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Abstract The Sichevita and Poniasca plutons belong to
an alignment of granites cutting across the metamorphic
basement of the Getic Nappe in the South Carpathians. The
present work provides SHRIMP age data for the zircon
population from a Poniasca biotite diorite and geochemical
analyses (major and trace elements, Sr—Nd isotopes) of
representative rock types from the two intrusions grading
from biotite diorite to biotite K-feldspar porphyritic
monzogranite. U-Pb zircon data yielded 311 + 2 Ma for
the intrusion of the biotite diorite. Granites are mostly
high-K leucogranites, and biotite diorites are magnesian,
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and calcic to calc-alkaline. Sr, and Nd isotope and trace
element data (REE, Th, Ta, Cr, Ba and Rb) permit distin-
guishing five different groups of rocks corresponding to
several magma batches: the Poniasca biotite diorite (P;)
shows a clear crustal character while the Poniasca granite
(P,) is more juvenile. Conversely, Sichevita biotite diorite
(Sy), and a granite (S,*) are more juvenile than the other
Sichevita granites (S;). Geochemical modelling of major
elements and REE suggests that fractional crystallization
can account for variations within Py and S; groups.
Dehydration melting of a number of protoliths may be the
source of these magma batches. The Variscan basement, a
subduction accretion wedge, could correspond to such a
heterogeneous source. The intrusion of the Sichevita—Po-
niasca plutons took place in the final stages of the Variscan
orogeny, as is the case for a series of European granites
around 310 Ma ago, especially in Bulgaria and in Iberia, no
Alleghenian granitoids (late Carboniferous—early Permian
times) being known in the Getic nappe. The geodynamical
environment of Sichevita—Poniasca was typically post-
collisional of the Variscan orogenic phase.
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Introduction

Granitic rocks are a major constituent of the earth crust
and, in orogenic belts, are typical products of recycling
processes. Their study thus offers a most promising
opportunity to unravel the mechanism of magma formation
and evolution in the deep crust, together with giving insight
into the nature of the source rocks that are melted. The
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compositions of the primary melts, however, are often
blundered by fractionation processes and the occurrence of
crystals entrained from source rocks or from cumulates
formed in the early phases of differentiation. In regions
where granites occur together with mafic rocks, a major
role has been assigned to the basic magma either as a
source of heat to trigger the melting process, or as a mixing
or hybridization component. Moreover, several types of
material can potentially act as source rocks of granitic
magmas depending on their mineralogy, on the availability
of fluids of various compositions, and on temperature. Fi-
nally, several sources can melt together, simultaneously
with different degrees of melting, or in sequence along a
PT path.

North and South of the Danube Gorges that cross the
South Carpathians and separate Romania from Serbia, four
major granitoid bodies cut across the basement of the Getic
nappe, which is the most important Alpine nappe of the
South Carpathians (Fig. 1). These bodies form a discon-
tinuous alignment 100 km long and up to 10 km wide
(Sandulescu et al. 1978), suggesting a continuous batholith
buried beneath the Mesozoic and Cenozoic cover se-
quences. In Serbia (from south to north), the main plutons
are known as the Neresnica and Brnjica plutons (Vaskovic
and Matovic 1997; Vaskovic et al. 2004), the latter in di-
rect continuation across the Danube river with the Sich-
evita pluton in Romania. A fourth granitoid pluton, 15 km
north of the latter and separated by Mesozoic sediments,
was named the Poniasca pluton by Savu and Vasiliu
(1969).

The similarity in petrography, mineralogy and major
element geochemistry of the Sichevita and Poniasca plu-
tons supports the hypothesis of a geometrical continuity
between the two Romanian plutons. Comparison with
available data on the Serbian plutons is further pointing to
the occurrence of a regional batholith. More detailed geo-
chemical studies on the Romanian occurrences, including
trace elements and Sr and Nd isotopes which are presented
here, show, however, a more complex image. Both intru-
sions result from different crystallization processes and
imply several magma types. Moreover, it is inferred that
both plutons originated by partial melting of several dis-
tinct sources.

Geological framework of the granite intrusions

The South Carpathians represent a segment of the Alpine-
Carpathian-Balkan fold-thrust belt, moulded against the
Moesian Platform as a horse shoe, with an eastern E-W
oriented part and a western N-S oriented part, in the
Romanian Banat and Eastern Serbia province (Fig. 1b).
Since Murgoci (1905) discovered the main nappe structure,
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many syntheses based on hundreds of studies have pro-
posed complex and partly conflicting models (see the re-
views of Berza 1997 and Iancu et al. 2005a).

The South Carpathians are viewed as a Cretaceous
nappe pile (Iancu et al. 2005a and references therein), in
tectonic contact with the Moesian Platform (Stefanescu
1988; Seghedi and Berza 1994). The uppermost Cretaceous
nappes of the South Carpathians are the Getic and Supra-
getic nappes. They include both pre-Alpine metamorphic
basement and Upper Paleozoic—-Mesozoic sedimentary
cover (Iancu et al. 2005b). The Sichevita, Poniasca, Ne-
resnica and Brnjica plutons have intruded into the meta-
morphic basement of the Getic nappe. According to Iancu
et al. (1988), Iancu and Maruntiu (1989) and Iancu (1998),
the pre-Alpine basement of the Getic nappe in the Roma-
nian Banat is made up of several lithotectonic units
(Fig. 1), assembled in Variscan times as thrust sheets and
composed of various sedimentary, volcanic and (ultra)
mafic protoliths, metamorphosed in several low to med-
ium-high grade episodes.

Late Variscan post-thrust folding of the getic nappe
basement is well expressed by regional dome-shaped
structures. The alignment of the granitic plutons, though
conspicuous on a large scale (Fig. 1), is considered by
Savu et al. (1997) and Iancu (1998) to be tectonically
controlled either by a host anticline or by a transcurrent
fault. Late Variscan, extension-related movements follow-
ing the nappe stacking and folding could also be envisaged.

The Sichevita and Poniasca granitoids

Former studies on Sichevita were made by Birlea (1977),
Stan et al. (1992), Stan and Tiepac (1994) and Iancu
(1998), while Poniasca granitoids have received less
attention (see references in Savu et al. 1997).

Both granitoid plutons were re-interpreted as composite
intrusions crosscutting the Variscan nappe pile of the Getic
basement, north of Danube (Iancu et al. 1996; Iancu 1998).
Both granitoids and their metamorphic country rocks are
sealed to the west by unconformable Upper Carboniferous-
Permian continental deposits and Mesozoic covers (Fig. 1).
They are crosscutting the Variscan nappe pile of the Getic
metamorphic basement, which is made up of four units
(Tancu 1998). The Nera unit is mainly composed of me-
tasedimentary micaschists and gneisses. The Ravensca unit
is made up of gneisses with mafic and ultramafic protoliths,
metamorphosed in amphibolite and eclogite facies condi-
tions and retrogressed in greenschist facies conditions.
Different from these, the low-grade Paleozoic formations
are mainly represented by metabasalts and metadolerites of
ensialic, back-arc related origin (Maruntiu et al. 1996),
with associated carbonate rocks and black shales (Buceava
unit) or metapelites (Minis unit).
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Fig. 1 a Generalised geological
map of the Romanian Poniasca
and Sichevita granites and
related Serbian intrusions
(modified after Sandulescu et al.
1978 and Iancu et al. 2005b).

