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ABSTRACT

In the South Apuseni Mountains (Romania), Jurassic ophiolites can be found in association with Upper Jurassic - Lower Cretaceous island-arc magmat
suites, within a narrow belt which marks the boundary between the Eurasian and Apulian Palaeozoic continental margins. These ophiolites are highly di
membered, and sections of the lowermost crust and upper mantle are not present. New data on the field occurrence, petrology, and geochemistry of the plut
ic, subvolcanic, and volcanic ophiolitic units are presented. The plutonic rocks consist of both layered and isotropic gabbros, as well as subordinate Fe-ga
bros, and quartz-diorites. Ultramafic cumulates are very scarce, and include plagioclase-dunites and plagioclase-wehrlites. The subvolcanic section is rep
sented by typical sheeted dyke complexes, cropping out in several localities and including basalts and basaltic andesites. The volcanic section includes |
lowed and massive lava flows, as well as subordinate volcanic breccias, all displaying high-Ti magmatic affinity. The geochemical characteristics of thes
volcanic rocks are very similar to those of basalts generated at Mid-Ocean Ridge (MORBs), as well as those of the high-Ti ophiolitic complexes of the Dinar
ide and Hellenide orogenic belts. The constituent minerals of the intrusives are olivine, plagioclase, clinopyroxene (rarely orthopyroxene), Cr-spinel, and Fe
Ti-oxides. The subvolcanic and volcanic rocks contain plagioclase, clinopyroxene, and Fe-Ti oxides. The clinopyroxene chemistry also confirms the high-T
affinity.

INTRODUCTION quently led to the production of calc-alkaline magmatism
(Cioflica et al., 1980; Cioflica and Nicolae, 1981; Nicolae,

In the South Apuseni Mountains (SAM), different Juras- 1995).
sic - Lower Cretaceous magmatic suites are distributed This study presents new data on the petrology and rock
along a narrow belt, which marks the border between thechemistry of the ophiolitic sequences exposed in the SAM
Eurasian plate and the Tisza (AustroBihorean) microplate(Fig. 1) with the purpose of constraining their compositions,
(Sandulescu, 1984), the latter probably belonging to thedefining their magmatic evolution, and assessing their
northernmost edge of the Apulian plate (Dal Piaz et al.,tectono-magmatic formation environment. The composition,
1995; Dallmeyer et al., 1999). petrogenesis, and evolution of the island arc magmatic suites

Principally on the basis of their present tectonic setting, will be discussed elsewhere (Nicolae and Saccani, in prep.).
these ophiolites, though composite, have been described by
many authors as a single ophiolitic belt, although different
interpretations of the geodynamic significance of the indi- BASIC GEOLOGICAL SETTING
vidual magmatic suites have been proposed (e.g. Savu,
1980; Cioflica et al., 1980; 1981; Cioflica and Nicolae, = The Apuseni Mountains represent a narrow structural
1981). However, recent studies on the field relations, petrol-belt located in the innermost part of the Carpathian orogenic
ogy and geochemistry of the various rock types from thebelt (Fig. 1). They can be tectonically subdivided in two
SAM Jurassic - Lower Cretaceous magmatic associationsnain zones: the North Apuseni and South Apuseni Moun-
(Savu, 1996; Bortolotti et al., 1999) suggest that two distincttains. The first zone (also known as Internal Dacides) in-
petro-structural units are present: a Jurassic ophiolitic unit,cludes several nappe complexes (Sandulescu, 1984), all
and an Upper Jurassic - Lower Cretaceous island arc magsonsisting of a polydeformed, “Austroalpine-type” crys-
matic association. In particular, ophiolites are stratigraphi-talline basement covered by Permian-Lower Cretaceous
cally overlain by an island arc magmatic sequence which in-sedimentary sequences.
cludes members of the medium-K and high-K calc-alkaline By contrast, the South Apuseni Mts. (SAM) are charac-
magmatic series (Nicolae and Saccani, in prep.), in turnterized by the presence of the most widespread ophiolitic se-
capped by Upper Jurassic - Lower Cretaceous carbonates. lguence of the Carpathians (Fig. 1). Their structure is made
addition, calc-alkaline plutonic rocks intrude the ophiolitic up by a pile of tectonic units known as the MuNappe
sequence (Savu et al., 1996), suggesting that island arc magomplex (Bortolotti et al., 1999). The Myré&lappe com-
matic activity took place while the ophiolitic sequence was plex marks the boundary separating the Paleozoic rocks of
at least partially structurally emplaced. the ancient continental margin of the Eurasian plate, to the

