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Abstract Geochemical and isotopic (strontium, neo-
dymium) data have been obtained from 24 samples of
seven Late Cretaceous intrusions associated with skarn
(Tincova, Bocsa, Ocna de Fier — Dognecea) and por-
phyry copper-molybdenum/skarn deposits (Oravita,
Ciclova, Sasca and Moldova Noud) in the South Car-
pathians of Romania. The intrusions cut the Supragetic-
Getic nappes and form a 100-km-long, NNE-SSW-
trending lineament in the Banat metallogenic province.
The samples range in composition from gabbro to
granodiorite and define, in major and trace element
variation diagrams, a calc-alkaline to high-potassium
calc-alkaline trend ranging from 50 to 67% SiO,. They
are magnetite-bearing, I-type granitoids enriched in
LILE/LREE and depleted in Nb, Ta and Zr, common
features for magmas associated with subduction zones.
The lack of cumulate textures and of positive europium
anomalies seems to indicate that the samples represent
liquid compositions. The observed trend thus approxi-
mates a liquid line of descent resulting from fractional
crystallisation of parental magmas with similar major
and trace element compositions. Initial strontium iso-
topic ratios (Sr;) vary from 0.7042 to 0.7058 and engq()
values range from +3.9 to —0.2. Variations of Sr; and
endq values with SiO, show minor crustal assimilation.
The generally positive engey Vvalues, together with
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moderate Sr;, indicate that the parental magmas result
from partial melting of a rubidium-enriched and LREE-
depleted source, such as a heterogeneous lithospheric
mantle or a young mafic lower crust derived from it.
Selective rubidium enrichment probably occurred during
a previous subduction event by metasomatism of the
overlying mantle wedge, either in the Early Cretaceous
or earlier, as suggested by Ty model ages (ca. 600 Ma).
The Cu-Mo(-Pb-Zn-Fe) deposits are intimately associ-
ated with the intrusions, and the Banat (Romania) re-
gion can be subdivided in two metallogenic zones. In
northern Banat, Fe-Cu-Pb-Zn skarns occur whereas in
southern Banat, porphyry-style copper and molybde-
num deposits predominate. These differences result from
a combination of several parameters: (1) magma
composition, whereby copper- and molybdenum-rich
deposits tend to be associated with calc-alkaline compo-
sitions; (2) an increase of the present-day erosion level,
from south to north, as indicated by the presence of
large equigranular plutons in northern Banat, and of
porphyritic cupolas and apophyses associated with
porphyry-style mineralisation in southern Banat; (3) the
nature of the host rocks, with skarns preferentially de-
veloped in calcareous host rocks; and (4) local variations
of conditions controlling the infiltration of fluids and the
precipitation of ore minerals.

Keywords Banat - Late Cretaceous - Geochemistry -
Fractional crystallisation - Mineralisation

Introduction

World-class ore deposits are associated with a belt of
Late Cretaceous intrusions and volcano-plutonic com-
plexes in western Romania (Apuseni and Banat Moun-
tains), eastern Serbia (Ridanj-Krepoljin and Timok) and
northern Bulgaria (Srednogorie). These igneous bodies
form a discontinuous, elongated (50-100x1,500 km) belt
called the Banatitic Magmatic and Metallogenetic Belt
(BMMB) by Berza et al. (1998; Fig. 1, inset). Three



trends of evolution have previously been recognised
within this belt (Berza et al. 1998): a monzodioritic/
dioritic to granodioritic/granitic trend (South Apuseni,
southern Banat, Timok, western and central Srednogo-
rie), a granodioritic to granitic trend (North Apuseni,
northern Banat, Ridanj-Krepoljin), and an alkaline trend
with considerable petrographic variability (western part
of northern Banat, eastern and western Srednogorie).

Although numerous studies have been carried out on
the ore deposits associated with these intrusions (e.g.
von Cotta 1864; Codarcea 1931; Cioflica and Vlad 1973;
Russo-Sandulescu and Berza 1979; Vlad 1979, 1997;
Vassiliev and Stanisheva-Vassilieva 1981; Popov 1981,
1996; Cioflica 1989; Jankovic 1997; Karamata et al.
1997a; Nicolescu and Cornell 1999), most geochemical
data to date for the host plutons were obtained solely by
wet chemical analyses (e.g. Divljan and Karamata 1967,
Drovenik et al. 1967; Boccaletti et al. 1978; Russo-
Sandulescu et al. 1978, 1986a, 1986b; Russo-Sandulescu
and Berza 1979; Constantinescu 1980; Popov 1981;
Djordjevic et al. 1997). Few trace element and isotopic
data, obtained by more modern and precise techniques,
are available (Stefan et al. 1992; Cioflica et al. 1996,
1997; Nicolescu et al. 1999). Stefan et al. (1992) pre-
sented XRF (Rb, Sr, Y, Zr and Nb) and INAA (La, Ce,
Sm, Eu, Tb, Hf and Th) analyses for intrusions cropping
out in the northern Apuseni Mountains (Romania).
Cioflica et al. (1996, 1997) and Nicolescu et al. (1999)
focused on the Banat Mountains (Romania). Nicolescu
et al. (1999) reported secondary ion mass spectrometry
(SIMS) U-Pb zircon ages for the Bocsa and Ocna de Fier
— Dognecea intrusions, together with two trace element
analyses by ICP-MS. Cioflica et al. (1996, 1997) mostly
studied intrusions from southern Banat, discussing their
origin on the basis of ung)ublished chemical analyses and
some isotopic data (*’Sr/**Sr=0.70527-0.70587 and
3Nd/"*Nd =0.51255-0.51275). This lack of compre-
hensive geochemical and isotopic data led us to under-
take the following work.

We report data for seven ore-related Late Cretaceous
intrusions that cut the Middle Cretaceous Supragetic-
Getic nappes (Iancu 1986), which form the western part
of the South Carpathians (Banat Mountains, Romania):
Moldova Noua, Sasca, Ciclova, Oravita, Ocna de Fier —
Dognecea, Bocsa (units 1 to 3, Russo-Sandulescu and
Berza 1979) and Tincova (Fig. 1). The intrusions are
mafic to felsic in composition, and are commonly re-
ferred to as ‘banatites’ following the work of von Cotta
(1864).