b Sketch map of the various
geological units in the
Carpathians belt; ¢ Tentative
cross-section through the
geological units, parallel to the
Danube river
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Contact metamorphism of the studied granitoid plutons
is marked by neoformation of biotite and andalusite (Savu
et al. 1997) as well as of garnet and muscovite (Iancu
1998). Detailed mapping of the Poniasca pluton shows that
the contacts are grossly parallel to a foliation in the sur-
rounding gneisses (Savu et al. 1997). Locally, clear
crosscutting relationships are observed with the foliation in
the Ravesca unit. The round northern end of the pluton
(Fig. 1) fits an antiform structure in the country rocks
(Savu et al. 1997). The granitoids show a foliation parallel
to the border, with microgranular dark enclaves and crys-
talline schist xenoliths elongated in the same plane. This
foliation itself is crosscut by undeformed late pegmatitic
and aplitic veins (see Fig. 4 in Savu et al. 1997). The
observed magmatic planar flow structures inside both

Sichevita and Poniasca plutons (Savu et al. 1997; Iancu
1998) could result from a syn-emplacement ballooning
deformation of the intrusion.

North-East/South-West sub-vertical faults follow part of
the eastern border of the Sichevita pluton and both the
eastern and western borders of the Poniasca body. They
sometimes contain thin concordant granitoid dykes and are
marked by local low-temperature mylonites (actinolite-
chlorite-albite schists). These faults and the elongation of
the massifs suggest some kind of tectonic control (Iancu
et al. 1996) on the emplacement in zones of apparent
weakness parallel to the regional foliation and shear zones.
Considering the structural features mentioned above and
the Late-Variscan age of the plutons, the tectonic setting
can be defined as post-collisional (Liégeois 1998).
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Petrography of the Sichevita and Poniasca granitoids

The Sichevita and Poniasca granitoid plutons consist of a
series of rocks intermediate between two major petro-
graphic types: (1) hornblende biotite diorite, and (2) biotite
K-feldspar porphyritic granite. The contacts between the
two rock types are commonly sharp and lobated, giving
evidence that both were intruded at the same time. Both
rock types contain mafic magmatic enclaves (=MME; Di-
dier and Barbarin 1991) or schlieren of dioritic composi-
tion, suggesting that mixing processes may have played an
important role in the formation of intermediate composi-
tions. In the present study, the biotite diorite will be named
S, (for Sichevita) and P, (for Poniasca), and the biotite K-
feldspar porphyritic granites will be defined S, and P,,
respectively.

(1) Biotite diorite

Biotite diorite (S;, P;) is a medium-to coarse-grained
inequigranular massive rock, composed of plagioclase,
biotite, hornblende, quartz, zircon, apatite, titanite, allanite
and Fe-Ti oxides. K-feldspar is rarely present. Plagioclase
(Anyo_30) shows albite twinning and wavy oscillatory
zoning, is anhedral and partially albitised or rimmed with
albite. Dark brown biotite is present as inclusions in pla-
gioclase, or as large interstitial crystals, containing zircon,
apatite, zoned allanite and skeletal titanite. Green horn-
blende is common and always replaced by biotite. Epidote,
chlorite, sericite and albite occur in deformed and altered
samples.

(2) Biotite K-feldspar porphyritic granite

Biotite K-feldspar granite (S,, P,) is porphyritic, with
variably rounded phenocrysts of poikilitic microcline
perthite. The latter is rimmed by albite and may contain
inclusions of plagioclase and small quartz grains, as well as
fine-grained biotite and muscovite. Anhedral plagioclase
(Anyg_30), with strong oscillatory zoning, typically shows
corroded rims of albite or microcline. Quartz is interstitial.
Rare myrmekites develop at the contact between plagio-
clase and K-feldspar. Biotite is dark brown, mainly inter-
stitial, and contains accessory phases (zircon, apatite,
titanite and Fe-Ti oxides). It is replaced by white mica.
Primary muscovite locally occurs in P, samples. Horn-
blende is rare in this petrographic type, but garnet is
common. In rare deformed and altered samples, epidote,
albite, chlorite, sericite and hematite are also present.

Geochronology

Published isotopic ages from the various outcrops defi-
nitely differ, but all point to Variscan events. For Sichevita

@ Springer

granitoids, Birlea (1977) quotes 328-350 Ma U-Pb mon-
azite ages (determined by Griinenfelder at ETH Ziirich)
and 250-310 Ma K-Ar microcline and biotite ages
(determined by Tiepac at Nancy). In the Serbian Brnjica
pluton, Rb—Sr ages of 259-272 Ma are reported by Va-
skovic et al. (2004). A Carboniferous emplacement mini-
mum age is in agreement with the presence of pebbles from
the granitoid plutons in the Upper Carboniferous con-
glomerates exposed at the base of the unconformable
sedimentary cover.

A biotite diorite from the Poniasca pluton is dated here
using the U-Pb on zircon chronometer. Eleven zircon
grains from sample#1 (R4710) were analysed (Table 1).
The measurements were carried out on a SHRIMP-II ion
microprobe at the Centre for Isotopic Research (VSEGEI,
St. Petersburg, Russia; for methodology see Appendix).

The zircon crystals are zoned and may have relic cores
(Fig. 2a—d). Two cores were analysed and give older ages
than the outer rims. One core (6.1, Fig. 2c) is nearly con-
cordant (3% discordant) and its 2°’Pb/*°°Pb age is 891 =
20 Ma; the other core (5.2, Fig. 2¢) is more strongly dis-
cordant and no meaningful age can be calculated on this
single grain. Within the other nine zircon crystals, seven
measurements determine a Concordia age of 311 + 2 Ma
(20; MSWD= 0.06; Fig. 2e). The two remaining zoned
zircon crystals (4.1 and 5.1; Fig. 2b and 2c) are also con-
cordant but at a slightly older age of 324 + 4 Ma (2 o;
MSWD= 0.84). Taken together, the 11 zircon analyses
define a discordia with an upper intercept at 895 + 56 Ma
and a lower intercept at 319 + 14 Ma.

The emplacement of the Poniasca pluton is precisely
dated at 311 + 2 Ma by magmatic zircons or magmatic
overgrowths on inherited zircons. Although based only on
a few core analyses, the 2°’Pb/?°°Pb age of 891+ 20 Ma
(Fig. 2e, inset) can be considered either as the age of the
source of the magma (inherited zircon grain), or at least of
a major contaminant of the diorite magma. The position of
the core 5.2 in the Concordia diagram (Fig. 2e) is consid-
ered as the result of Pb loss of a ca. 890 Ma old zircon
during the Poniasca magmatic event. The concordant
fractions giving the 324 + 4 Ma age are interpreted as
being inherited from an early partial melting event. The
main conclusions are that the intrusion of the Poniasca
pluton (and by correlation also of the Sichevita pluton)
occurred at 311+ 2 Ma. These granitoids are contempora-
neous to the Variscan granites on the other side of the
Moesian platform, i.e. the San Nikola calc-alkaline granite
at 312 + 4 Ma and the Koprivshtitsa two-mica leucocratic
granite at 312 + 5 Ma (Carrigan et al. 2005). As is the case
in Bulgaria, this puts the Poniasca-Sichevita plutons on the
young side of the European post-collisional magmatism
that are predominantly 340-320 Ma old (see review in
Carrigan et al. 2005). In addition, at least the dated biotite
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Table 1 SHRIMP ages for zircon from rock R4710 (sample#1) from the Poniasca intrusion
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Error in standard calibration was 0.35%. Pb*= radiogenic lead (common Pb corrected using measured 204pp)

diorite contains old material whose age is 891 + 20 Ma, an
age also known from zircon cores in Bulgarian orthog-
neisses of Variscan age (Carrigan et al. 2006).