The magmatic affinity and petrogenetic significance of north, from the Tisza (AustroBihorean) microplate, to the
the SAM ophiolitic suite are still under debate. Two main south (Kovacs, 1982; Sandulescu, 1984), possibly represent-
interpretations are currently accepted: (1) the ophiolites aréng the northernmost edge of the Apulian plate, to the south
fragments of a Jurassic MORB-type oceanic crust (Savu e{Dal Piaz et al., 1995; Dalmeyer et al., 1999). To the south,
al., 1981; Savu et al., 1994a); and (2) ophiolites are frag-the Mure Nappe complex is separated from the Bucovino-
ments of a Jurassic arc-type oceanic crust representing th&etic Nappes of the South Carpathians (Marginal Dacides)
first stage of an intra-oceanic arc whose development subseby the Miocene south-Transylvanian fault-system, for which
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a dextral transpression of about 300 km has been postulate CHERTS
(Burchfiel, 1980). _
Ophiolites (Fig. 1) crop out extensively in the central part
of SAM (Capalnas-Techereu Nappe), and subordinately in
the Trascau Mountains (Fenand Rimetea Nappes). In - PILLOW BASALT and
both cases they are always overlain by Upper JL_Jrassic pages PILLOW BRECCIA
Lower Cretaceous island arc volcanic rocks (Cioflica and
Nicolae, 1981; Savu et al., 1981; Savu, 1990) and are in-
truded by Lower Cretaceous calc-alkaline granitoids (Savu
et al., 1996). The ophiolitic sequence includes rock types
representing the upper part of the oceanic crust, comprising
very scarce ultramafic cumulates, small gabbroic bodies, ¢
well-developed sheeted dyke complex and a volcanic se:
guence. Locally, radiolarian cherts, Callovian to Oxfordian 1.0 km
in age, are found at the top of the basaltic sequence (Lupu ¢
al., 1995).
The interpretation of the tectono-magmatic significance
of the SAM ophiolites, as well as of their relationships with
the island arc magmatic series, is still under debate. On on
hand, the ophiolites are interpreted as fragments of a Juras
sic oceanic crust generated at a mid-ocean ridge. In thi<0.5 km — ISOTROPIC GABBRO
model, they were emplaced in their present position starting
in the Late Jurassic, as a result of the closing of the oceani
basin (Murg Ocean) within which the SAM ophiolites were
formed (Savu et al., 1994a; Savu et al., 1994b), and ther
are no genetic relationships between the ophiolites and thi
overlying island arc rocks (Savu et al., 1981). On the other
hand, this interpretation requires spatial and temporal genet
ic relationships between the ophiolites and the island arc se
ries. In partlcular, the ophlollte_zs are interpreted by (_:'Oﬂ'ca Fig. 2 - Schemaitic stratigraphical column of the SAM ophiolitic sequence.
et al. (1980), Cioflica and Nicolae (1981), and Nicolae,
(1995) as fragments of an arc-type oceanic crust generate
in an intra-oceanic arc whose development subsequently ledottom to top): (1) ultramafic-mafic cumulates, (2) isotropic
to the production of the island arc magmatism. In this hy- gabbros and diorites, (3) sheeted dyke complex, (4) volcanic
pothesis, a petrological and geochemical evolution fromsequence, and (5) very scarce Callovian - Oxfordian radio-
ophiolitic MORB to overlaying island arc lavas is assumed larian cherts (Nicolae et al., 1992).
(Cioflica and Nicolae, 1981). Intrusives are represented by a series of small, discontin-
The age of the ophiolitic sequence is still uncertain. Sev-uous bodies scattered throughout the C-T Nappe (Fig. 1).
eral K/Ar dates on basaltic rocks have been obtained byThese bodies include very scarce ultramafic cumulates,
Nicolae et al. (1992), and show a wide range of variationmelagabbros, gabbros and rare gabbronorites associated
from 138.9+6 to 167.8+5 Ma. Such puzzling disparities in with ferrogabbros and quartz-diorites. Ultramafic cumulates
age probably reflect perturbations associated with the intru-are the lowest preserved pseudostratigraphic unit in the
sion of calc-alkaline dykes. However, the oldest age of SAM ophiolites, and include alternations of plagioclase-
167.845 Ma can be assumed as the closest age for the ophivehrlites and plagioclase-dunites, depending on the amount
olitic sequence, as also confirmed by the Callovian to Ox-of modal clinopyroxene. Gabbros show both layered and
fordian radiolarian ages. Moreover, the 155 Ma age of thejsostropic textures; compositional layering is dominantly
calc-alkaline intrusions (Pana, 1998), as well as the Oxfor-centimeter-to-decameter scale, and is defined by modal vari-
dian to lowermost Tithonian age of limestones intercalatedations of primary plagioclase and clinopyroxene. The over-
in the upper part of the island arc volcanic sequence, contying sheeted dyke complex is well developed in the south-
firm this assumption. In summary, these data suggest a Midwestern part of the C-T Nappe and, subordinately, in the
dle Jurassic age for the ophiolitic sequence. Feneg Nappe (Fig. 1). Previous studies (e.g. Savu et
al.,1994a) indicate a much greater occurrence of sheeted
dykes in the C-T nappe, although detailed field work, cast
FIELD OCCURRENCE doubt on this inference. Dykes have rather uniform widths,
ranging from 20 to 30 cm, and contain characteristic one-
The SAM ophiolitic complex is characterized by a preva- way few centimetres-wide chills. The transition from the
lence of volcanic rocks over mafic intrusives. Ultramafic sheeted dykes into the volcanic sequence is poorly-exposed:;
mantle tectonites are lacking, while ultramafic cumulates only in few localities can a sharp transition (over a thickness
are very scarce and restricted to a few parts of some of thef approximately 100 meters) be observed. The volcanic se-
gabbroic intrusions. In general, the most complete ophioliticquence is dominated by basaltic pillow and massive lava
sequences of SAM are found in the Capalnas-Techeredlows. Moreover, pillow breccias, sometimes associated
nappe (C-T), while there are very small outcrops of ophi-with arenites, can locally be found between the different la-
olitic volcanics in the Fegeand Rimetea Nappes (Fig. 1). va flows. Pillows are generally less than one meter in diam-
Although tectonically dismembered, the ophiolitic sequenceeter, while massive flows are 1-5 m thick. The pillows ori-
(Fig. 2) can reasonably be interpreted as composed of (fromentations indicate that dips are deep to vertical. A few me-
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ters of radiolarian cherts overly the basaltic sequence in ¢Table 1 - Representative microprobe analyses of olivine
few places. Individual 0.3-1 m thick dolerite dykes are very from the SAM plagioclase-wehrlite (PI-Wr).

common. Both the intrusive and extrusive sequences are lo
cally cut by dolerite dykes showing vary variable sizes

) Locality Marcului  Marcului  Marcului

(from few centimetres to more than 1 metre). Sample APII4  APLI4  APII4

. . : Rock PI-W PI-W PI-Wi

In C-T, Fene and Rimetea nappes, ophlol!tes are overlain Miesal Gt B Cemd
by island arc rocks of the medium-K and high-K calc-alka- -

line series (Nicolae and Saccani, in prep.). Moreover, calc- st e as a8

alkaline dykes ranging in composition from andesites to AlLO, 0.00 0.05 0.07

dacites and rhyolites are widespread at all levels throughou . i -

the ophiolitic sequence. In addition, some granitoid intru- FeO 16.78 1629 18.12

sions showing calc-alkaline affinity are located in the west- N A .

ern areas of the C-T Nappe (Fig. 1); these mainly consist o G iy 0.20 01

granites and granodiorites, though diorites are locally found et T6s ot ieoas
at the marginal zones of the intrusions (Savu et al., 1996). _

Si 0.999 0.999 0.997

Ti 0.000 0.000 0.001

Al 0.000 0.001 0.002

SAMPLING AND METHODS e o0 0000 0000

Fe” 0.352 0.343 0.384

. . . M 0.006 0.004 0.005

The samples analyzed in this paper represent extensiv ME 1.635 1.641 1.603

geographical and stratigraphical coverage of the various S o s i

ophiolitic rock types cropping out in the C-T, Ferand Cation total 3.001 2.999 3.001

Rimetea Nappes (Fig. 1). A total of 130 samples was col- - s o S

lected and analyzed. Forsterite 82.1 82.5 50.4

i Fayalite 17.7 17.3 19.3

The electron microprobe analyses were performed at the el gl s o

University of Florence using a JEOL-JXA 8600 automated
microanalyser. The operatlng condltlpns were: sample _Cur'Mg# = 100*Mg/(Mg+Fe). Atomic proportions are calculated on 4 oxigens.
rent of 10 nA and accelerating potential of 15 KV. Counting

time was 100 seconds for peak and 20 sec for backgroun

positions. Results are presented in Tables 1-4.

Bulk rock major and 10 trace element analyses were de-of the mode as small rounded crystals poikilitically enclosed
termined on pressed powder pellets using an automateth clinopyroxene. Olivine usually underwent early serpen-
Philips PW1400 X-ray fluorescence (XRF) spectrometer attinization, which is assumed to have taken place in the
the Institute of Mineralogy of the University of Ferrara. Ma- oceanic environment at low temperature. Fresh olivine relics
trix correction methods proposed by Franzini et al. (1975)are found in a few plagioclase-bearing wehrlites. As shown
and Leoni and Saitta (1976) were applied. Replicate analy4in Table 1, they are chemically homogeneous and unzoned,
ses were made on trace elements, indicating a precisiotheir Fo-contents ranging from 80 to 82. NiO contents range
ranging from +1% to +2%. Representative chemical compo-from 0.16wt% to 0.23wt%, while G0, is always less than
sitions are given in Table 5. 0.05wt%. There is no correlation between NiO gGZand

Volatiles were determined as loss on ignition (L.O.l.) at Fo-content.
1000°C. Because, a considerable number of the studied
samples contained calcite veins, £@ntent was also deter-
mined by simple volumetric technique (Jackson, 1958). The
precision of the C&measurement was checked by analyz- In all rock types, plagioclase has experienced varying de-
ing 20 reference samples with different £&ntents. The  grees of ocean-floor hydrothermal alteration, resulting in the
mean absolute percentage error and the detection limit wereeplacement of primary crystals with albite + calcite or
respectively, 3% and 0.5%. prehnite. In this work, only fresh crystals were selected for

