbreviations: ap = apatite, bt = biotite, cpy =
chalcopyrite, mo = molybdenite, mt = magnetite, q = quartz, sp = sphalerite, zr = zircon.
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between 0.14 ppm at Bucium–Tarniţa and 1.17 ppm at Ro ia Poieni and
Colnic. Indium contents vary between 0.37 and 0.6 ppm at Bolcana and
Colnic, 0.2 and 0.3 ppm at Valea Morii and Bucium–Tarniţa, and 0.06
and 0.07 ppm at Rovina and Roşia Poieni. Other trace elements, such
as Sn and W, are present in low to very low concentrations, with
minor range of variation between deposits (Table 3). The distribution
of trace elements in bulk rock samples is illustrated in Figs. 5 and 6.
Overall, the samples from Colnic show higher Zn, Cd and Ag contents
than the other samples, while Se is highest at Bucium and in several
samples from Rovina and Roşia Poieni (the sericitized zone). Indium
has higher contents at Bolcana, Colnic, Bucium–Tarniţa and Valea
Morii than those from Roşia Poieni and Rovina. Tungsten is higher at
Valea Morii, Colnic and in the sericitic zone from Roşia Poieni. Bismuth
is highest at Roşia Poieni, Colnic and in some samples from Bolcana.

There is a good agreement between the bulk rock analyses and the
mineral assemblages present in the investigated samples. The samples
with the highest Pb concentrations contain galena, either as inclusions
(sample COL04 in Fig. 4E) or as separate grains (sample ARS06 in
Fig. 4F). Samples with the most elevated Zn and Au values contain
sphalerite in chalcopyrite (e.g., sample COL01, Fig. 2E) and electrum in-
cluded in pyrite (sample COL04, Fig. 4E), respectively.
The Spearman correlation coefficients of Cu, Au and Mo with other
elements were calculated for samples from potassic zones (Table 4).
There is a good to strong correspondence of Cu with Au, Te, In and Bi
for samples from the potassic alteration zones of most deposits. Telluri-
um, In and Bi also show a strong correspondence with Au. There is a
good correlation between Au and Ag at Rovina and ValeaMorii, and be-
tween Au and Se at Roşia Poieni.

6.2. Trace elements in sulfide minerals

Measured concentrations are given as supplementary electronicma-
terial and display a broad range, from below minimum detection limit
to hundreds or thousands of ppm. Table 5 shows the average values of
the trace elements in pyrite, chalcopyrite, bornite and galena.

6.2.1. Pyrite
Arsenic exceeds 1 wt.% in one spot, but commonly varies between

100 and 4000 ppm. Gold, Te, Se and Ag show measured values up
to 1430 ppm, 1920 ppm, 2620 ppm and 530 ppm, respectively (Elec-
tronic Appendix 3). Germanium and indium contents are commonly
b10 ppm; most measured In concentrations are only slightly above

image of Fig.�2


Fig. 3. Back-scatter electron images showing veining and its relationship with mineralization. A. Pyrite partially filling stockwork veinlets at Colnic (sample COL04). B. Interstitial pyrite in
quartz veinlet and porous pyrite cluster outside the veinlet (Colnic; sample COL06). C. Veinlet with pyritefilling at Rovina (sample ROV17). Pyrite is compact within the veinlet and porous
towards the host rock. D. Bornite with galena inclusions on a magnetite veinlet from Bolcana (sample BO-F3-02). Abbreviations: bn = bornite, cpy = chalcopyrite, gal = galena, mt =
magnetite, py = pyrite, q = quartz.
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the minimum detection limit. The highest mean concentrations of Ag,
Au and Te in pyrite were obtained at Colnic (69 ppm, 256 ppm and
174 ppm, respectively). Pyrite has the highest Au contents at Colnic, in
agreement with bulk rock analysis, suggesting that Au is contained
mostly in pyrite. Pyrite from Colnic also has the highest contents of Co,
but lowest Cu. Pyrite from Bucium has the highest contents of Se and
Ni. Overall, Ag, Au, Te and Se concentrations in pyrite are one order of
magnitude higher in the porphyry mineralization than in the
epithermal ore (Table 5).

