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Abstract: Metamorphosed mafic ophiolitic rocks in the metamorphic section of the eastern Rhodope Massif in Bulgaria
and Greece are important for understanding the oceanic lithosphere fragments, which have been involved in Alpine
tectonic—metamorphic processes. Petrography and mineral compositions of the meta-mafic rocks (mostly gabbro—basalt
to minor diorite—andesite) point to main amphibolite-facies overprint, which strongly obliterated the primary textures,
and the original igneous grain-sizes are partly preserved only of the plagioclase. The meta-mafic rocks are classified as
low-K and low- to high-Ti tholeiitic affinity igneous protoliths of basaltic to andesitic compositions, in which high-Ti and
low-Ti groups are identified on the basis of Ti concentrations. They also differ with respect to trace element and REE
characteristics. A complex chemistry of high-Ti group indicates an origin primarily from MORB mantle source,
subsequently modified by subduction-zone derived LILE- and REE-enriched melts and contribution of HFSE-enriched
component that produce the oceanic island tholeiites. The low-Ti group displays IAT affinity, with clearly defined
subduction-related component demonstrated by LILE enrichment, HFSE and HREE depletion relative to N-MORB and
negative Nb and Ti anomalies, all indicative for an island arc petrogenesis. A single dunite sample studied also displays
geochemical characteristics of the low-Ti group meta-mafic rocks. Geochemical diversity of the meta-basic rocks with
MORB, transitional MORB/IAT and IAT affinities hints their supra-subduction zone (SSZ) origin in an island arc/
back-arc system, with identifiable arc-related and rifting/sea-floor spreading magmatic products represented by the low-Ti
and high-Ti groups, respectively. At present, the available Middle-Late Paleozoic/Early Triassic radiometric ages of
the meta-mafic rocks protoliths predominate over the Early Paleozoic ages, which suggests that the development of
the inferred arc/back-arc system relates mostly to the ocean-floor magmatic evolution of the Paleotethyan realm.
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Introduction

The Alpine collisional system of the northern Aegean region
is characterized by widespread occurrences of Mesozoic
ophiolites (Fig. 1, inset; e.g. Robertson 2002 for review;
Papanikolaou 2009), which represent remnants of the oceanic
lithosphere that formed during the Late Paleozoic—-Mesozoic
geodynamic evolution in the Tethys realm (Robertson et al.
1996; Stampfli 2000; Celik 2002; Parlak et al. 2006; Gartzos
et al. 2009; Stampfli & Hochard 2009; Dase1 et al. 2015;
Nurlu 2020; Hohn et al. 2022).

The Rhodope Massif constitutes a major tectonic zone
of the Alpine system in the northern Aegean region (Fig. 1,
inset) and contains widespread mafic-ultramafic meta-
ophiolite bodies dispersed within the high-grade metamorphic
basement (e.g. Kozhoukharov et al. 1988). These oceanic
lithosphere components are generally considered as remnants
of the Tethyan ocean floor (Burg et al. 1996; Robertson et al.
1996; Papanikolaou 2009, 2013). The eastern part of the
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Rhodope Massif exposes mafic and mostly large ultramafic
meta-ophiolite bodies. However, their origin is not well
understood, with incomplete geochemical signature to con-
strain more precisely past tectonic environment(s) responsible
for the generation of the oceanic crust fragments. Therefore,
the details on the geochemistry of meta-ophiolitic rocks are
particularly important because they offer a key to assessing
the original tectonic setting of formation of the oceanic litho-
sphere components involved during the Mesozoic geodynamic
evolution in this part of the Tethyan domain.

This paper focuses on the metamorphosed mafic (mostly
gabbro/basalt) ophiolitic rocks from the eastern part of the
Rhodope Massif in southern Bulgaria and northern Greece, pro-
viding new data on their geochemical characteristics and tec-
tonic setting. The aim of this study is to extend the knowledge
of the geochemical signature of meta-mafic rocks in the high-
grade basement and to contribute to a better understanding of
the tectonic setting for their origin, which will have implications
for the Tethyan geodynamic evolution of the region.
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Fig. 1. Tectonic map of the eastern Rhodope Massif in southern Bulgaria and northern Greece, showing the locations of studied samples.
Inset: The tectonic framework of the Alpine system in the northern Aegean region of the eastern Mediterranean (simplified after Bonev et al.
2015). For U-Pb zircon geochronology in boxes see text. The lower high-grade basement unit is the terminological equivalent of the lower
allochthon (e.g. Janak et al. 2011, for a reference; Miladinova et al. 2018).

Geological outline
General

To the southwest, the southernmost parts of the Rhodope
Massif are hidden in the Aegean Sea, and to the north,
the Rhodope Massif is separated by the Maritza dextral strike-
slip fault zone from the Late Cretaceous volcanic arc of the
Sredna Gora Zone (Fig. 1, inset), underlying the sedimentary
deposits of the large Cenozoic Thrace basin to the east (Fig. 1).
The Rhodope Massif is regarded as a stack of syn-metamor-
phic nappes assembled by southward thrusting in the hanging
wall of a north-dipping Late Cretaceous—Cenozoic subduction
zone located in the Vardar Zone (Burg et al. 1996; Ricou et al.
1998; Burg 2012). Crustal thickening in the convergent region
resulted in nappe stacking associated with the amphibolite-
facies metamorphism that was accompanied by a coeval and
subsequent extension (Koukouvelas & Doutsos 1990; Dinter
& Royden 1993; Burg et al. 1996; Dinter 1998; Boneyv et al.
2006; Bonev & Beccaletto 2007). The Rhodope Massif is