Rare Earth Elements (REE), Sc, Nb, Hf, Ta, Th, and Uanalyses. Plagioclase is a cumulus phase in the ultramafic
(Table 6) were determined by Inductively Coupled Plasma-and mafic cumulates, where it forms tabular crystals en-
Mass spectrometry (ICP-MS) at the Institute of Mineralogy, closed in poikilitic clinopyroxene. Its composition is moder-
University of Ferrara, using a VG Elemental Plasma Quadately calcic, and covers a wide range of variation, frorp, An
PQ2 Plus. Accuracy and detection limits were calculated byto Ang, (Table 2, Fig. 3). More calcic compositions are
analyzing a set of international standards, including: JP-1found In isotropic gabbros (An.), while diorites contain
JGb-1, BHVO-1, UB-N, BE-N, BR, GSR-3, and AN-G. De- less calcic plagioclase (4n,). Plagioclase from sheeted
tection limits (in ppm) are: Sc = 0.29; Y, Nb, Hf, Ta = 0.02; dykes is commonly found in fresh rocks as fine-grained tab-
REE <0.14; Th, U = 0.011. The accuracy for analyzed ele-ular crystals forming an intersertal texture with clinopyrox-
ments is in the range of 0.9-7.9 relative %, with the excep-ene, and shows compaositions comparable to those of
tion of Gd (10.2 relative %). isotropic gabbros (AR .J). Although usually scarce
(<15%), plagioclase (AR ) is the dominant phenocryst
phase in individual dolerite dykes and volcanic rocks, ex-
hibiting considerable zoning (Fig. 3). There are no composi-
tional variations between core and rim or between phe-
nocrysts and groundmass minerals in the same sample. This

Olivine is an early cumulus phase in the ultramafic cu- could be explained by the continuous supply of primitive
mulates and olivine-gabbros, accounting for up to 10-15%melts to the magma chamber.

Plagioclase

MINERAL CHEMISTRY
Olivine
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Table 2 - Selected microprobe analyses of plagioclase from the SAM ophiolites.

Intrusive Sequence Sheeted Dyke Complex Volcanic and Subvolcanic Sequence
Locality Marcului Julita Cuias V.Rosiuta V.Rosiuta A-Saliste A-Saliste Julita  Lalasint Lalasint Lalasint Lalasint Tataroaia Tataroaia Tataroaia Ponor
Sample API114 AP129 AP144B AP108 AP108 AP11 APl AP123C AP134 AP134 AP134 API134 AP164 APl64 AP164 AP25
Rock Pl-Wr Gb Gb Gb Gb Di Di HT-B HT-B HT-B HT-B HT-B HT-B HT-B HT-B HT-B
Note Pillow  Pillow Pillow Dy
Mineral P13-2 Pll-1 P13-1 P13-2 Pi3-3¢ Pl4-3c Pl4-3r P11-1 P11-2 Pi2-1c Pi2-1r  Pl6-1 (g) PI2-1 Pi3-1 P13-2 Pl6-2
Si0, 48.39 5110 47.37 54.56 51.39 60.68 56.99 48.92 47.89 52.37 52.84 53.43 53.09 52.24 52.89 56.99
TiO, 0.05 0.06 0.03 0.04 0.06 0.01 0.00 0.06 0.06 0.05 0.09 0.16 0.06 0.04 0.03 0.01
ALO, 3241 31.35 33.97 28.98 3119 2522 21.76 3238 33.20 30.09 30.03 28.93 29.64 29.20 29.84 26.91
Cr,0, 0.05 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.02 0.00 0.00 0.04 0.02 0.00 0.00
Fe;04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 0.63 0.72 0.37 0.70 0.59 0.23 0.20 0.39 0.42 0.61 0.61 0.91 0.92 0.90 0.88 0.62
MnO 0.00 0.03 0.06 0.05 0.04 0.00 0.00 0.05 0.00 0.00 0.00 0.02 0.00 0.00 0.03 0.00
MgO 0.18 0.16 0.02 0.07 0.19 0.07 0.02 0.28 0.16 0.19 0.18 0.20 0.24 0.14 0.23 0.08
CaO 15.54 13.57 16.12 11.67 14.48 6.39 893 15.15 17.02 13.58 12.88 12.16 12.80 12.57 13.15 9.42
Nz,0 230 3.55 2.05 4,75 3139 745 5.94 242 1.82 3.80 4.07 4.29 4.05 4.37 3.85 6.30
K0 0.01 0.04 0.03 0.08 0.06 0.51 0.21 0.04 0.02 0.05 0.05 0.05 0.03 0.04 0.02 0.09
Total 99.56 100.58 100.02 100.90 101.39 100.56 100.07 99.73 100.59 100.76 100.75 100.15 100.87 99.52 100.92 100.42
Si 2226 2315 217 2448 2314 2.687 2.551 2.241 2.187 2.366 2,382 2.421 2.393 2.390 2.383 2.554
Ti 0.002 0.002 0.001 0.001 0.002 0.000 0.000 0.002 0.002 0.002 0.003 0.005 0.002 0.001 0.001 0.000
Al 1.758 1.674 1.836 1.533 1.656 1.317 1.465 1.749 1.787 1.602 1.596 1.545 1.575 1.575 1.585 1.422
Cr 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000
Fe™ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.024 0.027 0.014 0.026 0.022 0.009 0.007 0.015 0.016 0.023 0.023 0.034 0.035 0.034 0.033 0.023
Mn 0.000 0.001 0.002 0.002 0.002 0.000 0.000 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000
Mg 0.012 0.011 0.001 0.005 0.013 0.005 0.001 0.019 0.011 0.013 0.012 0.014 0.016 0.010 0.015 0.005
Ca 0.766 0.659 0.792 0.561 0.699 0.303 0428 0.744 0.833 0.657 0.622 0.590 0.618 0.616 0.635 0.452
Na 0.205 0.312 0.182 0.413 0.296 0.640 0.515 0.215 0.161 0.333 0.356 0.377 0.354 0.388 0.336 0.548
K 0.001 0.002 0.002 0.005 0.003 0.029 0.012 0.002 0.001 0.003 0.003 0.003 0.002 0.002 0.001 0.005
Cation total 4995 5.003 5.002 4,99 5.01 4.989 4.980 4.99 5.00 5.00 5.00 4.99 5.00 5.02 4.99 5.011
Albite 204 30.8 18.3 40.9 286 30.8 44 21.6 15.8 324 35.0 37.0 345 36.9 329 43.8
Anorthite 76.0 65.1 79.7 55.5 67.5 65.0 534 74.6 B1.5 63.9 61.2 519 60.3 58.7 62.1 53.0
Orthoclase 0.1 0.2 0.2 0.5 0.3 29 1.2 0.2 0.1 0.3 0.3 03 0.2 0.2 0.1 0.5

PI-Wr- plagioclase-wehrlite; Gb- gabbro; Di- diorite; Dy- individual dyke; HT-B- high-Ti basalt; c- core; r- rim; (g)- groundmass. Atomic proportions are cal-
culated on 8 oxigens.

Or Or ® API08-Gb
[Intrusive Sequence |\ A AP109-Gb
- A API11-GbNr
Ny Py MAR O AP114-Pl-Wr
I I L L
0 10 20 30 40 50 60 70 80 90 100
Or Qr ® API29-Gb
O API44A - Gb
W AP144B - Gb
O API1-Di
0 10 20 30 40 50 60 70 80 90 100 © AP8-Gb
Or Or
| Sheeted Dykes [\ @ AP45A - HT-B

O AP134-HT-B
abgr *LWLVWEQAH D API23C- HT-B
0 10 20 30 40 50 60 70 80 90 100
Or Or
[ Volcanic Sequence | \
Fig. 3 - Compositions of plagioclase from the ~
SAM ophiolites. Gb- gabbro; GbNr- gab- Ab /e | S S EAH
bronorite; PI-Wr- plagioclase wehrlite; Di- 1 T T T

diorite; Dy- individual dyke; P- pillow; HT-B- 0 10 20 30 40 50 60 70 80 90 100
high-Ti basalt.