The spatial distribution of skarn and porphyry de-
posits follows a N-S-orientated lineament defined by
intrusions emplaced along a zone of weakness. Because
magmatism and hydrothermal ore formation occurred
along the same structures, by inference, they are related
to a common process (Cioflica and Vlad 1973). There
also seems to be a metal zonation throughout the Banat
region (Vlad 1997), with a transition from copper- and
molybdenum-rich deposits in the south, through mo-
lybdenum-rich ores in the centre, to iron-, lead- and
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zinc-rich systems in the north. Vlad (1979, 1997) related
this metallogenic zonation to a subduction zone dipping
towards the north-west. In southern Banat, porphyry
copper-molybdenum deposits and related skarns occur
at Moldova Noua whereas at Sasca, only copper (-mo-
lybdenum) skarn deposits are found. Porphyry copper
(-molybdenum) deposits are also present at Ciclova. A
subeconomic stockwork mineralisation is associated
with the Oravita intrusion. Copper (-molybdenum)
skarn deposits, linked to these two intrusions, have also
been discovered. In northern Banat, only skarn deposits
occur. The more important are the skarn deposits of the
Ocna de Fier — Dognecea district (e.g. von Cotta 1864;
Codarcea 1931; Vlad 1974; Nicolescu and Cornell 1999;
Nicolescu et al. 1999) which can be divided into a
proximal iron- and copper-rich part and a distal lead-
and zinc-dominated part. The Bocsa intrusion lacks
economic mineralisation, but Fe-Pb-Zn(-Cu) skarn
deposits are associated with the Tincova intrusion
(Table 1).

The aim of the present work was to obtain geo-
chemical (major and trace elements) and isotopic
(strontium and neodymium) data on the above-men-
tioned intrusions to characterise their geochemical sig-
natures and their possible parental magma sources.
These data will be used to check whether or not the
metallogenic zonation observed by Vlad (1979, 1997)
can be related to different magmatic evolution trends, as
recently suggested by Berza et al. (1998).

Geological setting

The Carpathians are part of the European Alpine system
and form a mountainous belt which continues west-
wards to the Alps and eastwards to the Balkans. The
European Alpine system results from the Cretaceous-
Tertiary convergence and collision between the Euro-
pean and Apulian (African) plates, which caused the
closure of the Tethys and other oceans (Burchfiel 1980).
The Carpathian Fold and Thrust Belt is represented by
several mountain ridges: the West Carpathians, the
Apuseni Mountains (central outcrop), the East Carpa-
thians and the South Carpathians, with the latter being
curved from E-W to N-S. When considered together
with the Balkan Mountains (and Srednogorie region) in
Bulgaria, the South Carpathians constitute a horseshoe-
like physiographic feature partly surrounding the Moe-
sian platform (Fig. 1, inset). This shape was interpreted
as resulting from a ‘corner effect’ induced by the Moe-
sian platform during Alpine collision in the Tertiary,
causing rotation, wrenching and a lateral translation of
the Cretaceous nappe pile (Ratschbacher et al. 1993;
Schmid et al. 1998).

The foreland of the South Carpathians is the Moe-
sian platform, a Late Proterozoic basement block cov-
ered by thick Paleozoic and Mesozoic sedimentary rock
sequences (Sandulescu 1994). The Carpathian nappe pile
was thrust during the Miocene onto the flat Moesian
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Fig. 1 Geological sketch map of the western South Carpathians
(modified after Krdutner 1997), showing the main units and
nappes, the studied calc-alkaline intrusions (bold letters) and the
associated ore deposits (refer to Table 2 for a brief description of
these units and nappes). Smaller intrusions are slightly enlarged.
Inset shows south-eastern Europe with the axis of the mainly
Tertiary Alps — Carpathian — Balkans orogenic chain, and the axis
of the Late Cretaceous Banatitic Magmatic and Metallogenetic
Belt (BMMB)

cover (Stefanescu 1988). The internal part of the Car-
pathian orogen is represented by the Fore-Apulian
continental blocks of the northern Apuseni Mountains,
and by most of the pre-Tertiary basement beneath the
north-eastern part of the Pannonian Depression. The
Fore-Apulian domain is bordered seawards by Triassic
to Jurassic ophiolitic and flysch belts (Vardar to the
south, Transylvanian to the east, Pieniny to the north),
which are considered to mark the main Tethyan suture
(Sandulescu and Visarion 2000). In the East and South
Carpathians, these ophiolitic belts are bordered by units
representing the European continental margin. A sepa-
rate ocean (Ceahlau-Severin) formed in the Late Jurassic
and closed in the Middle Cretaceous (Sandulescu 1994).

The South Carpathians are made up of three nappes
systems, defined from top to bottom (Fig. 1, Table 2) as
the Supragetic-Getic nappes, the Severin Nappe, and the
Danubian nappes (Berza 1997). The Supragetic-Getic
nappes consist of Variscan basement units with an Up-
per Carboniferous to Lower Cretaceous cover, imbri-
cated during Middle Cretaceous stacking (Iancu 1985,
1986). Both the Supragetic-Getic nappe pile and over-
lying Late Cretaceous basins, which are filled by syn-
orogenic clastic sediments (Gosau-type basins; Willing-
shofer 2000) are intruded by Late Cretaceous plutons
and some of these basins contain volcanic rocks. The
intermediate Severin Nappe consists of slices of the
Severin palaeo-ocean floor (ophiolites) covered by Late
Jurassic-Early Cretaceous flysch formations. Together
with the Supragetic-Getic nappe pile, the Severin Nappe
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was thrust in the latest Cretaceous onto the Danubian
nappes and is now exposed as an oceanic unit between
two continental units. The Danubian nappes consist of
latest Proterozoic (Pan-African) basement rocks (Lié-
geois et al. 1996) overlain by Silurian-Permian and
Jurassic-Upper Cretaceous cover formations, mainly
metamorphosed to low grades. The stacking of the
Danubian nappes did not occur before the Late Creta-
ceous because Senonian flysch is preserved at their top.
In the Senonian flysch from the Lainici Lower Danubian
Nappe, metre-thick beds of andesitic tuffs of unknown
origin can be observed (Savu et al. 1987). In the western
part of the South Carpathians (Supragetic-Getic do-
main, Bucovino-Getic terrane), Late Cretaceous mag-
mas erupted in the Gosau-type Rusca Montand and
Hateg basins, whereas in the Banat Mountains, only
major plutons or dyke swarms cut the pre-Alpine base-
ment and/or the Mesozoic cover. These intrusions are
the focus of our study.