GEOLOGICA CARPATHICA, 2023, 74, 1, 23-39

dominated by amphibolite-facies metamorphic basement
comprising pre-Alpine and Alpine (e.g. Lips et al. 2000; Liati
2005; Liati et al. 2011) units of continental and oceanic affi-
nities that are intruded by voluminous Late Cretaceous to
Miocene granitoids (Meyer 1968; Soldatos & Christofides
1986; Zagorchev et al. 1987; Dinter et al. 1995; Christofides et
al. 2001; von Quadt & Peytcheva 2005; Marchev et al. 2013).
Paleocene—Eocene to Pliocene—Quaternary sedimentary rocks
(with internal unconformities) (Ivanov & Kopp 1969;
Zagorchev 1998; Boyanov & Goranov 2001 and references
therein) and Oligocene volcanic and volcanic-sedimentary
successions (Innocenti et al. 1984; Del Moro et al. 1988;
Harkovska et al. 1989; Christofides et al. 2004; Marchev et al.
2010) represent cover sequences.

Geological outline of the eastern Rhodope Massif
The regional tectonic pattern of the eastern Rhodope Massif

is dominated by late Alpine extensional core complex-type
metamorphic domes, namely the Kesebir—-Kardamos and
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the Byala reka—Kechros domes, exposing four main units in
the tectono-stratigraphic pile (Fig. 1, Bonev 2006; Bonev et al.
2006). These units are predominantly bounded by extensional
tectonic contacts of presently inactive Early Eocene low-angle
detachments. They are subdivided according to their structural
position, tectono-metamorphic history, and the radiometric ages
of coherent lithologies in their footwalls and hanging walls.
Structurally, from the base to the top, they are: (i) a lower
high-grade unit, (ii) an upper high-grade unit, both constitu-
ting the high-grade metamorphic basement, (iii) an overlying
low-grade Mesozoic unit, and (iv) a Maastrichtian—Paleocene
to Pliocene sedimentary and volcanic unit of cover sequences,
including voluminous Late Eocene—Oligocene volcanics and
volcano-sedimentary successions (Fig. 1). In addition, the
high-grade basement units are intruded by Late Cretaceous—
Oligocene granitoids (Del Moro et al. 1988; Pe-Piper & Piper
2002; Ovtcharova et al. 2003; Marchev et al. 2006).

The lower high-grade basement unit in the footwall of the
domes, having a clear continental origin, is mainly composed
of orthogneisses and migmatites, with subordinate paragneiss
and amphibolite intercalations. The orthogneisses have Late
Carboniferous—Late Permian granitoid protolith ages in the
range of 326-254 Ma as derived from U-Pb zircon geochro-
nology (Peytcheva & von Quadt 1995; Cornelius 2008; Liati
et al. 2011), indicating that Late Paleozoic (likely Variscan or
Hercynian) crustal fragments were involved in the nappe stack
during Alpine deformation.

The upper high-grade basement unit represents a lithologi-
cally heterogeneous succession of continental-oceanic affinity
consisting of intercalated meta-sedimentary and meta-igneous
rocks. This unit comprises widespread occurrences of ultra-
mafic and mafic meta-ophiolite bodies. The protolith ages of
the meta-igneous rocks (inclusive meta-ophiolite) in the upper
high-grade basement unit span 572 Ma to 151 Ma age range
(Carrigan et al. 2003; Cornelius 2008; Liati et al. 2011; Bonev
et al. 2013a, 2015; Peytcheva et al. 2018) (see also Discussion
section).

The dominant amphibolite-facies and relict eclogite-facies
metamorphism in the eastern Rhodope high-grade basement
units (Liati & Mposkos 1990; Mposkos & Liati 1993;
Miladinova et al. 2018) locally reached ultra-high-pressure
pressure conditions (Mposkos & Kostopoulos 2001), thus indi-
cating that the rocks have suffered a complex Alpine tectono-
metamorphic history, likely in different times from 158 Ma to
42 Ma (Liati 2005; Liati et al. 2011). However, both high-
grade basement units in the eastern Rhodope region gradually
cooled below 500-300 °C from the hanging wall to footwall
of the extensional system in Paleocene to Late Eocene (63—
34 Ma) times as derived from “°Ar/*Ar geochronology (e.g.
Bonev et al. 2013b and references therein).

The Mesozoic (Triassic to Early Cretaceous) low-grade
sequences (Papadopoulos et al. 1989; Boyanov et al. 1990)
form a distinct unit, which is regarded as the eastern exten-
sion of the Circum-Rhodope Belt defined in the Chalkidiki
Peninsula of northern Greece (e.g. Kauffmann et al. 1976;
Papanikolaou 2009). This unit, forming part of the hanging

wall, consists of Triassic—Late Jurassic in age of the protoliths
metasandstone, marble, greenschist and phyllite (Meinhold &
Kostopoulos 2013; Bonev et al. 2019a) and Early-Middle
Jurassic island arc tholeiitic basalt-andesite lava flows, meta-
pyroclastic rocks and intrusive rocks (Bonev et al. 2015 and
references therein). Stratigraphically, they are overlain by
Early Cretaceous limestone (Ivanova et al. 2015), which seals
the Late Jurassic low-grade metamorphic and tectonic
emplacement history (ca. 157-154 Ma, Bonev et al. 2010;
Bonev & Stampfli 2011). Based on the petrology and geo-
chemistry of the arc magmatic suite and the bulk lithologic
context, the Mesozoic low-grade unit is interpreted as
a Jurassic—Early Cretaceous island arc-accretionary assem-
blage, originally located along the northern active margin of
the Vardar Ocean (Bonev & Stampfli 2003, 2008; Bonev et
al. 2015).