Geochemistry
Major element geochemistry

The Ponisaca and Sichevita plutons were extensively
studied by Romanian petrologists and a large amount of
analyses are available (Savu and Vasiliu 1969; Savu et al.
1997; Birlea 1976; Stan et al. 1992; Iancu et al. 1996). In
this study, representative samples of the main petrographic
types were collected in the field (Table 2), and analysed for
major elements (XRF), trace elements (ICP-MS) and iso-
topes (TIMS). The methods are briefly described in the
appendix. The new major element data (Table 3) are
compared to the former analyses in Figs. 3, 4. The various
element contents form continuous trends from ca. 60 to
75% Si0,, i.e. from biotite diorite to granite. The trends are
roughly linear and point to a second group of rocks, made
up by mafic microgranular inclusions (sensu Didier and
Barbarin 1991). It is shown by Figs. 3, 4 that our sample
selection covers reasonably well the interval of composi-
tion of the Romanian samples from biotite diorite to
granite. The mafic microgranular inclusions were not re-
studied because of exceptional occurrence. The calc-alka-
line character already noted by Iancu et al. (1996) of the
composite series is confirmed in the AFM diagram (Fig. 4)
in which the samples show a linear trend with little vari-
ation in the Fe/Mg ratio. The granites (Table 3) have high
silica contents and are slightly peraluminous (ASI: 0.96—
1.13). Their normative quartz and feldspar contents are
above 95% (except#8 at 92%), which indicates leuco-
granitic compositions. In the classification of Frost et al.
(2001), they show calcic to alkali-calcic compositions in
the modified alkali-lime index (MALI) and are magnesian
to ferroan. In the K,O versus SiO, diagram (Peccerillo and
Taylor 1976) the samples have a medium- to high-K
composition.

In the Harker diagram for Na,O (Fig. 3) the large dis-
persion of the data points may result from the late albiti-
sation process revealed by the petrographical study. The
dispersion of some K,O values (Fig. 3) can also be ex-
plained by a late metasomatic alteration. In particular, the
high K,O content of the mafic enclaves suggests interdif-
fusion of K between the granitic and the basic melts.
Crystallization of biotite in the basic melt could have
maintained the K content in the melt at a low value, thus
promoting exchange of K with the granitic melt (see the
review by Debon 1991). If the two mobile elements Na and
K are excluded, the linear trends observed for the immobile
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Fig. 2 Geochronological data
on zircon grains from the
Poniasca biotite diorite R4710
(sample#1). a—d Location of the
analysed spots on zircon grains.
e U-Pb concordia diagram for
the various analysed zircon
spots shown in photos (a)—(d)
(see text)
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elements (Fe, Ti, Mg, Al) suggest that a mixing process has
played a fundamental role in the differentiation of the
igneous rocks. This could have occurred by hybridization
between basic and granitic magmas (Fenner 1926), or a
granitic melt carrying solid source material as enclaves
and/or individual crystals (the restite model of Chappell
et al. 1987 and Chappell and White 1991). These working
hypotheses are however not tenable when the trace element
contents and isotopic compositions are considered.

Trace element variation

Trace element data are given in Table 3 and their vari-
ations are displayed in Figs. 5, 6. Except for Zr and Co,
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no linear trends between two poles are observed, pre-
cluding mixing processes (Fig. 5). Diorite from Sichev-
ita body (S;) and from Poniasca body (P;) can be
distinguished by their Cr and Ba contents, which are
higher in P;. REE in P, (Fig. 6b; Table 3) have higher
La/YDb ratios (16-29) than in samples 5 and 4 from S,
(Fig. 6a), and two biotite diorites from S; (#7 and 6)
have high La/Yb ratios (33-40) and concave upward
HREE contents (Fig. 6a). The granite from Poniasca (P,)
is distinctly enriched in Rb and Ta compared to Sich-
evita (S,) (Fig. 5). REE in the S, (including sample S,*)
and P, groups (Fig. 6¢, d) display distributions with
negative Eu anomalies, flat HREE patterns and variable
La/Sm ratios.
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Table 2 Location of the samples analysed in this work

Sample Type Rock# Location
#
1 Pl R4710 Pusnicu Right side tributary of
brook: Poniasca valley, 1,500 m
from confluence
2 P1 R4720 Poniasca Source area, 10 km N from
valley Poniasca valley with Minis
river
3 P1  R365 Pusnicu Right side tributary of
brook Poniasca valley, 1,200 m
from confluence
4 S1  R363 Danube-left 300 m East of Liuborajdea
bank confluence with Danube
5 S1 R4628 Gramensca Western branch of Sichevita
valley basin, 5 km N from
Sichevita village
6 S1 R364 Danube-left 250 m East of Liborajdea
bank confluence with Danube
7 S1 R4626  Gramensca 100 m Downstream from
valley 4628 sample
8 S2  R4663D Liuborajdea Left side tributary of Danube,
valley sourse area, 4 km NW of
Sichevita village
9 S2  R4636 Danube-left 2 km West of the Liuborajdea
bank confluence with Danube
10 S2  R4636A Danube-left 50 m East from sample 4636
bank
11 S2* R4658 Gramensca 400 m Downstream from
valley 4628 sample
12 P2 R366 Poniasca 2,500 m Upstream from
valley Poniasca-Minis confluence

Rb-Sr and Sm-Nd isotopes

Isotope analyses are given in Table 4. The isotopic ra-
tios are recalculated to the zircon age of 311 Ma. The
Rb-Sr data do not define an isochron, only an errorchron
with a very high MSWD can be obtained (308 + 55 Ma,
initial 8’Sr/%Sr (Sr;) = 0.7060 + 0.0015; MSWD = 371;
9 WR, not shown). However, the fact that the age ob-
tained is close to the inferred intrusion age indicates that
the Sr initial ratios are most probably primary. This is
confirmed by the isochron that can be calculated when
using only the Poniasca pluton (290 + 28 Ma, Sr; =
0.70787 = 0.00030, MSWD = 2.8, 4 WR; not shown).
Although based on only four points and a rather high
MSWD, this isochron confirms the validity of the Sr
initial ratios.

The Sm—Nd chronometer provides no meaningful ages,
due to the small spread of the '*’Sm/'**Nd ratios. Single-
stage Tpy model ages vary between 800 and 1,650 Ma for

rocks having '*’Sm/"**Nd < 0.15, giving a mean Tpy; of
1,148+ 1,75 Ma. Considering that the variability of the Sm/
Nd ratios are mostly due to the magmatic evolution, two-
stage Tpy model ages (Tpy2) have been calculated, using
the '4’Sm/'**Nd ratio of the rock from present to 311 Ma,
and an average crust value of 0.12 (Millisenda et al. 1994)
beyond 311 Ma. This reduces the model age variation
between 843 and 1,368 Ma, with a mean of 1,160+
1,18 Ma. The similarity of the two means (single-stage and
two-stage Tpy model ages) supports the validity of the
single-stage Tpym  (Tpwmp) model ages, when calculated
with proper precision (= 100 Ma). However, the Tppp
model ages suggest two groups; one rather homogeneous
with the older Tpy, in the 1320-1370 Ma range (groups
P, and S,) and the other with younger Tpy between 840
and 1090 Ma (P, and group S; + S,*). The sample dated
by the zircon U-Pb method (#1, P;) and bearing an 891 Ma
old zircon core has a Tpys of 1300 Ma and a Tppp of
1360 Ma.