Most studies relate the Late Cretaceous magmatism
to Early Cretaceous subduction of various palaeo-
oceans, either westwards (Radulescu and Sandulescu
1973; Russo-Sandulescu et al. 1978; Vlad 1979; Russo-
Sandulescu et al. 1986a, 1986b; Cioflica et al. 1996; Vlad
1997) or eastwards (Boccaletti et al. 1974; Vassiliev and
Stanisheva-Vassilieva 1981; Jankovic 1997, Karamata
et al. 1997a). Boccaletti et al. (1974) considered that the
closure of the Vardar Ocean occurred in the Middle
Cretaceous and suggested that magmas resulted from
Late Cretaceous slab detachment. By contrast, Nicole-
scu et al. (1999) advocated a post-collisional setting for
the emplacement of the Ocna de Fier — Dognecea and
Bocsa 3 intrusions, on the basis of precise age determi-
nations and the fact that the Late Cretaceous plutons cut
the Middle Cretaceous faults bordering the Supragetic
units. Some authors also relate the Late Cretaceous
magmatism in the Carpathians and Balkans to exten-
sional domains, such as rift valleys, grabens and normal
faults (Grubi¢c 1974; Popov 1981, 1987, 1996; Berza
1999). The presence of extensional basins in the South

Table 1 Relation between the position of the studied intrusions (Banat, Romania), their emplacement conditions and the associated ore
deposits. Metals mentioned between parentheses occur in lesser abundance

Area Intrusion Emplacement Type(s) of ore Metals® Status
conditions deposits
North Banat Tincova Plutonic Skarn deposits Fe, Pb, Cu, Zn (Mo) Prospect
Bocsa Pb, Zn (Bocsa 3) Occurrence
Ocna de Fier- Fe, (Cu): Mined in the past
Dognecea proximal skarn
Pb, Zn: distal skarn
South Banat Oravita Plutonic to Minor porphyry- Mo, (W, Au, Cu, Mined in the past,
subvolcanic mineralisations and Pb, Zn) Au prospect®
skarn deposits
Ciclova Porphyry and skarn Cu (Mo, W, Co, Au) Mined in the past,
deposits Au prospect®
Sasca Skarn deposits Cu (Mo) Mined in the past
Moldova Noua Porphyry and skarn Cu (Mo) In activity

deposits

(Suvarov open-pit)

#Karamata et al. (1997a), Vlad (1997)
Ciobanu (personal communication)
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Table 2 Brief description of the units (or nappe/nappes) which make up the South Carpathians. All the descriptions are based on Berza
(1997), except the ones relative to the Vardar and Serbo-Macedonian units which are based on Arsovski and Dumuzanov (1995) and

Karamata et al. (1997b)

Terrane Nappe/nappes or units

Description

Vardar-Transylvanian terrane Vardar units

Transylvanian nappes

Bucovino-Getic terrane Serbo-Macedonian nappes

Supragetic nappes

Sasca-Gornjak Nappe

Getic nappes

Civcin-Ceahldu-Severin terrane Severin Nappe

Danubian terrane Upper Danubian nappes

Lower Danubian nappes

Triassic sandstones, rhyolites, spilites and limestones; Jur-
assic ophiolites, granites, turbidites and limestones; Lower
Cretaceous laterites; Upper Cretaceous wildflysch; Eocene
flysch

Lower-Middle Jurassic ophiolites and island-arc magmat-
ites; Upper Jurassic limestones; Lower Cretaceous flysch;
Upper Cretaceous wildflysch

Upper Proterozoic metamorphic basement; Lower Paleo-
zoic metabasic and metadetrital formations; Upper Car-
boniferous-Permian detritals; Upper Cretaceous flysch

Upper Proterozoic metamorphic basement; Upper Devo-
nian-Lower Carboniferous metabasic and metadetrital
formations; Upper Carboniferous and Middle Jurassic
detritals; Upper Jurassic sandstones and limestones;
Lower Cretaceous limestones; Upper Cretaceous marls

Upper Carboniferous conglomerates; Permian sandstones;
Lower-Middle Triassic conglomerates and limestones;
Lower Jurassic detritals; Middle Jurassic marls; Upper
Jurassic limestones

Upper Proterozoic metamorphic-granitic basement; Lower
Paleozoic metabasic and metadetrital formations; Upper
Carboniferous coal-bearing detritals; Permian-Lower Jur-
assic detritals; Middle Jurassic marls; Upper Jurassic
limestones; Lower Cretaceous marls and limestones;
Upper Cretaceous Gosau-type detritals

Upper Jurassic-Lower Cretaceous turbidites and ophiolites

Upper Proterozoic metamorphic-granitic basement;
Ordovician-Devonian detritals and rhyolites; Lower
Carboniferous limestones; Upper Carboniferous coal-
bearing detritals; Permian detritals and rhyolites; Jurassic
detritals and limestones; Lower Cretaceous marls and
limestones; Upper Cretaceous flysch

Upper Proterozoic metamorphic-granitic basement;
Ordovician-Devonian and Permian detritals and rhyolites;
Lower Jurassic detritals; Middle Jurassic-Lower Creta-
ceous limestones; Upper Cretaceous flysch

Carpathians is not in conflict with geochemical evidence
for a subduction-related magmatism. The studied in-
trusions were emplaced concomitantly with others lo-
cated in such basins, and we consider that a Vardar slab
detachment process (‘slab breakoff’, von Blanckenburg
and Davies 19995) triggered the rising of the parental
magmas.

Petrography

Because of poor outcrop in the wooded western South
Carpathians, this study was focused on the mineralisa-
tion-related intrusions, where fresh samples could be
collected (old mines or valley outcrops). We avoided
zones of hydrothermal alteration and only fresh samples
were analysed. The exact co-ordinates of our sampling
sites are given in Table 3, and more precise locations are
plotted on scanned geological map segments which can
be obtained from the corresponding author upon re-
quest. Table 4 summarises our petrographic descriptions
of the samples.