AP1 - HT-B Dy
AP25 - HT-B Dy
AP48 - HT-B Pillow
AP164 - HT-B Pillow

oV daPp
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Pyroxenes sition, mainly lying in the augite field, but also extending to
diopsidic to magnesium-rich augite compositions. They are
Primary pyroxene crystals are scarce in all rock types, achemically distinct from clinopyroxenes of intrusive rocks
they are usually replaced by Fe-actinolite during ocean-floorfor their higher TiQ, (0.2wt% - 2.6wt%), CO, (0.0wt% -
metamorphism. Chemical data on preserved crystals are pred.5wt%), and AJO, (1.8wt% - 4.1wt%). The AD, content
sented in Table 3. Adcumulus clinopyroxene in plagioclase-of diopsides is considerably high (4.7 wt% to 7.15wt%).
bearing ultramafic rocks (<8% of the mode) is commonly Clinopyroxenes have been plotted in the discrimination dia-
coarse-grained and poikilitic, while in gabbros (~30% of the gram of Fig. 5 (Beccaluva et al., 1989), where they reveal a
mode) it is found as granular either anhedral or interstitial. close affinity with clinopyroxenes of normal-MORBSs.
In both cases, it shows highly uniform chemistry. Composi-
tionally, clinopyroxene is magnesium-rich augite (according
to the classification of Morimoto, 1989) in Pl-dunites and
Pl-wehrlites, having Mgfdefined as: 100xMg/(Mg+Fgpf Chrome spinels are accessory phases in plagioclase ultra-
85.6-90.0, and varies from endiopside to augite in cumuliticmafic rocks (Table 4). They are euhedral to subhedral, and
gabbros and gabbronorite. Its composition on the pyroxeneaccount for ca. 0.5% (occasionally up to 2%) of the mode.
quadrilateral is shown in Fig. 4. Orthopyroxene (sub-calcic The grain size is always very small (<0.5 mm). Chrome
augite) has only been observed as a cumulus phase in thepinels disappear in the overlying cumulate rocks because of
rare gabbronorites. Clinopyroxenes from both isotropic andthe extensive appearance of clinopyroxene, which accom-
cumulate gabbros range from diopside to augite, extendingnodates the chromium (Dickey et al., 1971).
into the magnesium-rich augite compositions. TheOCr In the plagioclase dunites, chrome spinels are typically
content exhibits a weak positive correlation with Mg# in Cr-rich and Al-poor (Cr#, defined as 100*Cr/(Cr+Al) =
clinopyroxenes from ultramafites, but not in clinopyroxenes 58.7-83.5). In plagioclase-wehrlites,,Og content is signif-
from gabbros, where it is extremely variable (0.00%wt to icantly lower (Cr# = 61.8-65.5). Their composition, howev-
0.24wt%). The TiQ content is reasonably high (0.41wt% - er, slightly contrasts with that of chromites from oceanic
0.52wt%, reaching 0.85wt% in few crystal rims), suggesting peridotites. Chromites from oceanic peridotites have Cr#
an origin from high-Ti tholeiitic parental liquids. The 8L less than 60 (Dick and Bullen, 1984). By contrast, Cr# for
content of both clinopyroxenes lies between 1.10wt% andstudied samples is greater than 61.8. This disparity could be
3.18wt% (Fig. 4). Overall, clinopyroxenes have a light interpreted as the consequence of Cr and Fe partitioning be-
rough Fe-enrichment trend. tween early cumulate chromite and clinopyroxene.
Clinopyroxenes from subvolcanic and volcanic rocks are  Fe-Ti oxides are accessory minerals in all intrusive and
usually found as granular microliths in an intersertal ground-volcanic rocks. They include titanomagnetite (Ti©
mass. As observed in Fig. 4, they are very variable in compo3.71wt% - 26.05wt%) and magnetite (Ti© 0.00wt% -

Chrome Spinels and Fe-Ti oxides

Table 3 - Selected microprobe analyses of pyroxene from the SAM ophiolites.

Intrusive Sequence Sheeted Dyke Complex Voleanic Sequence Dykes

Locality Sovarului  Sovarului V. Rosiuta V. Rosiuta V. Rosiuta Julita Julita Julita Lalasint Lalasint Batuta Batuta  Sovarului  Sovarului
Sample AP3 AP3 AP111 AP111 AP111 AP129 AP45A AP45SA AP134 AP134 API137 AP137 APl APl
Rock Pl-Du Pl-Du GbNr GbNr GbNr Gb HT-B HT-B HT-B HT-B HT-B HT-B HT-B HT-B
Note MLF MLF

Mineral Cpx2-le  Cpx2-Ir Opx1-3 Opx1-4 Cpx3-1 Cpx2-1 Cpx3-1 Cpx3-2  Cpxd-lc¢  Cpx6-lc  Cpx2-lc Cpx2-1r Cpx3-1 Cpx3-2
5i.0; 53.15 52.70 52.60 52.61 5248 53.12 51.70 51.85 52.75 5154 53.04 51.53 51.41 50.92
TiO, 0.37 0.42 0.37 0.45 0.47 0.42 0.71 0.59 0.46 049 0.51 0.88 0.78 1.19
AlLO, 245 2.17 1.02 1.04 1.73 232 .21 262 2.85 32 248 322 350 330
Cr203 0.58 0.58 0.00 0.00 0.43 0.21 0.36 0.00 0.57 0.50 0.67 0.18 0.01 0.00
Fe,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 4.61 4.37 22.05 19.30 6.11 6.06 6.66 10.25 4.70 5.58 6.91 8.26 7.19 10.65
MnO 0.03 011 0.55 0.46 0.16 0.19 0.12 0.26 0.14 0.15 0.13 016 021 0.27
MgO 17.68 17.52 21.52 23.13 17.49 17.87 17.00 16.22 17.68 17.50 17.81 16.02 16.12 14.69
Ca0 21.09 21.32 1.99 202 19.15 19.22 20.16 18.11 2031 19.42 18.97 18.97 20.10 18.58
Na,O 0.19 0.27 0.00 0.03 0.30 0.27 0.28 0.30 035 0.26 0.25 0.22 0.26 033
Oxide total 100.15 100.06 100.10 99.04 98.32 99.68 100.20 100.20 99.81 98.56 100.77 99.44 99.58 99.93
Fe,0,* 0.18 0.98 0.31 0.44 0.21 0.09 1.94 1.65 0.56 1.04 0.40 0.00 1.02 0.53
FeO* 445 3.49 21.77 18.90 5.92 5.98 491 8.77 4.20 4.64 6.55 8.26 6.28 10,17
Total* 100.17 100.16 100.13 99,08 98.34 99.69 100.39 100.37 99.87 98.66 100.81 99.44 99.68 99.98
Si 1.933 1.917 1.963 1.959 1.950 1.944 1.889 1.914 1.923 1.906 1.927 1.911 1.897 1.899
Ti 0.010 0.011 0.010 0.013 0.013 0.012 0.020 0.016 0.013 0.014 0.014 0.025 0.022 0.033
Al 0.105 0.119 0.045 0.046 0.076 0.100 0.138 0.114 0.122 0.136 0.106 0.141 0.152 0.145
Cr“ 0.017 0.017 0.000 0.000 0.013 0.006 0.010 0.000 0.016 0.015 0.019 0.005 0.000 0.000
Fe - " 0.005 0.027 0.009 0.012 0.006 0.002 0.053 0.046 0.015 0.029 0.011 0.000 0.028 0.015
Fe! 0.135 0.106 0.679 0.589 0.184 0.183 0.150 0.271 0.128 0.144 0.199 0.256 0.194 0.317
Mn 0.001 0.003 0.017 0.015 0.005 0.006 0.004 0.008 0.004 0.005 0.004 0.005 0.007 0.009
Mg 0.958 0.950 1.197 1.284 0.969 0.975 0.926 0.893 0.960 0.964 0.964 0.886 0.887 0.816
Ca 0.822 0.831 0.080 0.081 0.763 0.754 0.789 0.716 0.793 0.769 0.738 0.754 0.795 0.742
Na 0.013 0.019 0.000 0.002 0.022 0.019 0.020 0.021 0.025 0.019 0.018 0.016 0.019 0.024
Cation total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.00 4.00 4.00 4.00 4.000 4.000
Mg# 87.6 £9.9 63.8 - 68.6 84.0 842 86.0 76.7 88.3 87.0 829 77.6 82.1 72.0
Other 7.0 9.1 3.7 4.1 58 6.4 11.1 9.1 9.0 9.9 1 8.9 10.3 10.2
Quad 93.0 90.9 96.3 95.9 94.2 93.6 88.9 90.9 91.1 90.1 923 91.2 89.7 89.9
Wollaftcnilc 429 44.0 4.1 4.1 39.8 394 423 38.1 422 41.0 38.8 9.8 424 39.6
Eﬂ!mlf? 50.0 50.3 61.2 65.7 50.6 51.0 49.6 47.5 51.0 514 50.7 46.7 473 435
Ferrosilite 71 5.6 347 30.1 9.6 9.6 g1 14.4 6.8 77 10.5 13.5 10.3 16.9