The eng and 875r/86Sr values, recalculated at 311 Ma,
are plotted in Fig. 7. The diagram confirms the existence
of two groups of biotite diorite. S; biotite diorites have
eng Vvalues between 0 and —1 (Tppp: 930-1,000 Ma) and
can be considered as the samples with the most important
juvenile component; P, biotite diorites have more nega-
tive &ngq values between —4 and —-5.5 (Tpwmo: 1,320-
1,370 Ma) together with higher initial ®’Sr/*°Sr ratios,
thus pointing to a greater input of an old crustal source.
S, granites can be subdivided into a group with a crustal
signature (low enq and relatively high initial ®’Sr/*°Sr
ratio; Tpyp: 1,330-1,360 Ma) similar to P, diorites and
one sample (#11, S,*) with a more juvenile character
(Tpmz: 840 Ma). P, granite is also distinctly more juve-
nile than the P; group. The dated sample (#1) has a low
eng value (—5.4). Thus, the isotope ratios not only confirm
the occurrence of two groups of biotite diorite (P, and S;)
but also show that the Poniasca granite (P,) can be dis-
tinguished from S, granites, and that one sample of
granite (S,*) can be identified within the S, group. Par-
adoxically, in the Poniasca pluton, the granite appears less
contaminated by crustal material than the biotite diorites,
and in the Sichevita intrusion the granite S,* is also more
juvenile or less contaminated than the biotite diorites S;.
As a whole, the isotopic data suggest a heterogeneous
crustal source or variable contaminations by an old crust
of the Sichevita—Poniasca magmas.

Before discussing the implications of the subdivision of
the rocks into different groups, it is necessary to discuss the
variations within the groups and particularly within
S| and S,, in which a substantial interval of variations is
observed.
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Table 3 Major and trace element composition of representative samples from the Sichevita and Poniasca plutons

Sample# 2 3 4 5 6 7 8 9 10 11 12
Type P1 P1 P1 S1 S1 S1 S1 S2 S2 S2 S2%* P2
Rock# R4710 R4720  R365 R363 R4628  R364 R4626  R4663D  R4636  R4636A  R4658  R366
Major elements (%)
SiO, 60.41 62.59 65.77 62.22 64.56 66.94 68.73 71.16 73.60 75.18 73.55 73.33
TiO, 0.68 0.64 0.60 0.82 0.67 0.61 0.44 0.29 0.18 0.02 0.15 0.07
Al,O5 17.75 17.32 14.59 17.34 16.12 14.65 15.85 14.81 13.60 14.17 14.19 14.38
Fe,Ost 5.84 5.27 4.49 4.66 4.11 3.72 3.29 2.56 1.75 0.04 1.59 0.93
MnO 0.07 0.06 0.05 0.1 0.08 0.08 0.06 0.04 0.02 0.01 0.05 0.09
MgO 4.05 2.61 2.16 2.04 2.17 1.83 1.42 1.08 0.69 0.19 1.44 0.04
CaO 4.84 4.68 4.62 4.63 4.63 3.28 3.81 1.97 1.55 0.59 1.37 0.82
Na,O 2.85 3.28 4.09 4.45 4.31 5.13 3.62 3.90 3.03 5.14 4.47 4.55
K,0 2.29 1.94 2.40 2.15 1.97 2.29 2.04 4.02 3.93 4.75 3.33 4.11
P,Os 0.2 0.16 0.19 0.16 0.13 0.19 0.08 0.08 0.07 0.04 0.04 0.05
LOI 1.41 1.61 1.54 1.66 1.48 1.83 0.93 0.86 0.89 0.93 0.79 1.35
Total 100.39  100.16 100.50  100.23 100.23 100.55 100.27  100.77 99.32  101.09 100.97 99.72
Trace elements (%)
U 1.7 1.3 1.3 3.8 2.6 32 2.1 1.9 4.7 4.5 43 1.6
Th 8.2 11.1 9.8 3.1 53 7.4 7.4 18.8 15.7 4.4 10.7 54
Zr 255 267 231 198 188 133 145 103 92 37 81 38
Hf 7.0 7.3 6.0 4.9 4.6 32 3.6 33 14 29 1.7
Nb 9.6 8.9 6.6 10.6 10.8 6.8 8.7 12.4 11.6 10.00 11.1 12.2
Ta 0.4 0.5 0.3 0.9 0.8 0.7 0.3 0.8 1.1 1.5 1.4 2.8
Rb 82 79 83 89 75 85 75 119 129 136 129 212
Sr 433 447 416 459 414 332 395 199 169 91 157 119
Rb/Sr 0.19 0.18 0.20 0.19 0.18 0.26 0.19 0.60 0.76 1.49 0.82 1.78
Cs 2.3 3.8 35 7.1 32 5.1 3.0 32 3.7 2.1 4.6 15.5
Ba 1026 981 1173 521 492 558 478 782 596 389 501 345
Ba/Sr 24 2.2 2.8 1.1 1.2 1.7 1.2 39 3.5 4.3 32 2.9
K/Rb 233 205 239 200 219 224 227 282 253 288 215 161
K/Ba 19 16 17 34 33 34 35 43 55 102 55 99
\" 111 100 67 64 46 29 19
Cr 291 184 10 68 59 20 12 3
Zn 63 56 48 61 60 53 49 30 30 9 41 40
Ni 25 22 14 9 16 8 9 2 bdl bdl bdl bdl
Co 15 14 10 12 10 10 7 4 3 3 0
Cu 20 19 16 11 21 13 7 6 5 6 6
Ga 20 21 18 18 17 19 16 17 18 14 16 19
Pb 7 7 7 14 15 14 11 20 24 41 27 35
Y 14.8 10.7 8.5 16.4 15.9 5.9 3.7 34.6 26.3 21.9 16.0 14.9
La 36.1 51.1 34.1 13.5 17.8 37.3 24.3 35.0 24.7 7.9 19.1 9.2
Ce 66.5 92.1 69.8 28.9 35.8 73.6 41.0 74.0 50.7 18.0 36.1 20.6
Pr 8.1 10.7 7.8 3.6 4.0 7.3 4.4 8.6 5.6 2.0 3.8 2.2
Nd 31.8 36.8 27.7 14.7 15.9 23.9 15.5 30.2 20.6 7.1 13.3 7.9
Sm 6.00 5.54 4.67 4.08 3.69 3.38 2.11 6.40 4.88 2.02 2.98 2.33
Eu 1.81 1.73 1.53 1.22 1.16 0.92 0.91 0.92 0.73 0.31 0.50 0.43
Gd 4.22 3.93 3.24 3.61 3.51 2.32 1.32 5.38 4.50 2.31 2.46 2.07
Tb 0.57 0.48 0.52 0.51 0.16 0.47 0.52 0.42
Dy 2.95 2.29 1.86 297 2.98 1.28 0.75 5.55 4.22 322 2.68 242
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Table 3 continued