The sedimentary and volcanic unit of cover sequences range
in ages from the Maastrichtian—Paleocene to the Pliocene
(Boyanov & Goranov 2001). The Maastrichtian—Paleocene to
Middle Eocene sedimentary rocks form part of a syn-tectonic
hanging wall suite of supra-detachment half-grabens, in fault
contact with the detachment (Bonev et al. 2006), and are
limited by graben-bounding faults or lying unconformably
over the high-grade basement units. These sedimentary rocks
are unconformably overlain by Upper Eocene—Oligocene
sedimentary rocks, which mark the subsequent cycle of con-
tinental sedimentation. They were accompanied by Late
Eocene—Oligocene volcanic and sedimentary-volcanogenic
successions (Harkovska et al. 1989). The Miocene—Pliocene
top sedimentary rocks represent a new transgressive cycle
covering unconformably the metamorphic basement and the
Paleogene successions.

Previous data on the mafic-ultramafic meta-ophiolitic rocks
of the eastern Rhodope Massif

In the upper unit of the high-grade metamorphic basement
ultramafic rocks are represented by numerous bodies and
lenses consisting of restite peridotite (harzburgite) and cumu-
late peridotite (dunite—wehrlite—ortho- and clinopyroxenite)
with MORB to supra-subduction zone (SSZ)-like signature
(Bazylev et al. 1999; Kolcheva et al. 2000), which together
with the low-K mafic volcanic and plutonic rocks are regar-
ded as metamorphosed fragments of an ophiolite association
(Kozhoukharova 1984a). According to Kozhoukharova (1984a)
high-Ti, high-Al and high-Fe subgroups can be chemically
distinguished within the meta-ophiolite association. Among
the meta-mafic rocks, the most abundant rock types are
meta-gabbro—norite, meta-gabbro, meta-gabbro—diorite, all
turned into amphibolite, but preserving relics of primary mag-
matic minerals and texture (Kozhoukharova 1984a). These
amphibolites resulted from the main amphibolite-facies meta-
morphism, but preserve relic high-pressure (eclogite) assem-
blages (i.e. eclogite—amphibolite, Mposkos & Perdikatsis
1989; Baziotis et al. 2008, 2014), and display MORB-like
geochemistry of oceanic crust tholeiite basalt protolith
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(Kolcheva & Eskenazy 1988). A geochemical study of the
amphibolites in Greece has shown their magmatic origin,
whose protoliths were tholeiites with oceanic floor MORB/IAT
affinities, the latter affinity more pronounced in the amphibo-
lites from the eastern Rhodope Massif (Mposkos et al. 1989).
Haydoutov et al. (2004) have documented island-arc origin of
the amphibolites, with an arc tholeiitic to boninitic affinity.

Magmatic U-Pb zircon crystallization ages of the protoliths
of the amphibolites in the upper high-grade basement unit
vary significantly. Carrigan et al. (2003) have reported an age
of 572+5 Ma for a meta-gabbro, which now turned to be
Middle Jurassic in age (166.8£0.96 Ma, Filipov et al. 2022).
Ages of 380.9+£1.9 Ma (Peytcheva et al. 2018) and 298.1
+6.2 Ma (Boneyv et al. 2019b) were reported in amphibolitized
eclogites. Bauer et al. (2007) have reported a range of ages
from 287+5.5 to 199+1.8 Ma in the cores of zircons from
an eclogite. Liati et al. (2011) have reported ages of 255.8
+2.1 Ma and ~250 Ma for gabbroic protolith of other eclo-
gites. Several zircons in amphibolite yielded magmatic core
ages at 850 Ma, 573 Ma, 502 Ma, 389 Ma and 249 Ma
(Bonev 2015). MORB-IAT affinity meta-gabbro and meta-
plagiogranite and garnet-amphibolite, which are interpreted
to have protoliths formed in a back-arc rift-spreading setting,
yielded a mean age of 455 Ma for the magmatic crystallization
(Bonev et al. 2013a).

Field data

Within the upper high-grade basement unit, the amphibo-
lites occur either as layers of varying thickness (up to several
hundred meters) alternating with other metamorphic rock
types, or as distinct lenses or boudins. Most commonly the
layers are dominated by massive and banded amphibolite,
defining together with the intercalated metasedimentary litho-
logies the metamorphic layering. This layering is delineated
by alternating amphibole and plagioclase-rich bands (Fig. 2a,b).
The amphibolite layers may well represent initially lava flows
or dykes. The other commonly occurred textural type is gar-
net-amphibolite, which also demonstrates a well-developed
foliation deflected around the garnet porphyroblasts (Fig. 2c).
The two main textural types of amphibolite recognised often
surround the individual peridotite bodies and lenses within
the metamorphic section of the upper high-grade basement
unit (Fig. 2d). Another field occurrence of the amphibolite is
taking part of a distinct mafic-ultramafic thrust sheet, which
is best exposed in the core of the Byala reka—Kechros dome
either stitched between the lower unit orthogneisses or exposed
as thrust erosional remnants (klippen) on top of the latter unit
(see Fig. 1). Mafic thrust sheet also occurs within the core of
the Kesebir-Kardamos dome. Field observations indicate that
primary magmatic textural features of the amphibolite precur-
sors are strongly obliterated by the experienced high-grade
metamorphism, which has transposed the lithologic contacts
mostly parallel or oblique to the main amphibolite-facies
regional foliation.
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Samples and analytical methods

Representative samples were collected from the amphibo-
lites in the upper unit of the high-grade metamorphic base-
ment. Eleven rock samples were collected from massive and
banded amphibolite in both metamorphic domes, to which are
added six samples from garnet-amphibolite (samples R1, RS,
R9, R12, R14, R17) and a single sample comes from a perido-
tite (sample R10) (see Fig. 1 for sample location, Supplementary
Table S1).