6.2.2. Chalcopyrite
The contents of Ag, Au, Te and Se show highest measured values of

1180 ppm, 970 ppm, 1000 ppm and 420 ppm, respectively (Electronic
Appendix 3). Indium was detected in just a few samples, with values
close to 10 ppm. Ge is constantly below 10 ppm. Chalcopyrite from
Rovina and Valea Morii shows mean Ag contents higher than the
other deposits. Chalcopyrite from Rovina shows higher mean Te than
in the other deposits. Silver is clearly higher in chalcopyrite than in py-
rite (by one order ofmagnitude) in all deposits; As is consistently lower.

6.2.3. Bornite
In samples from Roşia Poieni and Bolcana, bornite yieldedmeasured

values of up to 4830 ppm Ag, 920 ppm Au, 1470 ppm Te, 290 ppm As,
4230 ppmSe, 1540 ppmBi and 210 ppmSb (Electronic Appendix 3). In-
dium and Ge concentrations are below minimum detection limits in all
measured grains. Silver in bornite is one order ofmagnitude higher than
in chalcopyrite, and two orders ofmagnitude higher than in pyrite. If the
average values are considered, Au content in bornite from Roşia Poieni
(412 ppm) is higher than in any sulfidemineral from the other deposits
(Table 5).

Thefine grains of galena that occur as inclusions in porous pyrite from
Colnic, Bolcana and Valea Morii contain up to 3700 ppm Ag, 27,190 ppm
Se, 1500 ppmGe, 780 ppmTe and b100 ppmSb (Electronic Appendix 3).
Galena in samples from epithermal mineralization shows Ag contents
one order of magnitude lower than those from the galena in the por-
phyry mineralization (Table 5). Except in one sample, Se contents are
b10 ppm in galena from the epithermal mineralization. Germanium
and tellurium contents in galena show no differences between the
porphyry and epithermal mineralization (Electronic Appendix 3).

One grain of electrum included in pyrite at Colnic (Fig. 4E, F)
contained 81.73% Au, 15.23% Ag, 0.13% Te, 1.15% Fe, b319 ppm Cu,
b1440 ppm Hg, b294 ppm As, and b114 ppm Se.

7. Discussion

7.1. Trace element concentration in bulk rock samples

Whole rock data for samples from all studied deposits indicate sub-
stantial enrichment of Au, Ag and Te relative to the Earth's crust. The av-
erage Mo values b0.005% are typical for porphyry Cu–Au deposits
(Singer et al., 2008). The higher Mo values in some samples from
Roşia Poieni (324 ppm) and Rovina (83 ppm), as well as the strong cor-
relation between Mo and Re overall, suggest the occurrence of molyb-
denite as a distinct sulfide phase, in agreement with microscope
observations (Fig. 2F).

Samples from the potassic zone at Roşia Poieni display concentra-
tions of Sr, Ba, La, Th, U and Be higher than those of the other deposits
(Fig. 5A–F). Almost all samples from the other deposits, irrespective of
dominant alteration type, have geochemical signatures that are similar
to samples from thephyllic zone at Roşia Poieni (Figs. 5 and6). The latter
display higher Mo, Te, Se, Sn, Pb and Ge than samples from the potassic
zone at Roşia Poieni. The geochemical similarities between the samples
frommost investigated deposits and the samples from the sericitic zone
at Roşia Poieni probably reflect a phyllic overprinting of the potassic al-
teration. At Roşia Poieni, the potassic zone is exposed to deeper levels,
below the portions overprinted by phyllic alteration, thus preserving
primary features of the potassic alteration. It is conceivable that, in
their deeper parts, the other intrusions contain rockswith geochemistry
comparable to that exhibited by the potassic zone at Roşia Poieni.

The good correlations between Cu and Au, Ag, Te, In and Bi in the
potassic alteration zones from most of the studied deposits (Table 4)
may be an effect of the commonmagmatic source of all these elements.
The relatively high concentration of Te, Mo, Re and Se in samples with
intense phyllic alteration (Bucium–Tarniţa, Rovina, Roşia Poieni