Sample# 2 3 6 7 8 9 10 11 12
Type P1 P1 S1 S1 S2 S2 S2 S2% P2
Rock# R4710 R4720 R365 R363 R4628  R364 R4626  R4663D R4636 R4636A R4658 R366
Ho 0.63 0.47 1.80 0.60 0.14 0.95 0.71 0.61 0.53
Er 1.46 1.12 0.83 1.62 1.64 0.62 0.35 3.16 2.52 2.02 1.50 1.28
Tm 0.21 0.14 0.25 0.23 0.06 0.39 0.30 0.25 0.20
Yb 1.49 1.26 0.76 1.51 1.64 0.73 0.39 2.79 2.53 2.14 1.50 1.38
Lu 0.22 0.16 0.14 0.24 0.24 0.13 0.09 0.43 0.36 0.30 0.21 0.18
[La/Yb]n 16 26 29 6 7 33 40 8 6 2 8 4
Eu/Eu* 1.1 1.1 1.2 1.0 1.0 1.0 1.6 0.5 0.5 0.4 0.5 0.6
MALI 0.30 0.54 1.87 1.97 1.65 4.14 1.85 5.95 5.41 9.30 6.43 7.84
Fe* 0.56 0.65 0.65 0.67 0.63 0.65 0.68 0.68 0.70 0.17 0.50 0.95
ASI 1.14 1.10 0.84 0.98 0.93 0.89 1.06 1.04 1.13 0.96 1.06 1.07
Agp 0.40 0.43 0.64 0.56 0.57 0.74 0.51 0.73 0.68 0.95 0.77 0.83
Na,O + K,0 5.14 5.22 6.49 6.60 6.28 7.42 5.66 7.92 6.96 9.85 7.80 8.66
T sat zircon 814 820 7717 776 770 739 772 744 817 688 730 677

T sat apatite 869 870 924 865 870 936 866 890 902 876 851 869

Fe*= FeOt/FeOt+MgO, MALI = Na,0 + K,0-CaO (modified alkali-lime index of Frost et al. 2001), ASI = Al,03/Na,O + K,0 + CaO-

3.3P,05 (mol%),

Agp = Na,0 + K,0/Al,O3 (mol%): T sat zircon: zircon saturation temperature after Watson and Harrison (1983), T sat apatite: apatite saturation
temperature after Harrison and Watson (1984) bdl: below detection limit

Discussion

Modelling the biotite diorite and granite differentiation
processes

Biotite diorite

In S; group, samples#5 and#4 have similar major and trace
element contents, including nearly identical REE distribu-
tions (Fig. 5a). They have been averaged and labelled Dio
in Fig. 8. Biotite diorite#7 displays a quite different REE
distribution with a higher La/Yb ratio, an upward concave
shape of the HREE and a positive Eu anomaly (Fig. 5a),
and thus could represent a cumulate. It is thus interesting to
examine whether this rock has any geochemical relation-
ship with the average biotite diorite.

We have performed a mass balance calculation to define
the composition of the cumulate that has to be extracted
from the average biotite diorite Dio to produce rock#7. The
composition of the various minerals used in the calculation
(Table 5) is taken from the classical model of Martin
(1987) on the differentiation from biotite diorite to
granodiorite. Note that the total Fe and Mg contents are
grouped in this model as a first approximation on the
partitioning of Fe/Mg ratio between cumulate and melt.
The chemical and modal compositions of the dioritic
cumulate is given in Table 6 and the liquid line of descent
resulting from its extraction from average diorite is

graphically represented on Fig. 8. The agreement with the
observed evolution is reasonably good. The modal com-
position of the cumulate is used to calculate the bulk
partition coefficients (D) for trace elements using the
mineral/melt distribution coefficients compiled after Mar-
tin (1987) and given in Table 7. A simple Rayleigh frac-
tionation model (¢, = coprl, in which co is the
concentration in the parent liquid,c; the concentration in
the residual liquid andF the fraction of residual liquid) is
then calculated for several values of F. The results of this
modelling for the REE are shown on Fig. 9a. It can be seen
that the agreement is good; the increase in the LREE, the
Eu anomaly, the concave upward shape of the HREE
distribution and the high La/YDb ratio are closely simulated
for F = 0.65. The model thus shows that a fractional
crystallisation relationship between a less evolved average
diorite and rock#7 is a likely process.

The higher REE contents of sample#6 (Fig. 6a) can be
accounted for by adding a small amount of apatite (ca 1%)
to sample#7. Because apatite does not strongly fractionate
the HREE and LREE (Table 7), except for Eu which has a
lower partition coefficient than Sm and Gd, the addition of
apatite increases the REE and decreases the Eu anomaly,
but without changing the slope of the distribution. The
three Poniasca biotite diorites resemble sample#6, espe-
cially sample#3, and display slight positive Eu anomalies.
They can be interpreted as having the same origin as the
Sichevita diorites.
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Fig. 3 Sichevita and Poniasca 1.5 L L L L L L 12
granite compositions plotted in
Harker diagrams showing ) -0
previous analyses (open 104 o L g
~ ™ my
symbols) and new analyses from S o%a g
this work (closed symbols). Data 054 ¢ . " o -5
for the Poniasca granite are . o | "a L 5
from Savu and Vasiliu (1969) ! . ,
and for the Sichevita granite 0.0 I I — . . —8—1 0
from Birlea (1976) and Stan
et al. (1992). New analyses 22 L L L ! ! ! 10
from Table 3. In the K,O vs. 20 B
SiO, diagram, boundaries are 7 -8
from Peccerillo and Taylor S 184 *n - 2
(1976) ) o i L s £
< 15 ) *
<9 '.
E & -2
124 o ey
oy :
10 I I I T T —&— 0
10 1 1 1 1 1 1 6
8 o ] m [
i L ]
? ’ . = % , ?
i ¥ L
o, » 6o . B 2 o)
] *
2 2 LA - ] 3
%
0 T T T T T T 2
40 50 60 70 80
8 ! ! ! SiO2
64 -
shoshonite Enclaves
ON Poniasca intrusion (new)
M4 B
high-K [} Sichevita intrusion (new)
24 moa - Poniasca intrusion (old)
calc-alkaline
// Sichevita intrusion (old)
0
40 50 60 70 80
SiO2
Granitoid

Fig. 4 Sichevita and Poniasca granite compositions plotted in AFM
(NayO + K,0, FeO,, MgO) diagram. Same symbols and data sources
as in Fig. 3
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Modelling of the S, granitoids follows the same lines as for
biotite diorite. Mass balance calculation (Tables 5 and 6)
constrains the modal composition of the cumulate extracted
from sample#8 which has the lowest SiO, content amongst
the granitoids. The model is then used to calculate a
composition similar to sample#9 which has the highest
SiO, content (Fig. 8). For the trace elements, it is never-
theless necessary to subtract small amounts of accessory
minerals which are most certainly at the liquidus of the
granitic melt but occur in too small amounts to influence
the major element balance. Indeed saturation temperatures
for apatite and zircon (Watson and Harrison 1983; Harrison
and Watson 1984) in sample#8 are 866°C and 744°C,
respectively (Table 3), values that are most likely above
the solidus temperature. Figure 9b displays the results of
the REE modelling. The agreement between calculation
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and observation is very good for F= 0.80. Again geo-
chemistry corroborates the field and petrographic genetic
relationships between the S, group samples.