Plotted in the P-Q diagram of Debon and Lefort
(1983; Fig. 2), samples range from gabbroic to granod-
ioritic compositions, with intermediate compositions
being the most abundant. Most samples are coarse-
grained with a heterogranular to porphyritic (plagio-
clase, biotite and amphibole phenocrysts) texture.
Rounded, mafic, microgranular enclaves (MME) present
in some of the most felsic samples are more altered
(biotite and hornblende chloritisation, feldspar saussu-
ritisation) than the host rock and contain host pheno-
crysts. Plagioclase, K-feldspar, quartz, biotite and
hornblende are major phases occurring in variable pro-
portions. Apatite, titanite and opaque minerals are
ubiquitous accessory phases. Zircon, clinopyroxene,
orthopyroxene and allanite are sporadically observed.
Clinopyroxene mostly occurs as relics in hornblende
crystals. Within Bocsa 1 and 2 intrusions, orthopyrox-
ene consists of hypersthene, whereas clinopyroxene is an
augite with pigeonite exsolutions (Russo-Sandulescu
et al. 1978). The anorthite content of plagioclase was
optically determined (Ansy, to Anyy). Plagioclase is
hypidiomorphic and usually displays recurrent zoning.



Table 3 Location of the studied samples from Banat (Romania)
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Intrusion Outcrop Sample Co-ordinates
Latitude (N) Longitude (E)

Tincova 9-km NE-SW length and a maximum 4-km width* 98R13 45°37'50” 22°14°02”
98R20 45°37°42” 22°14’56”
98R22 45°3020” 22°1511”
98R23 45°30"21” 22015127
Bocsa 1 25-km NE-SW length and a maximum 15-km 95R13 45°26'08” 21°44’59”
for the whole Bocsa intrusion (3 units)® 95R15 45°2508” 21°44°57”
98R02 45°28’15” 21°4502”
Bocsa 2 95R07 45°25'43” 21°45'10”
95R09 45°25'45” 21°45°08”
95R11 45°25°47" 21°45°05”
Bocsa 3 98R13 45°26'48” 21°45'15”
98R16 45°2730” 21°4514”
Ocna de Fier-Dognecea 15-km N-S length and a maximum 5-km width® 98R04 45°19°07” 21°45'42”
Oravita These intrusions from South Banat consist of 95R04 45°04"25" 21°4425”
outcrops of several km? belonging to a 60-km-long 98R05 45°04°27" 21°43'14”
and 5-km-wide N-S-trending belt 98R0O7 45°0425” 21°43"12”
98RO8 45°04°24” 21°43'11”
98R09 45°02'58” 21°44’14”
98R10 45°02’54” 21°44°06”
Ciclova 98R11 45°01'48” 21°44'32”
98R12 45°0149” 21°44’42"”
Sasca 98R24 44°50'48” 21°45°07”
98R26 44°52'18” 21°4506”
Moldova Noua 98R27 44°4641” 21°44'58”

#Andrei et al. (1988)
Berza (personal communication)
“Russo-Sandulescu et al. (1986b)

Its habit suggests early crystallisation, and a slight orien-
tation (magmatic lamination) is locally observed.
Potassium feldspar is often perthitic and corresponds to
intermediate microcline in the Bocsa intrusion (Russo-
Sandulescu et al. 1978). Its interstitial structure, a
feature that it shares with quartz, points to a late crys-
tallisation. Hornblende and biotite (= opaque minerals)
often agglomerate and form schlieren textures. Horn-
blende crystallised after plagioclase and was closely
followed by biotite. The opaque minerals of Bocsa
mainly consist of titano-magnetite with ilmenite exso-
lutions, magnetite, pyrite and chalcopyrite (Russo-
Sandulescu et al. 1978).

All samples contain hornblende, biotite, titanite and
magnetite. These are the well-recognised, characteristic
minerals for I-type (Chappell and White 1974) and
magnetite-series granitoids (Ishihara 1977).

Analytical methods
Major and trace elements

Major and trace elements analyses (Table 5) were per-
formed at the Laboratoires Associés de Geéologie,
Pétrologie et Géochimie of the Université de Liege
(Belgium). Concentrations were measured by X-ray

fluorescence (XRF) spectrometry following Bologne and
Duchesne (1991), with an Alpha 2020 CGR instrument
and using lithium borate (enriched in La,0s3) glass discs
for major elements (except Na,O) and pressed powder
pellets for Na,O, Rb, Sr, Zr, Nb, Y, Zn, Ni and Cr.
Other trace element concentrations were obtained by the
ICP-MS technique of Vander Auwera et al. (1998b),
using a VG Elemental Plasma Quad PQ?2 spectrometer,
except for samarium and neodymium which were de-
termined by isotope dilution.

Strontium and neodymium isotope data

Isotope analyses were performed at the Université Blaise
Pascal de Clermont-Ferrand (France) on an upgraded
VG 54E thermal ionisation mass spectrometer (TIMS).
The procedure largely followed that of Pin and Bassin
(1992) and Pin and Santos Zalduegui (1997). Samarium
and neodymium concentrations were obtained by iso-
tope dilution using a mixed '*Sm-">*Nd-enriched tracer.
The mass spectrometer was used in triple-collection
mode for strontium and neodymium, and in single-col-
lection mode for samarium. Strontium mass fractiona-
tion was corrected by normalising to **Sr/*Sr=0.1194
(Steiger and Jdger 1977), and neodymium mass
fractionation was corrected by normalising to
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Table 4 Petrography of the samples coming from the studied intrusions (Banat, Romania). a// Allanite, ap apatite, bio biotite, cpx
clinopyroxene, horn hornblende, ksp K-feldspar, op opaques, opx orthopyroxene, p/ plagioclase, gz quartz, tit titanite, zir zircon