image of Fig.�3


Fig. 4. Back-scatter electron images showing porous/poikilitic pyrite. A. Cluster of porous pyrite (Colnic; sample COL06). B. Skeletal porous pyrite with chalcopyrite inclusions (Rovina;
sample ROV17). C. Porous skeletal pyrite from the phyllic alteration zone at Roşia Poieni (sample RP09). D. Compact pyrite on a veinlet (left) and porous pyrite (right) (Colnic; sample
COL04). The clustered pyrite as that in picture A probably represents a precursor of the porous pyrite in image D. E. Porous pyrite grain with galena and electrum inclusions in a fine-
grainedmatrix of quartz, potassium feldspar and biotite (Colnic, sample COL04). F. Pyritewith galena inclusions and associated chalcopyrite (ValeaMorii; sample ARS03). G. Galena as inclusions
in porous pyrite and as tiny grains in the silicate rock (Bolcana; sample M1278). H. Porous pyrite withmultiple galena inclusions (Colnic; sample COL04). Abbreviations: Au= electrum, bt =
biotite, cpy = chalcopyrite, gal = galena, Ksp = potassium feldspar, pl = plagioclase, py = pyrite; q = quartz.
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and Valea Morii) suggests enrichment in these elements during
sericitization of the host rocks, whereas the lower Cu contents in the
same samples could be a result of partial mobilization of the Cu and its
transport to shallower depths.

7.2. Mineral compositions

Our results show awide variation of trace element concentrations
in the same sulfide minerals, even in the same sample. Such
variations, apparently not correlated with any visible inclusions, are
similar with those reported from hydrothermal sulfides in other de-
posits (e.g., Deditius et al., 2011; Reich et al., 2013a). Non-uniform Au
distribution in pyrite from various hydrothermal environments is wide-
ly reported in the literature (e.g., Barker et al., 2009; Benzaazoua et al.,
2007; Cook and Chryssoulis, 1990; Cook et al., 2009a, 2011, 2013;
Deditius et al., 2011; Reich et al., 2005, 2013a), often as a consequence
of heterogeneous distribution at the grain-scale, and commonly related
to compositional zoning with respect to As. Because the capacity of the

image of Fig.�4
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host sulfide to accommodate elements with large atomic radii in their
lattice is limited by the mineral structure, at higher concentrations, a
significant proportion of the trace elements may be present as inclu-
sions (Ciobanu et al., 2008, 2009, 2012; Cook and Chryssoulis, 1990;
Cook et al., 2011, 2013; Deditius et al., 2011; Reich et al., 2005, 2006,
2013a, b), often in the size range of fine particles (100 to 2500 nm) or
nanoparticles (b100 nm). In our samples, Au is concentrated preferen-
tially in pyrite, reaching concentrations of N30 ppm in more than half
the analytical spots. The importance of pyrite as a carrier of Au and
other trace elements (Ni, Co, As, Te) is acknowledged in a wide range
of hydrothermal deposits, including porphyry Cu-type systems (Cook
and Chryssoulis, 1990; Reich et al., 2005, 2013a). The incorporation of
Au into pyrite lattice (as Au1+) is favored by the presence of As,
which replaces sulfur (Cook and Chryssoulis, 1990; Reich et al., 2005).
On the diagram of Au solubility in pyrite as a function of As content, in-
troduced by Reich et al. (2005), almost all our measured values plot in
the field of pyritewith Au inclusions (Fig. 7). This is nonetheless the dis-
tribution of the measurements with Au in excess of 30 ppm (74 mea-
surements out of 148). It is conceivable that in the other measured
points, Au is below the nugget limit determined by Reich et al. (2005)
and should therefore be trapped in the pyrite lattice.

As shown in Table 5, the Ag contents in bornite (average 1500 ppm)
aremuch higher than in chalcopyrite (average ~180 ppm) or pyrite (av-
erage ~40 ppm). The preferential concentration of Ag in bornite was
documented by Cook et al. (2011), who concluded that bornite may
be a main collector of Ag in hydrothermal systems, especially in
chalcocite-free assemblages. Preferential concentration of Ag in chalco-
pyrite and bornite was also reported fromMantos Blancos, Chile (Reich
et al., 2013b).