PI-Du- plagioclase-dunite; GbNr- gabbronorite; MLF- massive lava flow; Cpx- clinopyroxene; Opx- orthopyroxene. Other abbreviations as in Table 2. Atom-
ic proportions are calculated on 6 oxigens.



Fig. 4 - Plots of pyroxene compositions ex-
pressed in terms of Enstatite-Ferrosilite-Wol-
lastonite for the SAM ophiolites. PI-Du- pla-

gioclase dunite; Sh-Dy- sheeted dykes; MLF-
massive lava flow Other abbreviations as in
Fig. 3.
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2.29wt%), and are found as both anhedral and skeletaly focus on those elements whose abundances are consid-
small-grained crystals in gabbros, and euhedral crystals irered relatively unmodified by the metamorphic effects. In
the groundmass of volcanic rocks. All analyzed Fe-Ti ox- general, these elements are Ti, P, V, Y, Zr, and REE.

ides exhibit low CJO, content (<0.03wt%).

Intrusive sequence

WHOLE-ROCK CHEMISTRY The ultramafic cumulates range in composition from pla-
gioclase-dunites to plagioclase-wehrlites, depending on the
All the rocks studied in this paper have experienced vari-modal amount of clinopyroxene; i.e., on the amount of
able extents by ocean-floor metamorphism. This metamor-trapped intercumulus liquid and this is reflected in their
phism may have potentially modified the whole-rock com- bulk-rock composition (Table 5). The cumulate textures are

positions; consequently, the following discussion will main- preserved, and are characterized by olivine and, occasional-
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Sheeted Dykes Individual Dykes

b API23C v AP25

® API34 A APl

® AP45A e Apisp 40
o All5 50

Volcanic Sequence

O API137 - Massive Lava Flow
© APIl4 - Pillow
B> AP48 - Pillow

Fig. 5 - SiQ/100-NgO-TiO, discriminant dia-
gram for clinopyroxenes from the SAM ophi-
olitic basaltic rocks. NM- normal MORB; EM-
enriched MORB; ICB- Iceland basalts; IAT- is-
land-arc tholeiites; WOPB- within-plate ocean
basalts; BA-A- intraoceanic fore-arc basalts
and basaltic andesites.

Si0y/100 10 20 30 40 50

Table 4 - Selected microprobe analyses of chrome spinel and Fe-Ti oxides from the SAM ophiolites.

Intrusive Sequence Sheeted Dykes Voleanic and Subvolcanic Seq
Locality Marcului  Sovarului  Sovarului Julita  Almasel A-Saliste Julita Julita Sovarului Sovarului Batuta Zam
Sample AP114 AP3 AP3 AP129 AP165 AP8  AP45A  AP45A AP1 AP1 AP137 AP13
Rock PI-Wr Pl-Du Pl-Du Gb Gb Gb HT-B HT-B HT-B HT-B HT-B HT-B
Note Dyke  Dyke MLF MLF
Mineral CrSp4-1 Sp2-1 Sp2-2 Mt3-1 Ti-Mt3-1 Mt3-1 TiMtl-1 TiMe2-2 Mt3-1 TiM3-2 Mtl-2 MtL-1
TiO, 2.54 0.46 0.62 0.00 11.64 0.30 2431 10.16 1.81 15.98 0.04 0.09
Al;O, 15.30 9.53 8.55 0.00 0.38 031 0.88 0.18 0.14 0.97 0.12 1.24
Cr,0, 36.86 55.89 54.19 0.03 0.00 0.11 0.00 0.03 0.00 0.03 0.00 0.00
Fe,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 35.54 23.15 28.39 79.88 81.00 91.47 66.42 81.17 87.90 74.81 77.34 83.43
MnO 0.19 0.03 0.00 0.00 0.00 0.01 0.55 0.66 0.12 1.74 0.00 0.00
MgO 7.89 10.36 7.17 0.18 0.06 0.00 0.55 0.03 0.12 0.00 0.28 0.46
Oxide total 98.32 99.42 98.92 80.09 93.08 92.20 92.71 92.23 90.09 93.53 77.78 85.22
Fe,0,* 12,61 5.69 6.23 59.41 44.38 67.17 17.50 47.03 62.88 34.92 57.55 61.65
FeO* 24.20 18.03 22.78 26.42 41.06 31.02 50.68 38.85 31.31 43.39 25.55 27.95
Total* 99.58 99.99 99.54 86.04 97.52 98.93 94.46 96.94 96.39 97.03 83.54 91.39
Ti 0.063 0.011 0.016 0.000 0.341 0.009 0.720 0.300 0.054 0.467 0.001 0.003
Al 0.596 0372 0.344 0.000 0.017 0.014 0.041 0.008 0.007 0.044 0.007 0.061
Cr 0.964 1.463 1.464 0.001 0.000 0.003 0.000 0.001 0.000 0.001 0.000 0.000
Fe™ . 0314 0.142 0.160 1.999 1.301 1.965 0.519 1.390 1.885 1.021 1.991 1.933
Fe* 0.669 0.499 0.651 0.988 1.337 1.008 1.670 1.276 1.043 1.410 0.982 0.974
Mn 0.005 0.001 0.000 0.000 0.000 0.000 0.018 0.022 0.004 0.057 0.000 0.000
Mg 0.389 0.511 0.365 0.012 0.003 0.000 0.032 0.002 0.007 0.000 0.019 0.029
Cation total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Mg# 368 50.6 359 1.2 0.3 0.0 1.9 0.1 0.7 0.0 1.9 29
Cr# 61.8 79.7 81.0° - 100.0 0.0 19.2 0.0 10.1 0.0 2.0 0.0 0.0
Ulvospinel 6.3 12 1.6 0.0 34.1 0.9 720 30.0 54 46.7 0.1 0.3
Spinel 29.8 18.6 17.2 0.0 0.9 0.7 2.0 04 0.3 22 03 3.1
Chromite 48.2 73.2 73.2 0.1 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.0
Magnetite 15.7 7.1 8.0 100.0 65.0 98.2 259 69.5 943 51.1 99.5 96.7

CrSp- chrome spinel; Sp- spinel; Mt- magnetite; TiMt- titaniferous magnetite; Cr#- 100*Cr/(Cr+Al). Other abbreviations as in Tables 2 and 3. Atomic propor-
tions are calculated on 4 oxigens.
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Table 5 - Representative major and trace element data for selected samples from the SAM ophiolites.