Electron microprobe mineral analyses were obtained by
JEOL 8200 Superprobe instrument at the University of
Lausanne (Switzerland). Operating conditions were 10 nA
beam current at 15 kV accelerating voltage in Sum spot-size
analysis with 30 s for peak and background counting, using
natural standards and PAP correction. Selected chemical
compositions and structural formula of the mineral phases in
the studied amphibolites are listed in Supplementary Table S2
and depicted in Fig. 3.

Whole-rock chemical analyses were performed by analyti-
cal facilities at the University of Lausanne (Switzerland) and
calibrated against both international and internal standards.
Major- and trace element concentrations were determined by
X-ray fluorescence (XRF) on fused discs and pressed pellets,
respectively, using a Philips PW 2400 spectrometer. Standards
used were MFTH, AGV, QLO, GA, BHVO-1. Accuracy for
the major elements is <1 % and for the trace elements <2 %.
REE concentrations were analysed by laser inductively coup-
led plasma mass spectrometry (LA-ICP-MS) on a Perkin-
Elmer 6100 ELAN instrument on fused discs, using NBS612
standards. The results of chemical analyses are listed in
Supplementary Table S3. The low loss on ignition (LOI)
values in the samples (with only a few exceptions with
>2 wt. %) used as a measure of hydrothermal alteration attest
for the minimal degree of alteration of the studied rocks.

Petrography and mineral chemistry

The petrographic features of the two main textural types of
amphibolites are summarized in Supplementary Table S1 for
the studied samples, including also the peridotite sample.
The massive amphibolites are fine- to medium-grained homo-
geneous meso-melanocratic rocks with granoblastic texture.
When banded, the amphibolites display compositional laye-
ring of alternating amphibole and plagioclase-rich domains of
various thicknesses, which delineate a foliated texture from
outcrop to thin section scale (Figs. 2a, 4b,c). Both, the mas-
sive and banded amphibolite mainly consists of amphibole
and plagioclase, to which quartz, epidote +Fe—Ti oxides, and
occasionally biotite and muscovite complements the mineral
assemblage as the minor mineral phases (Fig. 4a—c). Accessory
minerals are titanite, zircon and apatite. Epidote-group mine-
rals are products related to the metamorphic processes and
mostly developed around the amphibole crystals that locally
are also partly chloritized. Elongated amphiboles, as seen both
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Fig. 2. Field photographs of the main textural types meta-mafic rocks. a — banded amphibolite; b — massive amphibolite; ¢ — garnet-amphi-

bolite; d — ultramafic rock lens.

in the field and in thin sections define the foliation (Fig. 4c).
Amphiboles are magnesian-hastingsite hornblende and mag-
nesian hastingsite (Fig. 3). The lamellar plagioclase, which
generally preserved the original igneous grain shape and size
(Fig. 4a,b), is unevenly altered to saussurite and epidote-group
minerals (Supplementary Table S2).

The garnet-amphibolite displays granoblastic and mostly
porphyroblastic texture, with high-grade metamorphic assem-
blage consisting of amphibole, plagioclase and garnet as
the main constituent mineral phases, and a subordinate amount
of epidote +Fe—Ti oxides, titanite. Rutile, zircon and apatite
are accessory mineral phases (Fig. 4d,e). Amphiboles have
a range of the compositions from magnesio-hornblende, mag-
nesio-hastingsite hornblende to edenite (Fig. 3). The plagio-
clase is oligoclase (Abygg, 7404), and the unzoned garnet por-
phyroblasts have compositions mostly of almandine garnet,
and occasionally possessing grossular-rich core (Almg,, s, s
Prp,, o5 Grsgg 5 150) (Supplementary Table S2). Epidote-group
minerals are related to the metamorphic processes, and deve-
loped both around the amphibole and plagioclase crystals.

Using the Al contents in the amphiboles, the metamorphic
pressures can be estimated for amphibole crystallization (e.g.

Anderson & Smith 1995). For the amphibolites pressures
between 3-9 kbar were obtained on the basis of estimated
lower limit of metamorphic temperatures of 570 °C by
Miladinova et al. (2018) for the eclogite-facies metamor-
phism, which can be taken as an upper temperature limit of
the amphibolite-facies metamorphism. These amphibolite-
facies P-T estimates are consistent with P=6-2 kbar and
T=630-520 °C obtained for amphibolites by Haydoutov et al.
(2004). The majority of Al occurs as Al" reflecting relatively
high-temperatures of crystallization (Supplementary Table S2),
more likely close to T=630 °C.

The peridotite sample demonstrates fine- to medium-grained
mesh texture dominated by olivine altered to serpentine-group
minerals, together with subordinate mineral phases such as
Fe—Ti oxide, chromite and spinel, all of them characteristic for
dunite (Fig. 4f). It is not metamorphosed to a high-grade, and
the observed dunite alteration is likely due to the initial ocean-
floor low-grade hydrothermal metamorphism.

Overall, the textures, mineral assemblages and mineral
compositions of the eastern Rhodope meta-mafic rocks turned
into amphibolite point to high-grade metamorphic overprint in
amphibolite-facies. The primary textures of the meta-mafic
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rocks are largely obliterated by the high-grade metamorphism,
and the rocks preserved partly the grain-sizes of the original
igneous minerals. The meta-mafic rocks experienced lower
amphibolite-facies to greenschist-facies metamorphism,
the latter indicated by the chloritization of amphibole and
calcite crystallization. Thus, the texture and mineral composi-
tions are consistent with mafic igneous protoliths that under-
went an amphibolite-facies degree of metamorphism, also
indicated by the chemical composition (see below) of the
meta-mafic rocks. Therefore, hereafter, we will use the term
meta-mafic rocks.