7.3. Significance of porous pyrite

The mineralization from the investigated deposits contains porous
pyrite, sometimes clustered (Fig. 4). Porous pyrite was previously men-
tioned at Roşia Poieni by Petrulian et al. (1978) in the peripheral zones
of themineralization. Comparable porous pyrite has been commonly re-
ported from clastic sedimentary accumulations that underwent only
diagenesis or weak metamorphism (e.g., Koglin et al., 2010; Ulrich
et al., 2011), or were subjected to low-temperature hydrothermal pro-
cesses (e.g., Ingham et al., 2014). Only rarely has porous pyrite been de-
scribed from porphyry or epithermal deposits (Reich et al., 2013a;
Winderbaum et al., 2012). It may be thus inferred that some of the dis-
seminated pyrite crystals in the deposits studied here likely (re)crystal-
lized at relatively low temperatures, possibly associated with late-stage
alteration. A late generation of porous pyrite is mentioned by Cook et al.
(2011) from intermediate-sulfidationmineralization at the Radkamine,
Panagyurishte district, Bulgaria, in a sulfide assemblage precipitated at
ca. 250 °C. In this context, it is worth noting that, at Roşia Poieni, porous
pyrite occurs in the samples from the phyllic alteration zone. It thus
grew at lower temperature than themainmineralization,which is asso-
ciated with the potassic alteration. The low formation temperature
would be consistent with the incapacity of the hydrothermal solutions
to decompose and completely replace the silicateminerals during pyrite
precipitation.When compared with themuchmore ‘compact’ structure
of most pyrite crystals in veinlets (Figs. 3E and 4B), it appears that pre-
cipitation of porous pyrite in the mass of the rock took place with inad-
equate supply of mineralizing solutions, at low fluid/rocks ratios.
Precipitation was relatively quick, as the thermodynamic and chemical
conditions of the rock prevailed over those of the hydrothermal solu-
tions in veinlets. The sulfide crystals grew, sometimes even the euhedral
shapes were outlined, but chemical homogenization was not achieved.

On the other hand, porous pyrite can be viewed as a result of pyrite
growth under non-equilibrium conditions, where a kinetic control on
trace element incorporation is dominant compared with the entrap-
ment in the crystallographic lattice of the sulfide (Deditius et al.,
2008). Rapid precipitation of pyrite seems to favor incorporation of



Fig. 5. Diagrams illustrating the geochemistry of the bulk rock samples, showing the differences between deposits (values in ppm). A. Se concentrations are higher at Bucium and in the
sericitic zone from Roşia Poieni; B. At Roşia Poieni and Colnic, Mo contents in the sericite zones aremore elevated than in the potassic zone; C. The samples from Colnic are generally richer
in Ag contents than those from other deposits. D. At Roşia Poieni and Colnic, Sn is higher in the sericitic zone than in the potassic zone. E. Colnic exhibits higher Zn contents than the other
deposits. F. The samples from ValeaMorii show the highestW contents. G. The samples from Roşia Poieni show Pb contents higher than in the other deposits, withmost elevated values in
the sericitic zone. H. Ge concentrations are highest at Bucium–Tarniţa and lowest in the potassic zone from Roşia Poieni.
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trace elements (Huston et al., 1995) and this is consistentwith the pres-
ence of inclusions of other metallic phases in porous pyrite.

The distribution of galena inclusions in pyrite is not uniform. Such
disparity could be interpreted as the effect of a shift influid composition,
from ametal-richfluid,which precipitated inclusion-bearing pyrite, to a
relatively metal-depleted one that precipitated inclusion-free pyrite.
Changes in the physical conditions, such as loss of volatiles from the sys-
tem, which induce rapid precipitation of porous trace element-rich py-
rite, have been invoked to explain concentric Pb-rich zones in pyrite
from the Čoka Marin deposit, Bor ore district, Serbia (Pačevski et al.,
2012). The galena inclusions in the porous pyrite from the deposits
studied here are not homogeneously distributed within the host grain,
but are instead grouped in small areas, which often have an eccentric
position (Fig. 4H). This patchy distribution of the inclusion-rich areas
suggests pyrite formation via recrystallization of a pre-existing aggre-
gate of finer-grained pyrite, as opposed to the growth of concentric
trace element-rich zones like in the case at Čoka Marin. Such a re-
crystallization is consistent with the shape of the silicate-rich zones

image of Fig.�5


Fig. 6. Elemental diagrams for bulk rock samples. Diagrams A to F illustrate the greater concentrations of Be, Ba, Sr, La, Th and U in the potassic zone from Roşia Poieni than in all other
investigated deposits, which plot together with the samples from the sericitic zone from Roşia Poieni. G. Cu vs. Au, showing the relatively high Cu concentrations at Bucium–Tarniţa.
H. Bi vs. Au, showing higher Bi concentrations at Roşia Poieni (potassic zone), but also elevated values in some samples from Colnic.
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included in the porous pyrite,which also suggests aggregation of several
smaller crystals within a larger grain (Fig. 4B, D, E).