The resemblance in major and trace element geochem-
istry of sample#11 (S,*) with the S, group probably indi-
cates that the mechanism of formation and the nature of the
source were similar, except from an isotopic point of view.
As for sample #12 (P,), the enrichment in Rb and Ta re-
mains intriguing; more data are needed to explain these
features.

Relationships between diorites and granites

The geochemical modelling presented above for the Sich-
evita intrusion shows that the S; and S, groups together
with sample S,* can be considered as having crystallised
from three distinct magma batches with different isotopic
signatures, thus coming from different sources and evolv-
ing separately. However, it is interesting to explore an
alternative hypothesis in which the S; and S, groups would
be related by some contamination process. Figure 7 indeed
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shows that the S, group can be isotopically related to S;
group by a contamination process with an old crustal
material with low gng values and high 87Sr/%6Sr ratios. This
possibility is not precluded by the major element compo-
sitions. Figure 8 shows that it is possible to pass from the
most evolved diorite (sample #7; 69% SiO,) to the less
evolved granite (sample#8; 71% SiO,) by adding a granitic
component (> 71% SiO,, > 4% K,0). A more con-
straining condition, however, comes from the HREE dis-
tribution (Figs. 5a, 6a, d). The issue is to smooth off the
upward concavity of the HREE distribution of sample#7
and obtain the REE content of sample#8 which is compa-
rable to the average upper crust (ca. 30 ppm La and [La/
Yb], ratio ca. 10—Taylor and McLennan 1985). A simple
calculation shows that mixing 20% of granitic material
with REE contents three times higher than the average
upper crust to sample#7 produces a composition in rea-
sonable agreement with that of sample#8. A contaminant
with such high REE contents is not common but exists (e.g.
in REE-rich charnockititc rocks, Duchesne and Wilmart
1997). The process, however, requires a significant and
unusual heat capacity of the diorite for either melting or
assimilation. It is thus considered as possible but unlikely.

For the Poniasca intrusion, the major and trace element
composition of the granitic melt (P,) could possibly be
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derived from the biotite diorite (P;) by grossly the same
fractional crystallization and assimilation processes as
those calculated for the Sichevita differentiation (Figs. 5
and 6). This scenario is however difficult to validate when
the isotopes are considered. The P, sample has indeed a
more juvenile character than the P, diorites, which would
imply contamination with an unlikely granitic component
with a positive eng value and a low 87S1/%0Sr ratio (Fig. 7).

It thus emerges from this modelling that both plutons
were built up by two distinct batches of magma in the
Poniasca intrusion and most probably three different bat-
ches were emplaced in the Sichevita pluton. These batches
emplaced simultaneously (mingling relationship) but could
have evolved separately, except maybe in zones at the
contact between the magmas where some exchange be-
tween the melts could have taken place.

Variability of the sources of the Sichevita—Poniasca
intrusions

The formation of dioritic melts through melting of me-
tabasaltic material has been experimentally demonstrated
by a number of authors (e.g. Helz 1976; Beard and Lofgren
1991; Rushmer 1991; Rapp and Watson 1995). The nature
of the protolith can be identified by considering the major
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Table 4 Rb-Sr and Sm—Nd isotopic compositions of rocks from the Sichevita and Poniasca plutons. Two-stage Nd Tpy; model ages have been calculated with the 1478 m/"*Nd ratio of the rock

from present to 311 Ma, and with a 1479 m/'*4Nd ratio = 0.12 (average crust) beyond 311 Ma.

(ena) (143Nd/144Nd)311 Ma (&na)3t1 Ma Tcuur Tom op) Towm op)

IBNA/"Nd 26

147Sm/144Nd

&78r/%8r)311 Ma Sm Nd

20

Rb St YRbA%Sr ¥Sr/°Sr

Rock#

Group

2-stage

1-stage

ppm ppm

ppm

ppm

1357
1323
1368
1007

1301
1087
1199
1727
1100

823
676
763
607

-5.41

—4.94

-8.68 0.511960
-9.13 0.511985
-9.25 0.511956
-2.20 0.512182
-2.38 0.512230
-5.17 0.512199
-5.23 0.512202
-7.98 0.511968
-7.18 0.511979
-6.40 0.511961
-1.48 0.512286
-2.73 0.512132

0.000011

0.512193
0.512170
0.512164
0.512525
0.512516
0.512373
0.512370
0.512229
0.512270
0.512310
0.512562
0.512498

6.00 31.8 0.1142
5.54 36.8 0.0911
4.67 27.7 0.1020

4.08
3.69

0.710037 0.000013 0.707621
0.710025 0.000010 0.707769

0.710297 0.000011

81.6 433 0.546
78.7 447 0.510

R4710
R4720

1
2
3
4
5
6
7
8
9

P1

0.000008
0.000008
0.000011

P1

-5.49
-1.08
-0.15
-0.76
-0.69
-5.26
-5.06
-5.41

0.95
-2.06

0.707730

83.3 416 0.580
89.3 459 0.563
74.6 414 0.521
84.8 332 0.739
747 395 0.548

R365

P1

14.7 0.1683
159 0.1406

0.707276 0.000008 0.704784
0.706629 0.000010 0.704322
0.708537 0.000010 0.705266
0.707158 0.000008 0.704734
0.714545 0.000014 0.706913
0.715909 0.000014 0.706150
0.726992 0.000007 0.707815
0.714243 0.000009 0.703720
0.729225 0.000009 0.706338

R363
R4628

S1

932

332

0.000010
0.000009
0.000009
0.000009
0.000007
0.000008
0.000008
0.000009

S1

981
976
1349
1332
1361
843
1087

804
789
1447
1663
2695

364
358
911
1047
1988

3.38 23.9 0.0856

R364

R4626
R4663D 118.5 199

S1

15.5 0.0825

6.40 30.2 0.1282
4.88 20.6 0.1432

2.11

S1

1.724

S2
S2

1289 169 2.205

13

R4636

202 7.1 0.1716
13.3

2.98
2.33

10 R4636A 6.0 91 4.333

11

S2

944
2470

190
1258

0.1356

128.5 157 2.378

R4658

S2*
P2

7.9 0.1798

R366 2122 119 5.171

12

and minor element contents of the biotite diorite, as sug-
gested, e.g. by Jung et al. (2002). In the present case, the
low TiO; content (< 1%), and the MgO content between 2
and 4% point to dehydration melting of basaltic composi-
tions (Beard and Lofgren 1991; Rapp and Watson 1995),
and the K,O content below 2.5% refers to a medium-K
composition (Roberts and Clemens 1993). The minimum
melting temperatures of the biotite diorites, based on the
saturation temperature of apatite (Harrison and Watson
1984) are in the 865-936°C range (Table 3). The isotopic
compositions indicate two different sources for the Ponia-
sca P; and Sichevita S; biotite diorites. The latter, with
values close to bulk earth at 311 Ma, can represent a
juvenile source; the former, with more evolved values,
could represent a melting product of a contaminated
juvenile source, or of an older crustal source. This sug-
gestion is sustained by the presence of 891 Ma-old zircon
cores in the dated biotite diorite (Fig. 2).