Intrusion Sample Rock type* Major phases Accessories Structure Remarks
Tincova 98R18 Quartz monzodiorite  Bio, horn, pl, ksp, qz  Op, ap, tit, zir Heterogranular  Poecilitic K-feldspar
98R20  Granodiorite Bio, horn, pl, ksp, qz  Op, ap, tit, zir, all Hypidiomorph
heterogranular
98R22  Quartz monzodiorite  Bio, horn, pl, qz Op, ap, tit Porphyric
98R23  Granodiorite Bio, horn, pl, ksp, gz Op, ap, tit, zir Hypidiomorph  Quartz monzodiorite
enclave present
Bocsa 1 95R13  Quartz monzodiorite  Bio, horn, pl, ksp, qz  Op, ap, tit Heterogranular
95R15 Gabbro Bio, cpx, pl, ksp Op, ap, tit Heterogranular  Poecilitic K-feldspar
98R02 Monzodiorite Bio, horn, pl, ksp, qz  Op, ap, tit, cpx Heterogranular  Poecilitic K-feldspar
Bocsa 2 95R07 Tonalite Bio, horn, pl, ksp, gz Op, ap, tit, zir Hypidiomorph  Opaques
granular symplectites
within plagioclase
95R09 Quartz monzodiorite  Bio, horn, pl, ksp, gz Op, ap, tit Hypidiomorph
granular
95R11  Quartz monzodiorite  Bio, horn, pl, ksp, gz  Op, ap, tit Heterogranular ~ Opaques
symplectites
within plagioclase
Bocsa 3 98R13  Quartz monzodiorite  bio, horn, pl, ksp, qz Op, ap, tit, zir Heterogranular
98R16 Granodiorite Bio, horn, pl, ksp, qz  Op, ap, tit, zir Hypidiomorph  Poecilitic K-feldspar
heterogranular
Ocna de 98R04 Granodiorite Bio, horn, pl, ksp, qz Op, ap, tit Heterogranular  Poecilitic biotite
Fier-Dognecea and K-feldspar
Oravita 95R04  Granodiorite Bio, horn, pl, ksp, gz Op, ap, tit, zir Porphyric Poecilitic biotite
98R0O5 Quartz diorite Bio, horn, pl, ksp, qz Op, ap, tit Porphyric Mafic microgranular
enclave (MME)
98R07  Granodiorite Bio, horn, pl, ksp, gz  Op, ap, tit Heterogranular  Poecilitic biotite
98R08  Granodiorite Bio, horn, pl, ksp, qz  Op, ap, tit Porphyric Poecilitic biotite and
K-feldspar
98R09  Quartz monzodiorite  Bio, horn, pl, ksp, qz Op, ap, tit, cpx Heterogranular  Poecilitic K-feldspar
98R10  Quartz diorite Bio, horn, pl Op, ap, tit Heterogranular  Slight cumulate
texture
Ciclova 98R11  Quartz diorite Bio, horn, pl, ksp, qz Op, ap, tit, opx Hypidiomorph  Poecilitic K-feldspar
granular
98R12 Gabbro Bio, horn, pl, ksp, qz Op, ap, tit, cpx Poecilitic
Sasca 98R24  Quartz diorite Bio, horn, pl, ksp, qz  Op, ap, tit, zir Porphyric
98R26 Tonalite Bio, horn, pl, ksp, qz Op, ap, tit, zir Heterogranular
Moldova Noud 98R27  Quartz diorite Bio, horn, pl, ksp, qz Op, ap, tit, zir Heterogranular

“Rock type obtained with Debon and Lefort (1983) nomenclature

146Nd/'"**Nd =0.7219 (O’Nions et al. 1977). During this
study, standard measurements gave an average ®'Sr/*Sr
of 0.710260+ 12 (2 o) for seven runs of the NBS 987
standard, and average "**Nd/'**Nd of 0.511958 +7 (2 )
and "*Nd/"Nd of 0.348413 + 5 (2 o) for five runs of the
AMES Rennes standard. An earlier intercalibration test
had yielded an average '**Nd/"**Nd of 0.511965+ 12
(2 o) for ten runs of the AMES Rennes standard, and an
average '*Nd/"**Nd of 0.511851 + 13 (2 o) for four runs
of the La Jolla international standard.

Geochemistry

Typology

The TAS diagram (Fig. 3A) and the agpaitic index
(Liégeois and Black 1987, Fig. 3B), barely reaching 0.7
in the most felsic rocks, show the subalkaline nature of
the samples. In an AFM diagram (Fig. 3C), the samples
plot in the calc-alkaline field. This calc-alkaline charac-

ter is corroborated by the Peacock index (Brown 1981,
Fig. 3D). In a K,O vs. SiO, diagram (Fig. 3E), the
samples range in composition from calc-alkaline to high-
potassium calc-alkaline, with sample 98R02 falling in
the shoshonitic field. Samples do not show any A-type
affinity in a Whalen et al. (1987) diagram (Fig. 3F).
Geochemical data thus confirm that all granitoids have
an I-type affinity.

Major and trace elements

Harker diagrams are presented in Fig. 4. Continuous
depletion in (Fe,O3), TiO,, CaO and of the CaO/
(Na,O + K,0) ratio, with increasing SiO,, confirms the
early fractionation of Fe-Ti oxides and calcium-rich
phases (clinopyroxene cores, hornblende, plagioclase,
titanite). A continuous decrease of P,Os with differen-
tiation suggests that apatite is a liquidus phase, consis-
tent with neodymium and samarium decrease. K,O
behaves incompatibly (Fig. 3E).
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All samples fall into a restricted compositional range
defined by the representative examples plotted in spid-
ergrams of Fig. 5 and the chondrite-normalised rare
earth elements (REE) patterns of Fig. 6. They display a
clear enrichment in large ion lithophile elements (LILE)
and a marked depletion in Nb, Ta and sometimes Zr
(Fig. 5), typical of magmas associated with subduction
zones. The samples are enriched in light REE (average
(La/Yb)n=14.2) and usually display a slight negative
europium anomaly (Eu/Eu*=0.7 to 0.9, Fig. 6). Varia-
tion diagrams (Fig. 4) show that the samples define a
single trend even though they belong to seven distinct
intrusions, and that they probably result from the crys-
tallisation of magma batches of similar starting com-
position.