Geochemistry

Because of the high-grade metamorphism experienced by
the studied rocks, some mobility of the major and trace
elements is expected despite their low LOI (Supplementary
Table S3), and this may have provoked changes in the whole-
rock chemical composition. The variation binary diagrams
using highly immobile Zr and MgO as an index of differen-
tiation have been used to evaluate the element mobility and
to define geochemical trends (Figs. 5, 6). Meta-mafic rocks
define linear trends and show a good correlation with MgO
and Zr relative to major oxides and trace elements, indicating
immobile behaviour of the trace elements and some minor ele-
ments. High- and low-Ti geochemical groups can be clearly
distinguished on the basis of minor and trace elements con-
tents (Figs. 5, 6). We interpret the immobile behaviour of the
major oxides and trace elements as reflecting magmatic abun-
dances and defining igneous differentiation trends. The excep-
tions are Na,O, Rb and Sr that show scatter on the diagrams
suggesting their mobility. This simple geochemical test allows
the application of incompatible trace elements (e.g. Nb, Zr, Y)
and rare earth elements (REE), which do not behave mobile
during alteration and metamorphism, to be used effectively to
demonstrate the chemical composition of the meta-mafic
rocks. Therefore, the subsequent treatment of chemical data
for evaluating geochemical signature, as well as tectonic set-
ting discrimination of the meta-mafic rocks is based mainly on
the immobile trace elements and REE.

The meta-mafic rocks cover the range mostly of basic to
rarely intermediate compositions with SiO, (43-59 wt. %)
(Supplementary Table S3). They are characterized by variable
content of TiO, (0.26-3.76 wt. %), and consequently high-Ti
(>1 wt. %) and low-Ti (<1 wt.%) groups can be distinguished
on the basis of the Ti content (see also Fig. 5). The MgO con-
tent ranges from 4.2 to 10.69 wt. %. CaO content is moderate
5.84-14.61 wt. %, and Al,O,ranges from 12.14 to 21.59 wt. %.
Alkali contents are variable, generally elevated (av. total alkali
>3 wt. %) with a high Na/K ratio (Supplementary Table S3).
In a Zr/TiO, vs. Nb/Y diagram samples fall in the sub-alkaline
basalt and andesite/basalt fields (Fig. 7a). The majority of
samples plot in the tholeiitic field, and only one sample fall
in the calc-alkaline field on the AFM diagram (Fig. 7b).
In the latter diagram, iron enrichment is more pronounced for
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Fig. 3. Amphibole discrimination diagrams (nomenclature after
Leake 1978) for the studied meta-mafic rocks.

the high-Ti group and thus consistent with the tholeiitic trend,
which is also depicted in Fig. 7c.

In terms of the trace elements, the meta-mafic rocks show
the following characteristics (Supplementary Table S3):
(1) high abundances of incompatible elements (e.g. Nb, Y, Zr),
(i1) variable, but overall similar Hf, Ta and Sc contents;
(iii) relatively low Cr (27-483 ppm), with exception of a sin-
gle sample, relatively elevated V (140-819 ppm) and low
Ni (<200 ppm) concentrations. The low Ni and Cr contents in
the meta-mafic rocks do not meet the criteria for primitive
mantle-derived melts. Therefore, the major and trace element
abundances of the meta-mafic rocks classify them as low-K
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and low- to high-Ti tholeiitic affinity igneous protoliths
of basaltic (gabbroic) to andesitic (dioritic) compositions.
The dunite sample displays major and trace elements charac-
teristics typical for a peridotite such as low SiO,, and very high
MgO, Cr and Ni concentrations (Supplementary Table S3).
The meta-mafic rocks display REE abundances higher
than the chondrite, showing distinct patterns on chondrite-

normalized diagrams (Fig. 8a,b). The high-Ti group meta-
mafic rocks show flat REE profiles that characterize ocean
floor basalts. Light rare earth element (LREE) abundances are
intermediate between normal mid-ocean ridge Dbasalt
(N-MORB) plus enriched mid-ocean ridge basalt (E-MORB)
and oceanic island basalt (OIB), and the heavy rare earth ele-
ment (HREE) are overlapping or higher in their abundances

Fig. 4. Microphotographs of some of the studied meta-mafic rocks. a — sample R4; b — sample R16; ¢ — sample R13; d — sample R3;
e — sample R9; f — sample R10. Mineral abbreviations (after Whitney & Evans 2010): pl, plagioclase; amp, amphibole; grt, garnet; ap, apa-
tite; ep, epidote; ttn, titanite; qz, quartz; zrn, zircon, ms, muscovite; srp, serpentine.
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relative to these mantle sources (e.g. Sun & McDonough
1989, Fig. 8a). The REE profiles of low-Ti group meta-mafic
rocks exhibit fractionation and deviate towards HREE-
enriched patterns of various degree in absolute concentrations,
but most of them are REE-depleted relative to N-MORB and
E-MORB. Two samples demonstrate a weak U-shaped REE
patterns that are characteristic for the boninite (e.g. Beccaluva
& Serri 1988), and only a single sample shows OIB parallel
REE profile (Fig. 8b). The weak positive or negative Eu
anomalies suggest the involvement of the plagioclase in frac-
tionation processes, particularly visible for the high-Ti group
(Fig. 8a). Dunite sample displays LREE abundances close to
and depleted relative to N-MORB in a way similar to the REE
patterns of the low-Ti group meta-mafic rocks.