As for the Sichevita granite S,, an anatectic origin by
melting metasedimentary rocks (see, e.g. Chappell and
White 1974; Pitcher 1987; Frost et al. 2001) is straight-
forward. The variation in the modified alkali lime index
(MALI) values could reflect differences in water pressure
at the time of melting (Holtz and Johannes 1991). The less
evolved melt (#8) shows a relatively low Rb/Sr ratio (0.60)
and Ba/Sr ratio (4), which suggests that biotite was present
in the melting residue. A vapour-absent muscovite limited
melting process (McDermott et al. 1996) can account for
the high K,O content. The isotope signature for the Po-
niasca and Sichevita granitic melts points to a crustal
source, but sample#11 (S,*), with a slightly positive eng
value and a low Sr isotope ratio (0.7035) requires a source
enriched in juvenile material. Apatite saturation tempera-
tures (Table 3) in the granites are in the 850-900°C range,
thus slightly lower than in the biotite diorites.

Both granitoids plutons are cutting across Variscan
thrust sheets which cannot represent the source material of
the magmas. To the N-E of the region, however, the Getic
metamorphic basement comprises metasediments, eclog-
ites, ultramafic-mafic bodies, etc., which are all strongly
deformed, suggesting an accretion complex containing
both oceanic and continental materials (Sabau and Mas-
sone 2003). This could represent a heterogeneous source
analogous to that of the Sichevita—Poniasca plutons.

Geodynamical setting

Metamorphic peak conditions in the Getic metamorphic
basement were dated in eclogites, peridotites and am-
phibolites at 358-323 Ma (Rb—Sr on minerals, Dragusanu
and Tanaka 1999), at 358-341 Ma (Rb-Sr, Medaris et al.
2003) and at 338-333 Ma on a synkinematic pegmatite
(U-Pb on single crystal zircons, Ledru et al. 1997). The
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Sichevita and Poniasca intrusions. Same symbols as in Fig. 5. Data in
Table 4

360-320 Ma interval thus brackets the main tectonother-
mal activity in the Getic basement. The 325-320 Ma Ar—
Ar ages of hornblende and muscovite from the Getic
basement (Dallmeyer et al. 1998) indicate cooling rates at
10 = 5°/myr (Medaris et al. 2003), and unroofing of the
granitoids plutons was completed by 310-305 Ma, as
Westphalian—Stephanian conglomerates are preserved at
the bottom of the sedimentary series covering the Getic
basement in the Banat area. The intrusion of the Poniasca
(311 = 2 Ma) pluton thus follows the subduction stage HP
metamorphism and the collisional nappe stacking and an-
nounces the forthcoming extensional basins.

This story fits well to the end of the evolution of the
European Variscan belt. In the Moldanubian (Bohemian
massif), the high-pressure and high-temperature metamor-
phism (HP-HT; 15-20 kbar; 900-1000°C; O’Brien 2000
and references therein) is dated at 340+ 316 Ma and is

Table 5 Major element compositions of the minerals used for mass
balance calculations (after Martin 1987)

Biotite Hornblende Plagioclase = Magnetite Ilmenite

Al’l25 AI]37

Si0, 36.34 425 62.26 59.38

TiO, 2.74 1.64 50
ALO; 2022 136 23.87 25.65

Fe,0; + 30.5 27.38 100 50

MgO

CaO 0.04 1229 499 73

Na,O 036  2.02 8.58 4.69

K,O 972 055 0.3 1.74

followed by rapid exhumation accompanied by a high-
temperature metamorphism ending at c. 330 Ma (Dall-
meyer et al. 1992). A catastrophic crustal melting event
occurred at 330 Ma and was followed by decreasing heat
flow and melt production (Henk et al. 2000) giving rise, in
the South Bohemia batholith, to granitoids dated between
327+ 1 and,16+ 1 Ma (U-Pb zircon; Gerdes et al. 2003). A
second increase of the heat flow led to the generation of
late Variscan I-type granodiorites (310-290 Ma; Finger
et al. 1997); it is considered as a distinct second phase
(Henk et al. 2000). The first phase can be correlated to
the development of the Saxo-Thuringian belt marked
by two successive thrust events. The first occurred
during the Saxo-Thuringian-Tepla-Barrandian collision
(340-320 Ma) and the second during the Saxo-Thuringian-
Rheno-Hercynian collision that ended at c. 310 Ma
(Krawczyk et al. 2000). We could with advantage refer,
following Cavazza et al. 2004, to (1) a Variscan orogeny

Fig. 8 Major element 2.0 L L ! L L L 8
modelling of the two rock aa RN
series. Data from Table 6. Same 1.54 N I RN L6
symbols as in Fig. 5. Cumulate A < Dio
C, is subtracted from average 104 ~ L Ay L,
biotite diorite Dio (average of DI C2 eQ g ="
sample# 4 and #5) to produce a g %}g N
linear liquid line of descent with 7 TiO g I B -2
F values from 90 to 70. 2 K 7 E}“‘
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granite composition#8 to
e . . . 15 1 1 1 1 1 1 6
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5 50® : \ . | -1 /// 3
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Table 6 Chemical and modal compositions of the cumulates
extracted from dioritic melt (C;) and granitic melt (C,)

C1 (diorite) C2 (granite)

SiO, 50.36 64.7
TiO, 1.73 0.76
Al,O3 21.22 15.46
Fe,03 + MgO 12.96 9.58
CaO 7.3 3.55
Na,O 4.69 3.8
K,0 1.74 2.16
R’ 0.069 0.806
(1-F) x 100 26.39 35.47
Interval 1to 30 1 to 40
Biotite 11.54 20.24
Hornblende 22.17 12.37
Magnetite 2.31

Ilmenite 2.11

Plag Ans; 61.87

Plag An,s 40.57
Quartz 26.82

with the collisional climax between the Hunic and
Hanseatic terranes with Laurussia at c. 340 Ma followed by
a period of lateral displacement accompanied by major

plutonism and (2) an Alleghenian orogeny with the colli-
sional climax between Gondwana and Laurentia at
c. 300 Ma, also followed by an important magmatic event
attaining the Early Permian.

The Sichevita—Poniasca pluton of crustal origin, fol-
lowing a HP-LT and a HT-LP metamorphism and dated at
311+ 2 Ma, can thus be placed at the end of this first
Variscan phase. The second Variscan phase is not known in
South Carpathians. The Sichevita—Poniasca age range is
also known in Bulgaria where granites have been dated at
312-303 Ma (U-Pb zircon), intruding a c. 335 Ma meta-
morphic basement (Carrigan et al. 2005; 2006), as well as
in the Iberian massif where numerous granites intruded
between 320 and 306 Ma; a younger set intruded also be-
tween 295 and 280 Ma (Fernandez-Suarez et al. 2000;
Dias et al. 1998). The Aar massif, in the Alps, developed a
similar evolution with older granitoids in the 335-330 Ma
range, three plutons at 310+ 3 Ma and younger granites at
298+ 3 Ma (Schaltegger and Corfu 1992).