Strontium and neodymium isotopic data

Strontium and neodymium isotopic data are presented
in Table 6. All measured isotopic ratios have been cor-
rected for in situ decay assuming an age of 80 Ma based
on the U-Pb zircon ages from Bocsa 3 (79.6 £2.5 Ma)
and Ocna de Fier — Dognecea (75.5+ 1.6 Ma; Nicolescu
et al. 1999). These are the most reliable ages obtained so
far for these intrusions, and they coincide with a Re-Os
age on molybdenite from skarn mineralisation in the
Ocna de Fier — Dognecea district (76.6 0.3 Ma; Cio-
banu et al. 2002, this volume). Even if the other intru-
sions were a few million years older or younger, as
suggested by the available K-Ar ages (e.g. Russo-
Sandulescu et al. 1986¢; Soroiu et al. 1986; Strutinski
et al. 1986), this would not result in significantly different
initial isotopic compositions.

Initial strontium isotopic ratios (Sr;) vary between
0.7042 and 0.7058, and eng(y) values range from +3.9 to

-200

-150

-100 50 100 150

—0.2, in agreement with data mentioned by Cioflica et al.
(1996). In Sr; versus SiO, and in eng() versus SiO; dia-
grams (Fig. 7A, C), data from the studied group of in-
trusions are scattered and no clear trend can be seen.
Most samples cluster near Sr;=0.705 and engy=0 to
+2 (Fig. 7E). Six samples from the Oravita intrusion,
when considered by themselves, display an increase of
Sri and a decrease in enq() values with increasing SiO,. A
similar trend is apparent in two samples from Ciclova.
Also, in the Oravita group, one sample (98R09) has the
most juvenile isotopic composition (Sr;=0.7043 and
end@ = 13.9) from this study, with high strontium
(1,409 ppm; *'Rb/**Sr=0.12) and SiO, (64.13%) con-
tents. Samples from the Bocsa massif (units 1, 2 and 3)
are relatively clustered on the diagrams, except for two
samples (95R15 and 98R02) of Bocsa 1. The three
samples of Bocsa 1 display decreasing Sr; with increas-
ing SiO,, at relatively constant enq() values. A similar
relationship is observed for samples from the Tincova
intrusion. The Sr; versus Sr (Fig. 7B) and eng(y) versus
Nd (Fig. 7D) diagrams show the same variations with
Si0O,, as both elements are compatible (Fig. 4).

Discussion on magma origin and igneous evolution

A common fractionation trend ranging from 50 to 67%
Si0O,, the general lack of cumulate textures, the absence
of strong positive europium anomalies, and the smooth
REE patterns support the hypothesis that the samples
approximate liquid compositions, following a common
liquid line of descent. However, the observed scatter in
Sri and eng(y values, and the occurrence of rounded
mafic microgranular enclaves (MME) suggest that the
seven intrusions resulted from differentiation of several
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Fig. 3A-F Geochemical typol- 16

ogy of the studied intrusions. A TAS diagram A Agpaitic index B
(Na,O +K50) vs. SiO, (TAS
diagram; divisions after Rick- 0.8 A.1.=0.87
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pulses of parental magma, but with similar/related ma-
jor and trace element compositions.

Modelling of the liquid line of descent

Trends in variation diagrams can result either from
fractional crystallisation or magma mixing. If mixing is
the dominant differentiation process, then linear trends
should be obtained in all variation diagrams. The
strontium vs. rubidium diagram (Fig. 8A) shows an
exponential decrease of strontium with differentiation

(increasing rubidium content), indicating that fractional
crystallisation was probably a major differentiation
process. A negative correlation in a cobalt (compatible)
vs. rubidium (incompatible) bilogarithmic diagram also
supports this conclusion (Fig. 8B).

As an alternative to least squares regression using
measured compositions of crystallising phases, we tried to
test the fractionation hypothesis using the MELTS al-
gorithm of Ghiorso and Sack (1995). The MELTS ap-
proach models the crystallisation of a magma for given
conditions (temperature, pressure, magma composition
and oxygen fugacity), based on a thermodynamic
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Fig. 4 Major (in wt%) and
trace (in ppm) element variation
diagrams (Harker diagrams).
These diagrams show that the
samples define one single trend

even though they belong to
seven distinct intrusions
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Fig. 5 Ocean ridge granite-normalised spidergrams after Pearce

et al. (1984). All other samples fall in the restricted compositional
range displayed in this diagram
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Fig. 6 Chondrite-normalised REE patterns (normalising values
from Sun and McDonough 1989). All other samples fall in the
restricted compositional range displayed in this diagram

description of silicate melt and precipitated minerals.
Sample 98R12 was selected as having the closest com-
position to the common parental magma. Temperature
and pressure were estimated from the data of Nicolescu
and Cornell (1999). Using the amphibole-plagioclase
geothermometer (Holland and Blundy 1994), they ob-
tained a mean crystallisation temperature of 735+ 75 °C
for the Ocna de Fier — Dognecea granodiorite, and
722+ 75 °C for the Bocsa 3 granodiorite. From the alu-
minium-in-hornblende geobarometer of Schmidt (1992),
they estimated pressures of emplacement at 2.9+ 0.6 kbar
for Ocna de Fier — Dognecea, and 2.4+0.6 kbar for
Bocsa 3. Titanite is nearly ubiquitous in the studied
samples, implying that magmas crystallised at an oxygen
fugacity close to the Ni-NiO buffer (Wones 1989).
Modelling results (Table 7) are in approximate
agreement with the petrographic sequence of crystalli-

579

sation, indicating that the chosen starting composition
and estimated conditions of crystallisation are plausible.
Clinopyroxene is the liquidus phase at 1,150 °C, and
plagioclase appears soon after, at 1,110 °C. The liquidus
plagioclase is Angg, close to the optical determination of
Any (see petrography section). Only titano-magnetite is
predicted, whereas in our samples both magnetite and
ilmenite were observed, but the model is known for poor
prediction of Fe-Ti oxide saturation (Toplis and Carroll
1996). Titanite does not appear with the MELTS sim-
ulation; this may result from excessive ulvispinel in
magnetite. The MELTS calculations also predict the
saturation of cummingtonite instead of hornblende, and
amphibole after biotite saturation, opposite to the ob-
served sequence. The proportion of plagioclase in the
calculated cumulates (Table 7) is high and in apparent
contradiction with the weak, negative europium anom-
alies (Eu/Eu*=0.7 to 0.9) displayed by the samples
(Fig. 6). However, when plagioclase crystallises cotec-
tically with other phases (clinopyroxene and apatite
here) having higher Dgpg™™" 9, then the influence of
plagioclase on the resulting REE pattern of the residual
liquid is drastically decreased (Vander Auwera et al.
1998a).