7.4. Porphyry–epithermal correspondence

A genetic relationship between porphyry copper mineralization and
the epithermal veins, as well as a magmatic origin of metals for both
types of mineralization, are supported by isotopic and geochemical
data (André-Mayer et al., 2001; Cardon et al., 2005; Kouzmanov et al.,
2010; Marcoux et al., 2002; Roşu et al., 2004). This relationship can be
further supported by our data for the porphyry type mineralization.
TheMiocenemetallogenesis from theMetaliferiMountains is character-
ized by an enrichment in Au, Ag and Te, which has beenwell document-
ed for the epithermal mineralization (Alderton and Fallick, 2000; Bailly
et al., 2005; Ciobanu et al., 2008; Cook and Ciobanu, 2004, 2005;
Kouzmanov et al., 2005c; Papp, 2004; Popescu et al., 2010, 2013;
Tămaş et al., 2006, 2014; Udubaşa and Udubaşa, 2004; Udubaşa et al.,
2001). An important questionwould bewhether Te, Au, Ag andother el-
ements that are enriched in the epithermal mineralization are also at
high concentrations in the porphyry-type mineralization compared to
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the porphyry systems from other parts of the world, especially to those
showing enrichment in Au and Te. An extended overview on Au–Te–
Ag–Se deposits is given by Cook et al. (2009c). Ciobanu et al. (2006)
also discuss on the importance of alternative models for Te-enriched
signatures in the absence of a dedicated Te-rich source. Tellurium-
enriched epithermal–porphyry systems are commonly related to alka-
line or calc-alkalinemagmatism and are mostly generated at conditions
of intermediate- or low-sulfidation (e.g., Ciobanu et al., 2006; Cook and
Ciobanu, 2005; Jensen and Barton, 2000; Spry et al., 1996; Vourdouris
et al., 2006). The Golden Quadrilateral is not a typical ‘alkaline
magmatism’-related province in the sense of Au–telluride deposits
from the Pacific Rim (Jensen and Barton, 2000), but calc-alkaline in
character. Mineralization is largely of intermediate- to low-sulfidation
type (Vlad and Orlandea, 2004). The presence of Te-bearing epithermal
systems spatially related to porphyry deposits was reported from other
parts of the Alpine–Balkan–Carpathian–Dinaride region, notably from
Pagoni Rachi–Kirki and St. Barbara–St. Demetrios, Greece (Vourdouris
et al., 2006, 2013), and from the Elatsite and Radka deposits, Bulgaria
(Kouzmanov et al., 2005a). Cu-rich and Mo-rich porphyry deposits
with associated telluride-rich epithermal mineralization occur in
North America, at Galore Creek, Allard Stock and Golden Sunlight
(Jensen and Barton, 2000; Spry et al., 1996) but also at Nakodka,
Russia (Nagornaya et al., 2012).

The PGE-enriched Elatsite porphyry Cu–Au deposit (0.33% Cu,
0.96 ppm Au, 0.19 ppm Ag) is part of the Late Cretaceous Banatitic
Magmatic and Metallogenetic Belt (Ciobanu et al., 2002). Many of the
Au–Ag deposits in this belt display a pronounced Bi–Te–(Se) signature
(Ciobanu et al., 2009; Cook et al., 2011). The Elatsite deposit is hosted
by a quartz–monzonitic to quartz–monzodioritic intrusion; the porphy-
ry mineralization contains tellurides and selenides in both potassic and
sericitic alteration zones (Tarkian et al., 2003). Bulk rock analyses indi-
cate contents of b1 ppm Te and Se and 7–740 ppm Bi in the sericitic
zone, but 2.2–3.8 ppm Te, 39–291 ppm Se and 240–800 ppm Bi in the
potassic zone, where the mineralization is dominated by a magnetite–
bornite–chalcopyrite assemblage (Tarkian et al., 2003). Bornite from
Elatsite contains ca. 0.05 ppm Au, 131 ppm Ag, 424 ppm Bi, 27.4 ppm
Te and 277 ppm Se (Cook et al., 2011). Pagoni Rachi is a porphyry
Cu–Mo ± Re ± Au deposit related to an Oligocene calc-alkaline
hornblende–biotite-bearing granodiorite–tonalite porphyry stock
(Vourdouris et al., 2013). The porphyrymineralization has average con-
tents of 0.18 ppm Au, 1.6 ppm Ag, 1.6 ppm Bi, 8.2 ppm Se, and 1.4 ppm
Te, whereas the associated epithermal veins contain an average of
0.05 ppm Au, 35 ppm Ag, 67 ppm Bi, 16.5 ppm Se, 7.4 ppm Te, and
1.3 ppm In. The Skouries deposit (Greece), hosted in porphyritic mon-
zonites (Kroll et al., 2002), has average grades of 2.7 ppm Au, 1.5 ppm
Te, 6–25 ppm Se, 2–3 ppm Mo and 186 ppb (Pt + Pd), while values of
22 ppm Au and 18.5 ppm Te were found in chalcopyrite concentrate
with 21% Cu (Economu-Eliopoulos and Eliopoulos, 2000). Pyrite from
Skouries contains 0.5 ppm Au, while bornite and chalcopyrite contain
1.7 ppm Au and 0.1 ppm Au, respectively (Kesler et al., 2002). At Batu
Hijau (Indonesia), pyrite, bornite and chalcopyrite in the porphyry cop-
per mineralization contain 0.2 ppm Au, up to 8 ppm Au and up to
0.3 ppm Au, respectively (Arif and Baker, 2004; Kesler et al., 2002),
while Ag can reach 617 ppm in bornite and 130 ppm on chalcopyrite
(Arif and Baker, 2004).