N-MORB normalized multi-element diagrams demonstrate
high ratios of large-ion lithophile elements (LILE) and high-
field strength elements (HFSE), considering that some LILE
(e.g. Rb, K) were likely mobile (see Fig. 5). The high-Ti
meta-mafic rocks show nearly flat HFSE and REE patterns
close to N-MORB and mostly enriched than N-MORB in
absolute abundances patterns from Lu to Sr, overlapping
E-MORB and partly OIB compositions (Fig. 8c). The low-Ti
meta-mafic rocks show more fractionated patterns with pro-
nounced HFSE and REE depletion relative to N-MORB
which is usually attributed to magmatic rocks related to island
arc petrogenesis (Fig. 8d). The trace element patterns of the
low-Ti group partly overlap those of the high-Ti group, dis-
playing similarity of the patterns from Tb to Lu and the same
bulk LILE enrichment. Nearly half of the low-Ti meta-mafic
rocks are characterized by a negative Nb anomaly, while this
anomaly in the other half of these rocks is always higher in
Nb absolute abundances relative to N-MORB. A negative Nb
anomaly in the high-Ti rocks is always higher in Nb absolute
abundances relative to N-MORB. The high-Ti meta-mafic
rocks display a slight positive Hf anomaly, which characteri-
zes a half of the low-Ti rocks, and both groups show a negative
P anomaly of various magnitudes. Both latter anomalies on
N-MORB normalized diagrams imply the involvement of zir-
con and apatite in crystal fractionation processes. A negative
Ti anomaly is also present in the group of low-Ti meta-mafic
rocks. The dunite sample shows N-MORB normalized trace
element profile similar to low-Ti meta-mafic rocks, as well as
an analogous LREE-depleted (Ce and Nd) chondrite-norma-
lized pattern.

The higher than N-MORB abundances of the HFSE and REE
in the studied high-Ti meta-mafic rocks suggest an enriched
magma source that deviates from the typical N-MORB,
partly overlapping E-MORB LREE concentrations, but not
so strongly LREE enriched compared to the OIB. Therefore,
an E-MORB chemical signature with a likely mild OIB
component in terms of middle rare earth element (MREE)
and HREE is portrayed by the trace element and REE pat-
terns of the high-Ti meta-mafic rocks. The profiles of
HFSE and HREE-depleted low-Ti meta-mafic rocks typically
deviate from N-MORB and E-MORB, while the LILE con-
tents are comparable to the E-MORB and OIB abundances
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(Fig. 8d). The low-Ti meta-mafic rocks, on the other hand,
depict significantly depleted relative to N-MORB and partly
to E-MORB chemical signatures, slightly comparable only to
the signature of the LILE in the high-Ti group meta-mafic
rocks.

The tectono-magmatic discrimination diagrams define
an ocean floor affinity for the majority of the high-Ti group
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meta-mafic rocks in mid-ocean ridge (MORB) and within-
plate (WPB) tectonic settings, and the rest have transitional
MORSB to island arc tholeiite (IAT) affinity (Fig. 9). The dis-
crimination diagrams further display arc-related tectonic envi-
ronment for the origin of the low-Ti meta-mafic rocks, which
have also a mild MORB-like affinity. These inferred tectonic
settings consistently reflect the geochemical signature and
trace element and REE characteristics displayed by the studied
meta-mafic rocks.

Discussion

Our petrographic results give evidence that in the upper
high-grade basement unit of the eastern part of the Rhodope
Massif the meta-mafic rocks have magmatic nature of their
protoliths (basalt/gabbro to andesite/diorite, Fig. 7a). This is
mostly revealed by preserved igneous grain shape and to
a lesser extent size of the lamellar plagioclase in gabbroic
varieties, which have experienced limited recrystallization
during the metamorphic processes. Massive, and less fre-
quently banded amphibolite, represents a good example for
preserved igneous textures (Fig. 3a,b), whereas the meta-

morphic processes have strongly obliterated the magmatic
textures of the garnet-amphibolite. Mineral compositions of
amphibole and plagioclase in the meta-mafic rocks correspond
to the dominant from an outcrop to thin section metamorphism
in amphibolite-facies. These petrographic and mineralogical
features are comparable to published analogous features
(Kozhoukharova 1984b) and the P-T conditions for the
amphibolite-facies metamorphism of the meta-mafic rocks
(P=3-9 kbar at T=570 °C, this study) and associated rocks
in the upper high-grade basement unit (e.g. Liati & Mposkos
1990; Mposkos & Liati 1993; Haydoutov et al. 2004; Mposkos
et al. 2012). The petrographic results are further supported
by the geochemical data obtained, but the geochemical types
identified are irrespective relative to the textural types of the
meta-mafic rocks i.e. amphibolites (Supplementary Table S3,
see below).