This review indicates that the Sichevita—Poniasca pluton
belongs to a post-collisional phase of regional scale even if
some diachronism is likely, especially between the central
and the peripheral parts of the Variscan orogen (Carrigan
et al. 2005) and can be considered as having intruded
during the very final stage of the Variscan orogeny, the
younger plutons found elsewhere being considered as

Table 7 REE and other trace element partition coefficients between mineral and melt used for fractional crystallization calculations (after

Martin 1987)

Hornblende Ilmenite Plagioclase Magnetite Biotite Allanite Apatite Zircon
La 0.74 0.005 0.4 0.22 0.34 960 25 2
Ce 1.52 0.006 0.27 0.26 0.33 940 35 2.64
Nd 4.26 0.0075 0.21 0.3 0.28 750 58 22
Sm 7.77 0.01 0.13 0.35 0.26 620 64 3.14
Eu 3 0.007 1.15 0.26 0.24 56 30 3.14
Gd 10 0.021 0.097 0.28 0.26 440 64 12
Dy 13 0.028 0.064 0.28 32 200 58 101.5
Er 14 0.035 0.055 0.22 3.7 100 40 135
Yb 13 0.075 0.049 0.18 44 54 22 527
Rb 6 0.1 0.046 0.18 0.062 41 16 345
Ba 0.022 4.4 0.1 2
K 0.08 0.17 0.96 1.6
Nb 12 0.055 0.16 100 140
Sr 0.014 2 3
Zr 0.044 0.5 2 0.01 3800
Ti 7 7 0.04 1.5 0.9
Y 13 0.01 2 1 3800
\% 12 4.5 0.38 8.6 10 28
Cr 10 8.3 0.01 8.6 25 30
Co 1.3 0.025 1 2 25
Ni 10 59 0.1 9.5 25 28 0.2
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Fig. 9 Chondrite-normalised REE distributions in the trace element
modelling of a the biotite diorites and b the granites. The modal
composition of the cumulates C; and C, result from the major
element model (Table 6). The partition coefficients used in the
modelling are given in Table 7

Alleghenian rather than Variscan (Cavazza et al. 2004). A
common constraint to the numerous geodynamic models
invoked to account for the high heat flow is to reduce the
thickness of the lithospheric mantle while keeping a thick
crust (Henk et al. 2000). Delamination of the lithospheric
mantle (or a part of it) following a slab break off induced
by the collision (Liégeois et al. 1987; Davies and von
Blankenburg 1995) is a viable mechanism for the central
part of the Variscan orogen (Henk et al. 2000). This is also
a possibility for the Sichevita—Poniasca pluton; however,
considering the much smaller amount of granitic melts
produced in the Getic nappe, their late age and their
alignment along a linear structural trend, thermal relaxation
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and heat transfer along a lithospheric discontinuity can also
be proposed (Liégeois et al. 1998), maybe following a
linear lithospheric delamination along these shear zones
(Liégeois et al. 2003). The high heat flow along this
lithospheric shear zone can have triggered partial melting
of the diverse Getic basement components, leading inevi-
tably to heterogeneous magma types. The Sichevita—Po-
niasca would have intruded during the transcurrent
movements generally occurring after a collision and typical
of the post-collisional period (Liégeois 1998).

Conclusions

The intrusion of the Poniasca pluton and by implication of
the Sichevita pluton, is well dated at 311+ 2 Ma on mag-
matic zircons, and this age is similar to post-collisional
granitoid ages elsewhere in the waning stages of the
Variscan orogen. This post-collisional status agrees with
the metamorphic ages recorded in the Getic metamorphic
basement between 360 and 320 Ma. Some U-Pb data ob-
tained on zircon relic cores point to an age of 891 + 20 Ma,
probably corresponding to an ancient component of the
magma source also depicted by the two-stage Nd model
ages between 850 and 1,350 Ma.

Though displaying a continuous trend of major element
compositions from biotite diorite to granite, the Sichevita—
Poniasca lithologies do not constitute a unique rock series
differentiated from a single parent magma. A hybridization
process between two magmas, as suggested by linear
relationships in Harker diagrams, does not account for the
observed trends of some trace elements. Sr and Nd isotopes
and trace elements show in fact that both plutons were
formed from several magma batches and that fractional
crystallization was the most likely differentiation process
explaining the variety of rocks. The Sichevita and Poniasca
plutons show that, in a post-collisional setting, heteroge-
neous crustal sources may have produced at the same time
several melt compositions depending on the nature of the
melted rocks. Paradoxically some dioritic melts can derive
from a source showing a more crustal isotopic character
than some granitic melts which can originate from more
juvenile material.

This view is supported by the observation that the area is
made up of a series of nappes of various ages, metamorphic
grades and compositions (Medaris et al. 2003), including
both oceanic and continental material (Iancu et al. 1998;
Sabau and Massone 2003). It is thus not surprising to get
distinct melts and even granites more juvenile than diorites.
It only depends on the relative age and nature of the source
protoliths. The geodynamical setting is constrained by the
necessity of having sufficient heat to melt this crustal
source. Combined with the regional context, this is
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achieved by calling a higher heat flow along the shear zone
along which the Sichevita—Poniasca pluton intruded, dur-
ing its functioning in post-collisional setting.

This demonstrates that deciphering the origin of grani-
toids demands a minimum knowledge of the basement. It
also shows that a detailed geochemical study is a powerful
tool to decipher the geodynamical setting of granitoids but
only if it is coupled with other methods. The geochemistry
of granitoids results from the composition of their source
and melting conditions, not from their geodynamical set-
ting. The latter can be deciphered only by combining field
observation, geochronological and geochemical data as
well as considerations at the scale of the orogenic belt.
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Appendix: Methods

Zircon grains were hand selected and mounted in epoxy
resin, together with chips of the TEMORA (Middledale
Gabbroic Diorite, New South Wales, Australia, age=
417 Ma, Black et al. 2003) and 91500 (Geostandard zir-
con, age= 1,065 Ma, Wiedenbeck et al. 1995) reference
zircons. The grains were sectioned approximately in half
and polished. Each analysis consisted of five scans through
the mass range; the spot diameter was about 18 um and the
primary beam intensity about 4 nA. The data were reduced
in a manner similar to that described by Williams (1998)
and references therein), using the SQUID Excel Macro of
Ludwig (2000). The Pb/U ratios were normalised relative
to a value of 0.0668 for the °°Pb/**®U ratio of the TE-
MORA zircon, equivalent to an age of 416.75 Ma (Black
and Kamo 2003). Uncertainties given for individual anal-
yses (ratios and ages) in Table 1 are at the one o level,
whereas uncertainties in calculated concordia ages are re-
ported at the 20 level.

Whole-rock analyses were performed by XRF on an
ARL 9400 XP spectrometer. The major elements were
analysed on lithium tetra- and metaborate glass discs
(FLUORE-X65®), with matrix corrections following the
Traill-Lachance algorithm. Trace elements (Sr, Rb, Nb, Ni,
Zn, and Cu) were measured on pressed pellets and cor-
rected for matrix effects by Compton peak monitoring.

Selected samples were analysed for REE, Y, U, Th, Zr,
Hf, Nb, Ba, Ta and Ga by ICP-MS on a VG Elemental
Plasma Quad PQ?2 after alkali fusion, following the method
described in Vander Auwera et al. (1998).

Sr and Nd isotopic compositions were made at the
Université Libre de Bruxelles on a Micromass GV Sector
54 multicollector mass spectrometer. The average ®Sr/*°Sr
ratio of the NBS SRM987 standard and '**Nd/'**Nd ratio
of the Rennes Nd standard during the period of analyses
were 0.710271 = 10 (20, on 8 measurements) and
0.511971 = 9 (on 12 measurements), respectively. Sample
ratios have been standardised to a value of 0.710250 for
NBS987 and to 0.511963 for the Merck standard (corre-
sponding to a La Jolla value of 0.511858).
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