Compared with the deposits mentioned above, our bulk rock sam-
ples contain lower concentrations of Bi and Se (b10 ppm Se and
b5 ppm Bi) but higher Te, with values of 14–20 ppm at Bolcana, Colnic
and Roşia Poieni (comparable with the chalcopyrite concentrate from
Skouries). This suggests a distinct Te-rich character of the Miocene por-
phyrymineralization from the Metaliferi Mountains, which is a point of
similarity with the epithermal mineralization. Sulfides in the studied
deposits (Table 5) show concentrations of Au, Ag and Te contents higher
than in the sameminerals from the other Au-rich porphyry Cu deposits
for which data on trace elements in sulfides is available (e.g., Batu Hijau,
Kingking, Skouries, Elatsite). The higher trace element content in



Table 5
Mean values of the EPMA trace element contents in pyrite, chalcopyrite, bornite and galena from the investigated deposits. The mean values were calculated considering each content
below detection limit as being 0. Therefore, the values in the table can be considered as minimal estimates of the average contents. All samples without the mention “epith” were
taken from the porphyry mineralization.

Mineral/deposit Ag ppm Au ppm Te ppm Co ppm Ni ppm As ppm Se ppm Cu ppm Sb ppm Bi ppm Ge ppm

Py porph. (148) 40 168 89 647 36 575 98 867 79 nm b10
Py epith. BO (27) 5 30 10 1266 89 445 0.7 1236 nm nm b10
Py ARS (32) 17 79 15 495 4 926 130 1304 nm nm b10
Py BI (8) 10 19 21 1666 189 834 706 1268 nm nm b10
Py COL (41) 69 256 174 1950 50 502 45 338 75 nm b10
Py BO (21) 6 46 6 414 23 512 3 1100 nm nm b10
Py ROV (37) 42 166 88 677 38 578 102 873 88 nm b10
Py RP phyllic (9) b10 20 b20 394 751 50 21 1172 nm nm b10
Cpy ARS (18) 220 178 141 243 b30 101 57 nm 112 nm b10
Cpy BI (12) 83 b200 4 249 b30 3 19 nm nm nm b10
Cpy BO (11) 129 108 51 248 b30 75 35 nm 120 nm b10
Cpy COL (19) 151 283 185 nm nm 168 49 nm 106 nm b10
Cpy ROV (17) 277 141 306 nm nm 145 60 nm 56 nm b10
Cpy RP (2) 125 b200 b200 nm nm b20 250 nm b30 nm b10
Bn BO (16) 1510 116 335 nm nm 102 464 nm 94 636 b10
Bn RP (6) 1477 412 247 nm nm 45 165 nm 140 720 b10
Gal COL (11) 2497 b30 89 nm nm nm 1991 nm b30 nm 779
Gal ARS (3) 1563 b30 77 nm nm nm 19,827 nm b30 nm 517
Gal BO (3) 2760 b30 487 nm nm nm 11,200 nm nm nm 903
Gal RP phyllic (3) 297 b30 b20 nm nm nm b10 nm b30 nm b10
Gal epith. (15) 575 b30 160 nm nm nm 2052 nm 1057 nm 874

Abbreviations: ARS = Valea Morii; BI = Bucium–Tarniţa; Bn = bornite; BO = Bolcana; COL = Colnic; Cpy = chalcopyrite; epith = epithermal; Gal = galena; porph = porphyry;
py = pyrite; ROV = Rovina; RP = Roşia Poieni.
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sulfides might be the effect of less sulfides by volume in the deposits
from the Metaliferi Mountains.