Two geochemical types, namely the high-Ti and low-Ti
groups of meta-mafic rocks, are distinguished based on Ti
contents and trace element and REE characteristics of the ana-
lyzed meta-mafic rocks. The high-Ti rocks are indistingui-
shable from MORB-type tholeiites in terms of their HFSE
and REE abundances and HREE normalized patterns.
However, they overlap OIB, bearing also evidence for a weak
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geochemical fingerprint of subduction zone-related compo-
nent in view of the high LILE/HFSE ratio (Fig. 8). However,
HFSE-enriched patterns, particularly Ta and Nb contents
higher than MORB abundances, as well as the fields where
the high-Ti group rocks plot on the discrimination diagrams,
suggest a contribution of the OIB component involved in
the petrogenesis of magmatic precursors. Thus, the complex
chemistry of high-Ti meta-mafic protoliths indicate their ori-
gin primarily from a depleted mantle source similar to MORB,
substantially modified by subduction-zone derived LILE- and
REE-enriched melts and contribution of HFSE-enriched com-
ponent that produce the oceanic island tholeiites. The low-Ti
group displays typical IAT affinity with a clearly defined sub-
duction-related component, which is demonstrated by LILE
enrichment, HFSE and HREE depletion relative to N-MORB
and pronounced negative Nb anomaly and a weak negative Ti
anomaly (Fig. 8), all indicative for magmatic rocks erupted in
an island arc setting (e.g. Pearce 1982, 1984; McCulloch &
Gamble 1991; Tatsumi & Eggins 1995).
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The geochemical results arising from the investigation
allow us to place some constraints on the petrogenesis of
the meta-mafic rocks in the upper high-grade basement unit.
In terms of the REE patterns, incompatible elements (e.g. Nb,
Zr, Hf, Ti, Y, Yb) ascribed to a mantle component, high LILE/
HFSE ratios that reflect subduction-related component (Pearce
et al. 1984; Saunders & Tarney 1991), all are indicative of
MORB mantle source, more depleted than that one which pro-
duces N-MORB for the low-Ti group, which is less depleted,
enriched MORB for the high-Ti group. On a Th/Yb vs. Nb/Yb
diagram samples plot in the volcanic arc array (Fig. 10a), with
a high Th/YD ratio, which is used as a proxy indicating crustal
contamination or subduction component added as crustal input
(Pearce & Peate 1995; Pearce 2008). In addition, on the TiO,/
YD vs. Nb/Yb diagram a shallow melting in the crustal column
is displayed by the majority of samples that fall in a MORB
array, with low Ti/YDb ratios used as a proxy of melting depth
(Pearce 2008). Thus, the Th/Yb-Nb/Yb-Ti/YDb ratios point to
a detectable subduction zone influence related to mantle-crust
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interaction in the melting column common for both geoche-
mical groups, which have also partly overlapping aforemen-
tioned elemental ratios.

Compositional diversity of the meta-mafic rocks including
magma types with MORB, transitional MORB/IAT and TAT
affinity (Fig. 9), in turn, call for the origin of their protoliths
in a paired ocean ridge-island arc environment. Modern ana-
logues of such tectonic setting displaying transitional com-
positions between MORB and island-arc basalts are many
back-arc basins (e.g. Saunders & Tarney 1984; 1991; Hawkins
1995; Fretzdorff et al. 2002; Taylor & Martinez 2003).
Therefore, we attribute SSZ origin for the protoliths of meta-
mafic rocks, which were generated in an island arc/back-arc
setting (e.g. Pearce 2003). SSZ setting most completely
characterizes the origin and geochemical affinity of the meta-
mafic rocks, which is also consistent with previous data on
the geochemistry of ophiolitic mafic—ultramafic assemblage.
In this tectonic scenario, the low-Ti group arc tholeiitic to
boninitic-like magmatic precursors trace subduction initiation
or immature arc (e.g. Haydoutov et al. 2004, and this study),
whereas MORB and transitional MORB/IAT-type of the
high-Ti meta-mafic rocks recognized in the present study
testify for the magmatic products erupted during subsequent
evolution of the subduction zone that relates to rifting/sea-
floor spreading, most likely in a back-arc setting. The incorpo-
ration of the fertile, less depleted mantle in a back-arc region
can explain the HFSE and REE-enriched geochemical finger-
print observed in the high-Ti-group, which can be attributed to
a variable degree of the partial melting of a MORB-type, and/
or possibly mixing with enriched OIB-type source. The highly
HFSE and REE-depleted low-Ti group point to residual,
depleted MORB-type mantle source (Fig. 10), for which group
melt generation is attributed to a distinct depleted source in
a mantle wedge of the subduction system, substantially modi-
fied by the subduction process. The presence of Nb and Ti
negative anomalies in low-Ti group rocks relative to MORB
demonstrates the features characteristic for subduction-related
magmas. The high LILE/HFSE ratios and positive Th, Pb Ta

anomalies, which are common for both geochemical groups,
in turn, testify for a chemically coupled arc/back-arc system.
The lavas erupted in back-arc regions may plot in MORB, as
well as in the IAT fields, showing an indication of island arc/
back-arc origin (Beccaluva et al. 1983; Saunders & Tarney
1984; Dilek et al. 2007, 2008), and consequently, the meta-
mafic rocks display both MORB and volcanic arc (IAT)
signatures.

Carbonate and clastic turbidite-like metasedimentary suc-
cessions of the upper high-grade basement unit associated
with the meta-mafic ophiolitic rocks, which may represent
deposits from distinct regions of the arc/back-arc system (e.g.
fore-arc or intra-arc), fit the interpretation of an SSZ tectonic
setting. However, the age of this arc/back-arc system is still
poorly constrained despite a few available U-Pb zircon data
for the meta-mafic rocks in the eastern Rhodope region (see
Fig. 1). Published Middle-Late Ordovician (Bonev et al.
2013a), Late Devonian (Peytcheva et al. 2018), and Early
Permian (Bonev et al. 2019b, for sample R9) ages, together
with a single zircon aged at 249 Ma (Bonev 2015, in sample
R13), as well as Early Triassic ages (247.8+2.3 Ma and 244.7
+3.1 Ma, Bonev et al. 2022) for mafic dykes cross-cutting
a dunite body (not that in this study, see Fig. 1), altogether
indicate Middle-Late Paleozoic magmatic history of the meta-
mafic rocks. As the Mid- to Late Paleozoic ages of the meta-
mafic rocks predominate (same Late Paleozoic ages are also
identified in the lower high-grade basement unit), which are
clearly temporally decoupled from the Early Paleozoic ages,
this suggest that the development of the inferred arc/back-arc
system relates mostly to the ocean-floor magmatic evolution
in the Paleotethyan realm.