Evolution of the isotopic signatures
during differentiation

The isotopic data presented in Fig. 7 suggest that some
contamination, mostly affecting Sr;, occurred during the
differentiation of the Oravita, Bocsa 3 and Ocna de Fier
— Dognecea intrusions. The Sr; of sample 98R09 (from
the Oravita intrusion) and of samples from Bocsa 1 and
Tincova do not fit a differentiation trend because the
most evolved samples display the most juvenile isotopic
signatures. These samples would thus consist of more
isotopically primitive magma influxes, which could have
continued differentiating in an intermediate magma
chamber without undergoing important contamination.
The least differentiated samples of the studied intru-
sions, 98R10 from Oravita (SiO,=48.44%) and 95R15
from Bocsa 1 (Si0,=50.12%), have very distinct Sr;
(98R10: 0.704167, 95R15: 0.705450) and engq) values
(98R10: +2.9, 95R15: +1.8). Moreover, the very high
strontium content of sample 95R15 (1,328 ppm), to-
gether with its low SiO, content, preclude that an early
magma contamination process induced its high Sr;. It
seems, therefore, more plausible that the observed vari-
ability is inherited from a heterogeneous source.

Potential magma sources

Most of the mafic samples plot on the boundary be-
tween the calc-alkaline and high-potassium calc-alka-
line fields (Fig. 3E), indicating that the K,O enrichment
was already important at the beginning of the liquid
line of descent. This suggests that the K,O enrichment
is source inherited (Roberts and Clemens 1993; Lié-
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geois et al. 1998). The positive eng(y values and rela-
tively low Sr; values (Table 6) imply that the source of
most samples was depleted in neodymium and slightly
enriched in rubidium, possibly consisting of a hetero-
geneous mantle or a young mafic lower crust derived
from it (Liégeois et al. 1998). This heterogeneity and
LILE enrichment could be due to mantle metasoma-
tism during an older subduction event. Decoupling of
neodymium and rubidium during metasomatism of the
mantle wedge could result either from the composition
of the transporting agent (aqueous fluid versus hy-
drated silicate melt) or from its interaction with the
lithospheric mantle.

The pre-intrusion subduction event could be Early
Cretaceous or older. Very similar Tpy; model ages (ca.
600 Ma; except for samples 98R09, 98R11, 98R26 and
98R27 with lower values; Table 6) could represent the

705 0.706
('Sr/™8r)so ma

0.707 0.708

time of extraction of a protolith from a selectively
metasomatised mantle. This protolith may have re-
mained isolated in the lower crust until about 80 Ma,
when partial melting occurred and generated the pa-
rental magmas for the intrusions. The Tcyyr model
ages are systematically negative, or lower than crystal-
lisation ages, and have not been further considered.
During the Late Cretaceous, subduction-related mantle
magmas may have underplated the lower crust and
caused partial melting of the variably enriched protolith,
following a MASH-type process (melting — assimilation
— storage — homogenisation; Hildreth and Moorbath
1988). The felsic magmas typically resulting from this
process would explain the abundance of granodiorites
within the BMMB and, due to their higher densities
relative to average crust, the relative scarcity of mafic
compositions in Banat.
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Fig. 8 A Sr vs. Rb (in ppm) diagram showing an exponential
decrease of strontium with increasing rubidium content. B Co vs.
Rb (in ppm) log-log diagram showing a negative correlation. Both
diagrams suggest that fractional crystallisation was the dominant
differentiation process (same symbols as in previous figures)

Consequences and conclusions
for regional metallogeny

In this study, we set out to test whether or not regional
differences of deposit characteristics in the Banat region
of Romania were related to differences in magma com-
position and origin, and thus might have large-scale
geodynamic causes. The new isotopic and geochemical
results, and their regional geologic context, can be dis-
cussed with regard to four factors, which probably all
contributed to the style and metal content of magmatic-
hydrothermal ore deposits in the Romanian part of the

BMMB. These are (1) the origin and composition of the
subduction-related magmas, (2) the depth of erosion
later affecting deposit preservation, (3) the nature of
host-rock types, and (4) deposit-scale zoning due to
successive mineral precipitation from fluids.

The composition and origin of magmas seems to have
some influence on whether or not metalliferous deposits
are present. Russo-Sandulescu and Berza (1979) and
Russo-Sandulescu et al. (1984) subdivided the intru-
sions from Banat into a shoshonitic group and a calc-
alkaline group. The shoshonitic group includes the
Surduc and Bocsa intrusions (units 1 and 2). No ore
deposits have been recognised in association with these
two intrusions. The second group has a calc-alkaline to
high-potassium calc-alkaline affinity and includes the
Tincova, Bocsa 3, Ocna de Fier — Dognecea, Oravita,
Ciclova, Sasca and Moldova Noua intrusions. All of
these are associated with ore deposits containing eco-
nomic, or at least some, copper and molybdenum
mineralisation. However, no significant geochemical
differences seem to exist among these calc-alkaline to
high-potassium calc-alkaline intrusions. The geochemi-
cal data define a single trend in major and trace ele-
ment variation diagrams, consistent with fractional
crystallisation of several pulses of parental magma
having similar compositions. The strontium and
neodymium isotopic compositions of the intrusions do
not significantly differ, although minor variations exist,
probably indicating a slightly heterogeneous mantle or
lower crustal source. In particular, there are no re-
gionally systematic, compositional or isotopic differ-
ences in the magmas along the studied part of the
BMMB which could suggest a deepening of the sub-
duction zone towards the north-west (Vlad 1979, 1997).
Variation in the chemistry (major and trace elements,
strontium and neodymium isotopic compositions) of
the calc-alkaline magmas which formed these intru-
sions, therefore, seems to be an unlikely cause for dif-
ferences in the deposit types between northern Banat,
where exclusively skarn deposits occur (mostly with
lead, zinc and iron), and southern Banat and Timok
(Serbia) where porphyry-style copper-molybdenum
deposits occur, as well as skarns.