In our samples, inclusions of galena in the porous pyrite contain
more than 1000 ppm Ag (up to 3750 ppm), while Se can exceed 1.5%.
This contrasts with the larger crystallized galena from the epithermal
mineralization in the Măgura–Bolcana–Troiţa system, where the Ag
contents are an order of magnitude lower (up to 520 ppm), and Se con-
tents are commonly b10 ppm. Our unpublished data reveals the same
relative depletion in Ag and Se within galena from epithermal mineral-
ization at Săcărâmb. A somehow similar situation was described at
Mantos Blancos, Chile (Reich et al., 2013b) where smaller chalcopyrite
grains are significantly richer in trace elements than the large chalcopy-
rite grains. At this stage of the researchwe can only speculate that some
small grains of porous pyrite incorporated Pb, Au, Ag, Te, Se and Ge dur-
ing their rapid precipitation. After crystallization, Au and Ag were ex-
pelled as electrum, while the remaining Ag together with Pb, Te, Se,
and Ge was separated as galena microinclusions. A slower growth rate
Fig. 7. Plot of Au against As (ppm) in pyrite from the investigated porphyry deposits. For
comparison, several values from the Măgura epithermal mineralization (related to
Bolcana porphyry system) were added. The dashed line, representing the boundary be-
tween gold substituted in the pyrite lattice (Au+) and gold present as inclusions (probably
Au0), is drawn after Reich et al. (2013a).
in the case of the epithermal minerals could have induced a relative de-
pletion of trace elements in sulfides, as it allowed better crystallographic
and chemical equilibration,with the expulsion of a greater proportion of
trace elements. The occurrence of altaite (PbTe)microinclusions in gale-
na from Bolcana epithermal veins (Cioacă, 2008) is probably the result
of Te expulsion from the lattice of the sulfide. The presence of other
minerals that can accommodate Ag in their lattice can induce its deple-
tion in galena. Tetrahedrite is a better Ag carrier than galena. In
epithermal tetrahedrite from Bolcana, minerals of the tetrahedrite–
tennantite series have high Ag contents, and vary depending on the po-
sition of veins relative to the subvolcanic body (3–4 wt.% Ag in veins
crosscutting the subvolcano, and 5–6wt.% Ag in veins outside the intru-
sive body; Cioacă, 2008). The preferential Ag concentration in electrum
can also be an explanation for the lower Ag in the epithermal galena.
The analyzed electrum inclusion from Colnic shares a chemical compo-
sition with gold inclusions in the chalcopyrite from Bolcana porphyry
mineralization (15–21% Ag and 0.01–0.21% Te; Cioacă et al., 2010). In
contrast, electrum from the epithermal deposits in the Gold Quadrangle
(Roşia Montană, Musariu, Trestia, Măgura, Săcărâmb, Muncăceasca–
Stănija) has a broad compositional variability, and is generally richer
in Ag than electrum from porphyry mineralization, with contents that
exceed 40% Ag in some samples from Roşia Montană (Brana, 1958;
Neacşu et al., 2009; Pop et al., 2011).

7.5. Economic considerations

As shown above, almost all porphyry-type deposits in the Metaliferi
Mountains are of Cu–Au or Au–Cu type. At Bucium–Tarniţa, Colnic and
Bolcana, Ag has higher grade than the average of ca. 1.7 ppm, indicated
for porphyry Cu–Au deposits by Cox and Singer (1988), which suggests
relative Ag enrichment of the three deposits. The Te contents in the in-
vestigated deposits (2.16–18.12 ppm Te) are higher than those indicat-
ed by Ayres et al. (2002) and may potentially reach economic
concentrations in some copper ores (1.5–3 ppm Te). Cheşu (1983) re-
ported a content of 500 ppm Te in the Cu concentrate from Bucium–

Tarniţa. Comparing this value with the average contents in our bulk
rock samples fromBucium–Tarniţa (6.35 ppmTe), an enrichment factor
of 78 times in copper concentrate would result. If this ratio were appli-
cable to the other deposits, the potential Te contents in Cu concentrates
could be ~1500 ppm at Roşia Poieni; ~350 ppm at Rovina; ~1300 ppm

image of Fig.�7
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at Colnic; ~100 ppm at Valea Morii; and ~1100 ppm at Bolcana. Given
the economic significance of such potentially high concentrations, fur-
ther work should be undertaken to provide a better estimate of the Te
resources in the porphyry systems from the Metaliferi Mountains.