Intrusive Sequence Sheeted Dyke Complex
Locality  Sovarului Marcului A.Saliste A.Saliste V.Rosiuta V.Rosiuta Julita Cuias Ciungani Ciungani Julita Julita Julita Julita  Lalasint Ampoita
Sample AP3  APII4 APB AP11  API0O9  APII1  API25  API7TT  APIT9  APIS2 AP45A API23A API23B API23C API33B 565
Rock Pl-Du Pl-Wr Gb Di Gb GbNr Gb Gb Fe-Gb Fe-Gb HT-B HT-B HT-A HT-B HT-B HT-B
Note Isotr. Isotr. Cum. Cum. Isotr. Isotr. Cum. Cum.
Si0, 39.22 41.77 54.97 53T 48.87 411 49.38 48.26 41.67 41.74 48.11 51.55 57.64 48.11 49.54 55.62
TiO, 0.27 0.47 0.44 1.48 1.00 0.95 0.62 1.07 kR 2.85 1.53 252 1.72 1.25 2.3 2.00
AL, 4.74 7.02 13.22 20.20 17.61 16.18 17.65 15.13 15.06 16.22 1637 12.36 1291 17.84 13.43 13.95
Fe,0, 131 0.00 0.78 0.41 0.99 1.07 1.04 1.27 2.04 1.97 1.46 1.72 1.59 1.33 1.66 1.38
FeO 8.74 11.53 5.21 2.76 6.60 7.13 6.93 8.50 13.63 13.13 9.73 11.48 10.60 8.88 11.05 9.17
MnO 0.15 0.18 0.16 0.06 0.14 0.12 0.13 0.14 0.20 0.20 0.17 0.16 0.11 0.16 0.15 0.16
MgO 3298 30.04 8.78 4.40 8.22 12.95 9.47 10.24 8.65 792 7.01 5.77 278 7.33 6.87 5.82
Ca0 219 4.06 11.70 9.16 9.53 9.51 12.67 11.62 12.80 12.81 11.01 8.34 4.72 11.03 9.62 425
Na,0 0.00 0.36 245 493 347 1.66 1.81 1.62 1.76 1.70 258 4.47 6.24 239 334 5.19
K,0 0.02 0.07 0.92 0.60 0.80 0.13 0.05 0.06 0.13 0.18 0.25 0.21 0.02 0.25 0.08 0.10
P,0s 0.01 0.04 0.18 0.59 021 0.18 0.11 0.09 0.09 0.09 0.27 0.34 0.92 0.24 0.3 0.31
LOI 10.37 4.44 1.19 1.69 257 241 0.13 2.01 0.85 1.19 1.49 1.08 0.75 1.19 1.81 2.05
Tot 100.00 10000 10000 10000 10000 10000 100.00 10000 100.00 10000 100.00  100.00 10000 10000  100.00  100.00
CO,
Mg 87.1 84.1 75.0 74.0 68.9 76.4 70.9 68.2 53.1 51.8 562 473 319 59.5 52.6 53.1
Zn 72 80 49 24 50 63 50 30 83 117 93 41 29 87 37 79
Ni 1438 1010 94 3 46 250 135 63 13 18 81 25 7 92 37 7
Co 110 106 23 8 31 47 39 46 58 57 43 37 25 40 38 23
Cr 2035 2766 540 13 95 314 587 126 63 51 337 45 13 n 42 16
v 85 112 242 197 231 196 184 393 980 1069 31 487 38 256 412 251
Rb . nd. 2 20 19 15 nd. 2 n.d. 3 4 nd. nd. 2 2 2 nd.
Sr 8 44 300 725 272 132 108 190 220 241 129 164 47 129 162 112
Ba 29 14 235 190 263 14 10 55 20 20 50 41 17 38 38 48
Nb n.d. 2 4 9 4 5 nd. 3 2 3 3 9 18 5 6 7
Zr 26 43 108 99 78 72 47 32 20 34 121 191 355 102 165 217
Y 9 13 27 39 26 ] 20 21 16 14 37 55 104 k}] 51 57
Volcanic Sequence Dolerite Dykes
Locality Toc Toc Zam Temesesti Ponor Varadia Lalasint  Batuta Tataroaia Cazanesti  Podeni V.Rosiuta Julita  Sovarului Ponor  V.Rachis
Sample AP48  AP141 AP 13 AP 40 AP 24 AP46  API35  AP136 API64  API7T2  AP149 API112  API30 AP1 AP25  AP151
Rock HT-B HT-B  HT-BA HT-B HT-B  HT-BA HT-B HT-B HT-B HT-B HT-B HT-B HT-B HT-B HT-B HT-B
Note Pillow MLF MLF  Pillow  Pillow MLF  Pillow MLF  Pillow  Pillow  Pillow Pillow
5i0, 39.12 48.01 53.04 45.66 47.11 53.14 47.49 47.64 48.27 50.13 46.58 48.70 48.73 46.93 47.28 47.84
TiO, 0.92 1.05 1.84 1.49 1.00 2.05 263 1.82 0.89 201 1.08 1.46 1.44 1.65 0.86 1.25
ALO, 14.79 15.24 14.44 16.19 13.79 13.34 13.91 15.72 16.76 14.39 17.08 15.54 16.00 14.58 15.46 14.80
Fe,0, 0.98 1.29 1.38 1.21 1.19 1.57 1.78 1.55 1.25 1.59 1.06 1.28 139 1.39 1.09 0.84
FeO 6.55 8.60 9.21 8.04 7.95 10.49 11.86 10.34 837 10.59 7.04 8.56 9.26 9.27 7.27 5.58
MnO 0.17 0.20 0.16 0.18 0.15 0.20 0.16 0.19 0.16 0.16 0.14 0.16 0.16 0.21 0.12 0.09
MgO 6.71 10.14 4.75 6.40 10.18 6.08 725 761 9.24 7.38 848 9.95 793 7.55 9.38 4.52
CaD 18.14 11.49 5.16 11.58 9.44 6.73 8.88 10.24 1.01 7.40 9.79 7.11 9.83 11.63 11.77 13.36
Na,0 207 2.23 6.39 3.58 345 521 238 2.63 261 3.55 395 391 241 1.71 2.52 5.19
K.0 0.53 0.05 0.60 0.96 0.16 0.10 0.17 0.29 0.12 0.07 0.53 031 0.08 0.05 0.20 0.79
PO, 0.17 0.16 0.18 0.26 0.12 042 0.32 0.29 0.15 0.24 0.13 0.21 0.24 0.24 0.11 0.20
Lol 9.83 1.55 2.84 4.46 546 0.66 317 1.68 1.17 249 4.13 2.80 252 4.80 3.93 5.53
Tot 10000 10000  100.00 10000 10000 100.00 10000 10000 100.00 100.00  100.00 100.00 10000  100.00  100.00  100.00
Co, 7.11 217 285 0.22 0.82 4.36
Mg# 64.6 67.7 479 58.6 69.5 50.8 52.1 56.7 66.3 554 68.2 674 60.4 592 69.7 59.1
Zn 60 73 77 81 46 79 134 109 7 100 84 79 63 82 34 67
Ni 127 96 15 140 55 31 38 79 60 3 247 129 65 55 4 66
Co 40 44 27 41 40 32 46 43 45 40 54 42 37 43 41 21
Cr 302 346 30 354 129 85 61 270 195 37 413 336 170 107 180 275
v 193 281 445 269 287 299 445 347 256 390 195 282 302 331 255 220
Rb 3 2 6 2 3 2 n.d. 3 2 nd. 8 7 nd. 3 18
Sr 213 115 114 210 172 70 120 170 107 147 294 2 144 167 187 312
Ba 18 79 108 52 27 23 44 23 38 105 56 54 94 69 146
Nb 2 3 6 7 3 12 8 5 n.d. 5 nd. 7 6 4 2 n.d.
Zr 77 129 136 69 337 247 137 50 174 76 111 115 17 56 85
Y 25 32 38 34 32 77 68 44 30 53 24 33 41 35 23 27