The depth of post-mineralisation erosion determines
which of the deposit types developed in association
with the calc-alkaline magmas are likely to be present
in various parts of the Banat region. Erosion depth
probably contributes to the exclusive occurrence of
skarns in northern Banat where large intrusions are
exposed, which mainly display coarse-grained textures
(Tincova, Bocsa 3, Ocna de Fier — Dognecea, and also
smaller parts of Oravita, Ciclova and Sasca). Pressure
estimates of 2.4 and 2.9 kbar for the Bocsa 3 and
Ocna de Fier — Dognecea samples respectively (Ni-
colescu and Cornell 1999) indicate mid-crustal depths
of emplacement of approximately 10 km. In southern
Banat, smaller stocks and apophyses of shallower-
seated intrusions, relative to northern Banat, are ex-
posed. These apophyses exhibit dominant porphyric



Table 7 Results obtained with the MELTS algorithm (Ghiorso
and Sack 1995) for modelling variation in major element content of
melt during fractional crystallization. F liquid fraction, amp am-
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phibole, an anorthite, ap apatite, bio biotite, cpx clinopyroxene, en
enstatite, fs ferrosilite, mt magnetite, p/ plagioclase, gz quartz, sp
spinel, uvsp ulvospinel, wo wollastonite

Sample 98R12: Ni-NiO buffer
Increment 10 °C, water content 1.38%

Start crystallisation temperature: 1,250 °C, end crystallisation temperature: 600 °C

Crystallisation Phase Crystallisation Calculated cumulate F
temperature (°C) temperature (°C)
1,150 Cpx (WosgEnsoFsy,: augite) 1,150 100% cpx 0.98
1,110 Cpx — pl (Ange: labradorite) 1,110 87.2% cpx + 12.8% pl 0.86
1,060 Cpx — pl — mt (MtsoSpa;Uvspar: 1,060 58% cpx + 41.4% pl + 0.6% mt 0.65
titano-magnetite)
940 Cpx — pl — mt — ap 940 38.8% cpx + 55.4% pl + 5.7% mt + 0.35
0.03% ap
840 Cpx — pl — mt — ap — bio 840 36.2% cpx + 58.6% pl + 4.7% mt + 0.23
(phlogopite) 0.16% ap + 0.28% bio
760 Cpx — pl — mt — ap — bio — H,O 760 37.3% cpx + 60.6% pl + 0.6% mt + 0.09
0.34% ap + 0.37% bio + 0.76% H,O
690 Cpx — pl — mt — ap — bio — H,O — 700 37% cpx + 61.5% pl + 0.38% ap + 0.05
amp (cummingtonite) 1.1% H,0
680 Cpx — pl — mt — ap — bio — H,O —

amp — qz
Final liquid SiO, content: 67.07%

textures with a medium- to fine-grained groundmass
(Oravita, Ciclova, Sasca and Moldova Noua). At
Krepoljin (Serbia, Fig. 1), 50 km south of the Danube,
dacitic dykes even intrude to subvolcanic depth (Ka-
ramata et al. 1997a). This indicates a general trend of
decreasing erosion from north to south, which proba-
bly contributed to the preservation of porphyry-style
mineralisation only in the southern area. Porphyry
deposits could have developed in northern Banat but
they would thus have been eroded away. A subeco-
nomic stockwork mineralisation formed in association
with the Oravita intrusion, the latter being located at
the limit between northern and southern Banat, and
Cioflica and Vlad (1980) considered that it represents
“the root zone of an eroded porphyry molybdenum
deposit™.

The nature of the host rocks, notably the occurrence
of carbonates, is controlled by Mesozoic sedimentation
and then the nappe tectonics which preceded the in-
trusion of calc-alkaline magmas along N-S crustal
lineaments. A first band of Mesozoic carbonates be-
longing to the Supragetic Upper Jurassic-Lower Cre-
taceous, NE-SW-trending cover of the Bocsa Nappe
(Iancu 1985) is intruded in Ocna de Fier by the
Bocsa 3 and Ocna de Fier — Dognecea intrusions. A
more than 100-km-long second band of Mesozoic
limestones outcrops between Resita and Moldova
Noua, and is locally represented by Triassic carbonates
from the Sasca-Gornjak Nappe (Fig. 1) as well as,
more commonly, by carbonates belonging to the
Upper Jurassic-Lower Cretaceous cover of the Getic
nappes. In Romania, between Oravita and Moldova
Noud, and in Serbia (Ridanj-Krepoljin area), this band
is cut by countless calc-alkaline intrusions ranging
from gabbro (basalt) to granodiorite (dacite). Within

both these carbonates bands, mafic compositions
(mainly gabbroic bodies) have generated barren high-
temperature calcic skarns (e.g. gehlenite- and mellilite-
bearing skarns from Oravita and Ciclova, Marincea
and Dumitras 2001) whereas granodiorites have
induced medium-temperature calcic (mainly diopside-/
hedenbergite-, wollastonite- and grandite-bearing)
skarns and extensive mineralisations, preferentially lo-
cated at the carbonate/crystalline schist contacts (i.e.
iron (copper) deposits at Ocna de Fier — Dognecea:
von Cotta 1864; Codarcea 1931; Vlad 1974; Cook and
Ciobanu 2001) or at the carbonate/intrusion contacts
(e.g. copper deposits at Sasca, Ciclova and Moldova
Noua: von Cotta 1864; Gheorghita 1975; Gheorgitescu
1975; Constantinescu 1980; Ilinca et al. 1993; lead-zinc
ores associated at Dognecea: Vlad 1974; Cook and
Ciobanu 2001).

Precipitation mechanisms for ore minerals, which de-
pend on pressure-temperature conditions, as well as
chemical wall-rock reactions, finally contributed to
variations in ore mineralogy in skarns at the deposit to
district scale. An example is the zoning from an iron-
and copper-rich skarn at the Ocna de Fier deposit to the
lead-zinc ores at the more peripheral Dognecea deposit
(Codarcea 1931; Vlad 1974; Ciobanu et al. 2002, this
volume).

In summary, the ore deposits associated with mag-
matism which took place in the Banat region are partly
controlled by the composition and combined mantle and
crustal source history of the magmas, as indicated by a
restriction of ore deposits to the main calc-alkaline
group of intrusions. Even though this indicates an ig-
neous derivation of the ore fluids and the metals they
transport, the style of ore deposits and their final metal
content is equally dependent on the smaller-scale geo-
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logic setting of the ore district and the individual de-
posits.
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