There are also indications for Se and Ge enrichment inMiocenemin-
eralization from the Metaliferi Mountains. The Ge-bearing minerals
(argyrodite and alburnite) described in the epithermal mineralization
at Roşia Montană (Bailly et al., 2005; Tămaş et al., 2006, 2014) and the
germanite and/or argyrodite mentioned in the epithermal veins related
to the Roşia Poieni, Bucium–Tarniţa, Bolcana and Rovina porphyry Cu
deposits (Borcoş et al., 1984; Cheşu, 1983) suggest the possibility of a
widespread Ge enrichment. High Ge concentrations in Cu-sulfides
were reported by Cheşu (1983) from epithermal mineralization at
Bucium (432 ppm Ge in chalcopyrite and 2900–4700 ppm in enargite).
Anomalous enrichment of Ge in sphalerite was also reported from
epithermal mineralization at Măgura, Săcărâmb and Roşia Montană
(Cook et al., 2009b). In our samples, Ge concentrations in pyrite and
Cu–(Fe)–sulfides are typically b10 ppm. Nevertheless, the high Ge con-
tents in galena inclusions within porous pyrite from the porphyry min-
eralization (up to 1570 ppmGe) support the relatively high Ge contents
of the mineralizing fluids. The Ge from the epithermal galena, with
values similar or even higher (up to 1690 ppm Ge) than those in the
porphyrymineralization, may suggest Ge precipitationmainly as impu-
rities in galena rather than as discrete minerals. In the latter case, a de-
pletion of Ge in the epithermal galena would be expected.

The Se contents in the investigated deposits (3.20–5.50 ppm Se) are
comparable with the value of 4 ppm Se indicated by Ayres et al. (2002)
as potentially economic when considered as a by-product of Cu extrac-
tion. A content of 500 ppmSe in the copper concentrate at Deva (Cheşu.,
1983) and the presence of the Pb–selenide clausthalite at Trâmpoiele
(Cook and Ciobanu, 2004) point to a potential Se-rich signature in
some Miocene porphyry deposits of the Metaliferi Mountains. In this
context, the bulk rock Se concentrations in porphyry mineralization
from Bucium–Tarniţa (average 5.6 ppm Se in bulk rocks and ca. 700
ppm in pyrite), higher than in the other deposits,might be an indication
of a local Se enrichment worthy of more extensive research.

8. Conclusions

Investigation of samples from six porphyry deposits reveals several
characteristics that can be significant for themetallogenesis of the entire
Miocene province in the Metaliferi Mountains.

1. All investigated deposits show Au enrichment to various degrees
(highest at Colnic, lowest at Valea Morii) and local geochemical var-
iation (e.g., Colnic is richest in Zn, Cd, In and Ag, Roşia Poieni has the
highest U and Bi contents, Bucium–Tarniţa is richest in Se).

2. Results indicate a preferential concentration of Au in porous pyrite,
probably because of its rapid crystallization. Silver is preferentially
concentrated in bornite (up to 0.5% Ag). The broad variations of Au,
Ag, Te and Se concentrations in the sulfides suggest their presence
as both lattice-bound and as included nanoparticles.

3. The Au–Te rich character of the epithermal deposits is also recog-
nized in the porphyry mineralization, a feature most obviously at
Bolcana, Colnic andRoşia Poieni. The similar trace element signatures
of the mineralization in the porphyry and epithermal systems con-
firm their genetic relationship.

4. Germaniumenrichment, indicated by previous studies, is reflected in
our results by the composition of galena, which contains up to 1500
ppm Ge.

5. Several trace elements show lower concentrations in the sulfides
from the epithermal deposits than in the porphyry mineralization.
This tendency is most obvious for galena, which is much richer in
Ag± Se in the porphyrymineralization than in the epithermal veins.

6. Our results do not indicate significant differences in the trace ele-
ment contents between porphyry deposits underlain by different
types of country rocks (e.g., metamorphic basement at Roşia Poieni,
ophiolitic basement at Valea Morii, Rovina, Colnic and Bolcana).
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