Fe-Gb- ferrogabbro; HT- high-Ti; B- basalt; BA- basaltic andesite; A- andesite; Isotr.- isotropic texture; Cum.- cumulitic texture. Oother abbreviations as in
Tables 2 and 3.
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ly, plagioclase and spinel as cumulus phases, wherea soo

poikilitic pyroxenes are the intercumulus minerals. As a 10 a ﬂ*
consequence, the crystallization order appears to be: (Cr  |¥ (PP™) o _+ o "
spinel) + olivine —plagioclase, clinopyroxene> orthopy- 400 4 *

roxene, i.e., the typical MORB sequence. The ultramafic cu- e

mulates display an extremely refractory character, having
Mg# greater than 84. Nonetheless,@Jand CaO are fairly -
abundant (Table 5), depending on the modal plagioclase an °
pyroxene content.

Mafic intrusive rocks include olivine-gabbros, gabbros,
leucogabbros, Fe-gabbros, and quartz-diorites; scarce gat 2%

Compaositional field for the
Dinarides ophiolitic basalts

TifV = 100

bronorites are also present, all showing a clear High-Ti
magmatic affinity. In particular, TiDcontent in gabbros
ranges from 0.14 wt% to 2.58 wt%, while in Fe-gabbros it 100
ranges from 2.85wt% to 3.12wt% (Table 5). The overall
geochemical characteristics (Table 5) display a wide range -
of variation, depending on the cumulitic vs. isotropic nature Ti (ppm)/1000
of these mafic intrusives, as well as their wide degrees ol o 2 4 6 8 10 12 14 16 18 20 22 24 2
fractionation (Mg# = 85-64 in gabbro_s and 53-51 in Fe-gab- Fig. 7 - Ti (ppm)/1000 vs. V (ppm) diagram (modified after Shervais
bI’OS). HFS.E concentrations are variable, in both cumulate 19%2) for mgﬁz v)olcanic and sﬁ%?/olz:anicgrocks( from the SAM ophiolites’.
and isotropic rocks. Nb, Zr, and Y have ranges of 2-9 ppm, ghaded fields indicate the composition of Dinarides ophiolitic volcanic and
7-195 ppm, and 6-78 ppm, respectively. Within a single in- subvolcanic rocks (data from Trubelja et al., 1995).
trusive body, whole-rock abundances of both major and
trace elements do not vary systematically with stratigraphic
height, possibly supporting the hypothesis of fractionation that the dykes have higher Ti/V ratios than the overlying pil-
in an open system. In addition, no systematic geochemicalow lavas and are therefore the product of higher degrees of
differences between samples from different gabbroic bodiegractionation. This conclusion is also confirmed by the Mg#
are found, suggesting common chemical features of thg60.8 - 31.0) and by by high contents of HFSE (Fig. 8a).
parental magmas. Compatible element amounts (Table 5) also suggest that
The plot of Fe@(MgO+FeQ) vs. TiQ, diagram (Fig. 6)  some of these rocks derived from moderately to highly dif-
has been utilized for gabbroic rocks to distinguish betweenferentiated magmas.
high-Ti and low-Ti gabbros (Serri, 1981). All analyzed sam-  The major and trace element covariations for the ana-
ples plot in the High-Ti ophiolite field. lyzed dykes, shown in Fig. 9, also confirm this conclusion.
The increase of TiQ) FeQ, V with decreasing Mg# (up to
about 42) followed by a strong decrease of these elements
indicate that the magmas become sufficiently evolved that
The sheeted dyke complex is formed by basaltic and subminor phase crystallization take place. Chondrite-normal-
ordinate basaltic-andesitic dykes. Dykes reveal differentized rare earth elements (REE) patterns range from moder-
textures, ranging from fine- to medium-grained aphyric to ately light REE (LREE) depleted to almost flat patterns
plagioclase porphyritic types with intergranular to doleritic (Fig. 10), as also shown by the |/8m, ratios (0.75-0.99).
textures and one-way chills. A clear high-Ti magmatic
affinity is evident on the Ti/V discrimination diagram (Fig.
7), as well as on Fig. 8a, where the incompatible element
concentrations are shown. The diagram of Fig. 7 also shows The volcanic sequence is by far the most abundant part
of the ophiolitic sequence, and is predominantly composed

+ Sheeted Dyke Complex
o Volcanic Sequence

[ ] Individual Dolerite Dykes

Sheeted Dyke Complex

Volcanic Sequence and Individual Dolerite Dykes

of basalts and basaltic andesites (Table 5). Basaltic rocks

5.0
TiOs(Wt%) Liocalities show a wide range of geochemical compositions (Table 5).
Though the chemistry of volcanic rocks largely overlaps
4.0 ~ O Rosiuta with that of the sheeted dykes, it shows a relatively lower
| ® V. Furu degree of fractionation (Mg# = 70-40), as well as lower
& ® uliti contents in HFSE (Fig. 8b, c, d). Like the dykes, the high-
30 H Pt _ Ti (MORB) geochemical affinity of the pillow lavas is
e A & o Oy clearly indicated by the Ti{content (0.73-2.98wt%),,P,
4 # Ciungani (0.13-0.42wt%), Y (20-68ppm) and Ti/V ratios (20-40, Fig.
40 High-Ti Ophiolite field /| # Tatarosia 7). Similarly, the Fe-enrichment trend and the flat N-
—~ //' MORB-normalized HFSE pattern (Fig. 8b, c, d) are consis-
1.0 0O a®% - tent with a N-MORB composition. The strong enrichment
L (u] . . .
6o ™ in low field strength eIements.(LFSE) showr] by the Rime-
1 oo & i':,, T Low-Ti Ophiolite field tea nappe samples (Table 5) is due to the high degree of al-
0.0 £ | “"I : 2 : ; teration generally observed in all the Rimetea nappe mag-
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 matic associations. Chondrite-normalized REE patterns
FeOy/FeO+MgO (Fig. 10) are almost flat (LASm, ratios = 0.83-0.91).at 10

Fig. 6 - FeQFeQ +MgO vs. TiQ discriminant diagram for gabbroic rocks

from the SAM ophiolites. Modified after Serri (1981).

to 50 times chondritic abundance, these pattern which
seems to be intermediate between modern N-MORB and T-
MORB (e.g. Sun et al., 1979). Slight negative Eu anom-
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alies in the more evolved magmas reflect the early crystal- DISCUSSION
lization of plagioclase. . - .
The individual dolerite dykes are compositionally similar Geochemical V?”SEX'&”S e;]r)dl_evolutlonary trend

to the mafic volcanic rocks (Tables 5 and 6). This similarity 0 ophiolites

is also expressed in the REE plots (Fig. 10) and the dia- Variations in selected major and trace element abun-

grams of Figs.9, 10, and 11. Nonetheless, some doleritalances are illustrated in Fig. 9. SAM ophiolites exhibit a

dykes show a weak enrichment in LREE compared tosingle fractionation trend, clearly indicating a cogenetic ori-

HREE (e.g. sample AP151 in Fig. 10), which account for agin. In subvolcanic and volcanic rocks, TiQ/, and to a

possible T-MORB character of these rocks, suggesting like-lesser extent FgQincrease of concentration up to ca. 40

ly differences in the mantle source which contributed to theMg#, after which this a sudden decrease is observed. The

upper crust rocks. decrease of these elements is related to the extensive crys-
tallization of Ti- and Fe-bearing phases in their intrusive
counterparts, i.e., the Fe-gabbros (Fig. 9)QAlis charac-
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Table 6 - ICP-MS analyses for selected samples from thel973; Pearce and Norry, 1979; Beccaluva et al., 1989; Sher-
SAM ophiolites. vais, 1982; and many others). The F@@gO+FeQ) and
TiO, petrogenetic parameters of ophiolitic gabbroic rocks
have been utilized by Serri (1981) to distinguish between

Localit Julit: Julit: Julita Z Lalasi Ba Sovarul. V.Rachis HP H H H
S AP APIEA APIRC ATy s Rm Sunt Vb complexes originating at mid-ocean ridge and supra-subduc-
Rock HT-B  HT-B  HT-B HT-BA HT-B HTB HT-B  HTB tion basins, labeled high-Ti and low-Ti respectively. Pearce
= T e T R T MR e W et al. (1984) have classified ophiolitic complexes as MORB-
o) Re B 2L Tt ooy Um Tk b type and supra-subduction zone (SSZ) type. High-Ti
e 300 380 2m 375 72 3% 2% 209 (MORB) ophiolites include a number of Tethyan ophiolitic
- 619 06 of om pg 2 & Db complexes, from the Northern Apennines and Corsica (Bec-
u 008 019 006 034 031 009 008 033 caluva et al., 1983), as well as from the Alps and the High-
La 3.62 8,94 3.78 4.45 10.3 5.41 3.85 317 C o~ . ! .
Ce 122 259 121 139 35 170 122 108 Ti Dinaride-Albanide-Hellenide (Beccaluva et al., 1984;
43 0 otk wmE s e i iy oo 1994) ophiolitic complexes. These are characterized by
Sm 353 684 381 400 863 494 336 2.69 basalts which are geochemically similar to normal MORBS,
o 5 itk is 43 a2 B B a MORB-like crystallization sequence of olivire plagio-
b 085 161 092 100 205 120 083 057 clase— Ca-rich pyroxene, and a very restricted occurrence
Dy 5N 10.7 5.98 6,77 13.2 7.69 578 in H H
Ho 126 222 127 147 28 161 125  07s (or even absence) of rock types such as diorite and pla-
= i B B e b o oa4 oAb giogranite. Low-Ti (SSZ) ophiolites, such as the low-Ti Di-
Yb 359 592 353 429 800 441 355 199 naride-Albanide-Hellenide ophiolitic complexes (Beccaluva
L g2 R bor 0o L7 06y 0 e et al., 1984; 1994; Bébien et al., 1987) contain lavas with

volcanic-arc affinities (including boninites); they show a
crystallization sequence of olivine pyroxenes— plagio-
clase, and abundant plagiogranites and sheeted dykes.

In this paper we have considered the mineral chemistry
terized by a smooth decrease of concentrations with deand whole-rock chemistry of both intrusive and volcanic
creasing Mg#, coupled with highly variable concentrations rocks from the SAM ophiolites, together with petrographical
in cumulate rocks, presumably depending on the cumulatiorand geological observations. Fig. 6 shows a plot of
of plagioclase. fO,, Zr, Y, and the HFSE, increase with de- FeQ/(MgO+FeQ) vs. TiQ, for the gabbroic rocks. The
creasing Mg#. A sharp increase of the slopes are observe8AM data plot in the high-Ti field, defining a trend very
for Mg# < 60, as a consequence of the onset of apatite andimilar to that of the abyssal gabbros. The MOR environ-
zircon crystallization in the respective magmas. Cr and Niment is fully shown in Fig. 7, where all SAM ophiolitic
identify a typical, decrease with decreasing Mg#. In Fig. 9, basalts plot within the field for MORBs (20<Ti/V<50).
it is also apparent that the compositions of individual do- From Fig. 7 it is also apparent that the studied rocks display
lerite dykes are largely overlapped over those of volcanics.quite uniform Ti/V ratios, suggesting that the possible pri-
By contrast, sheeted dyke samples represent liquids generainary melts were generated from mantle sources sharing
ly more evolved than those of the volcanic sequence. Insimilar geochemical features (Shervais, 1982). Another pet-
summary, the evolutionary trend of the SAM ophiolite mag- rogenetic discriminant that has been proposed as an indica-
matic rocks (Fig. 9) is characterized by early removal andtor of tectonic environment is the compositional variation of
accumulation in the ultramafic cumulates of chrome spinelsclinopyroxene in basaltic rocks (Beccaluva et al., 1989).
and olivine followed by the removal and accumulation of Fig. 5 shows the compositions of clinopyroxene from SAM
plagioclase and pyroxenes in gabbros and, eventually, Ti-ophiolitic basalts. These data, in agreement with the previ-
and Fe-bearing phases. The major and trace element variaus ones, indicate that the clinopyroxenes originate in a
tions observed along the fractionation trend are similar tomid-ocean ridge environment.
those described either in present-day MORBS, or in high-Ti  In addition, the crystallisation order - and, consequently,
ophiolites from the circum-Mediterranean belts, and bestthe succession of lithologies - is similar to that of the high-
compare with the magmatic evolution occurring in the openTi ophiolitic series (Beccaluva et al., 1984). Finally, the
systems below mid-ocean ridges. abundance of trace elements (Figs. 8, 9) and the REE pat-
terns (Fig. 10) suggest that the compositional characteristics
of these volcanics are similar to those of typical MORB
tholeiites. There is therefore no evidence for an island-arc

One of the purposes of this paper is to improve the chartelated setting of the SAM ophiolites, as proposed by previ-
acterization of the tectonic environment in which SAM ous authors (Cioflica et al., 1980; Cioflica and Nicolae,
ophiolites originated. As noted earlier; different interpreta- 1981; Nicolae, 1995).
tions have been provided. They span from mid-ocean ridge Burchfiel (1980) suggested that the present-day location
(Savu, 1990; 1996; Savu et al., 1981; 1994b) to island arof the SAM ophiolites in the internal side of the Carpathian
(Cioflica et al., 1980; Cioflica et al., 1981; Nicolae et al., belt is probably the consequence of a dextral transpression
1992) and marginal basin (Cioflica and Nicolae, 1981; of about 300 km along the south-Transylvanian Miocenic
Nicolae, 1985) settings. In addition, some authors considerfault-system. Therefore, the pre-Miocenic position of SAM
the ophiolitic sequence and the overlying calc-alkaline se-ophiolites should be located in the northward prolongation
ries as genetically related (Cioflica and Nicolae, 1981; of the Dinarides ophiolites. As a consequence, a petrogenet-
Nicolae et al., 1992). ic connection between SAM and Dinarides ophiolites can

A variety of discriminant diagrams have been devised forreasonably be postulated. Geological evidence supporting
distinguishing between the different volcanic rock types this hypothesis is scarce because the SAM ophiolites are
from ophiolitic complexes and their bearing on the possiblehighly dismembered. Nonetheless, many petrochemical fea-
tectonic environments of formation (e.g., Pearce and Canntures of the SAM ophiolites can be recognized in the MOR-

HT- high-Ti; B- basalt; BA- basaltic andesite; Sh-Dy- sheeted dykes;
MLF- massive lava flow.

Tectono-magmatic setting of SAM ophiolites
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type ophiolites of the Hellenic-Dinaric belt (Lugovic et al., precious help during the field work. We wish to thank F.
1991; Trubelja et al., 1995). In addition, the association of Olmi for the analytical facilities, as well as L. Beccaluva
SAM ophiolites with the Late Jurassic island arc magmaticand E. Padoa for their critical review of the manuscript.
series and related granitoid intrusions outline a similarity Many thanks go to the reviewers J.A. Pearce and A. Mon-
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