Conclusions

 Textures, mineral assemblages and mineral compositions of
the meta-mafic rocks point to metamorphic overprint in
amphibolite-facies, which largely obliterated the primary
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textures, and the meta-mafic rocks preserved partly the
grain-sizes of the original igneous plagioclase. Overall,
the petrographic features are consistent with mafic igneous
protoliths that underwent amphibolite-facies metamor-
phism, which is also indicated by the chemical composition
of the meta-mafic rocks.

* The major and trace elements classify the meta-mafic rocks
as low-K and low- to high-Ti tholeiitic affinity igneous pro-
toliths of basaltic (gabbroic) to andesitic (dioritic) composi-
tions. High-Ti and low-Ti geochemical groups are identified
on the basis of trace element and REE characteristics of the
meta-mafic rocks. The high-Ti rocks are indistinguishable
from MORB-type tholeiites in terms of their HFSE and
REE abundances and HREE normalized patterns that over-
lap OIB, bearing evidence for a weak subduction signal
indicated by the high LILE/HFSE ratio. HFSE-enriched
patterns (Ta and Nb contents higher than MORB), as well as
the fields where the high-Ti group rocks plot on the discri-
mination diagrams, suggest a contribution of the OIB com-
ponent involved in their petrogenesis. A complex chemistry
of high-Ti meta-mafic protoliths indicate their origin pri-
marily from the MORB mantle source, subsequently modi-
fied by subduction-zone derived LILE- and REE-enriched
melts and contribution of HFSE-enriched component that
produce the oceanic island tholeiites. The low-Ti group dis-
plays typical IAT affinity with a clearly defined subduc-
tion-related component, which is demonstrated by LILE
enrichment, HFSE and HREE depletion relative to N-MORB
and negative Nb and Ti anomalies, all indicative for mag-
matic rocks erupted in an island arc setting. A single dunite
sample studied also displays geochemical characteristics of
the low-Ti group meta-mafic rocks.

* Geochemical diversity of meta-basic rocks with MORB,
transitional MORB/IAT and IAT affinities hints their
supra-subduction origin in an island arc/back-arc system,
with identifiable arc-related and rifting/sea-floor spreading
magmatic products represented by the low-Ti and high-Ti
geochemical groups, respectively. The associated sedimen-
tary package fits the interpretation of the SSZ origin,
because the studied meta-mafic rocks in the upper high-
grade basement unit of the eastern Rhodope Massif are inti-
mately interstratified with metasedimentary successions of
carbonate and clastic turbidite-like character.

« At present, the available Middle-Late Paleozoic/Early
Triassic radiometric ages (from 381 Ma to 249 Ma) of
the meta-mafic rocks predominate over the Early Paleozoic
ages in these rocks (455 Ma), from which they are clearly
temporally separated, and this suggest that the development
of the inferred arc/back-arc system relates mostly to the
ocean-floor magmatic evolution in the Paleotethyan realm.
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Supplement

Table S1: Summary of the petrography and mineralogy of the studied meta-mafic rock samples. Mineral abbreviations after Whitney & Evans
(2010).

Sample Rock type Texture Mineralogical composition/association Remarks Location
R1 garnet amphibolite  porphyroblastic Amp, Qz, Pl, Ep, Fe-Ti oxide, Ttn, Grt Qz and Ep inclusions in Grt %‘ﬁslzgg,g% ég,,
R2 banded amphibolite schistose Amp, P1, Ep, Ttn Ep replaces Amp I;:I;‘Sl:%;: ?g ég:;
R3 massive amphibolite ~ granoblastic P1, Amp, Qz, Ep, Ttn, Zrn Ep replaces Amp and P1 11\51351231, g ’7(3)3 %g:
. oo . S ; : N41°18°21.57”
R4 massive amphibolite  granoblastic Amp, Pl, Fe-Ti oxide, Qz, Rt, Zm preserved igneous grain shape E25°19°38.21"
T : A Chl repl: Amp, Pl altered t N41°26°00.75”
R5 garnet amphibolite ~ porphyroblastic Amp, Pl, Qz, Fe-Ti oxide, Ep, Grt, Ap, Chl, Cal ségé)oiiietse, sr:é)(;nda?yeé?ﬂ 0 E25°42°26.21"
R6 banded amphibolite granoblastic Amp, Pl, Ep, Fe-Ti oxide, Zrn Ep replaces Amp Ig;éjg% , i igg”
R7 banded amphibolite schistose Amp, P, Ep, Qz, Ttn Ep replaces Amp 112313‘61:(% :ﬁg Zgﬂ’
. T : P1 contains Ep and Ttn inclusions, N41°23°24.76”
R8 massive amphibolite schistose Amp, Pl, Ep, Ttn, Mt, Zrn late Mt E26°01°35.10”
T p . Ep replaces P1, Qz and Ep N41°24°53.58”
RO garnet amphibolite  porphyroblastic Amp, Ep, Qz, Grt, Fe-Ti oxide e MsionsGh Grt E25°53°17.29”
R10 dunite mesh Ol, Fe-Ti oxide, Chr, Spl Serpentine replaces Ol, Chr nodules Iﬁlgslg ig’ i;?i”
R11 massive amphibolite ~ granoblastic Amp, Ep, Qz, Fe-Ti oxide Ep replaces Amp I%Igsl:%g,ggg%,
o . . . Lo N41°20°07.46”
R12 garnet amphibolite  porphyroblastic Amp, Pl, Fe-Ti oxide, Qz, Rt, Ilm, Ep, Grt Qz, Ep and Rt inclusions in Grt E25°35738.06”
. T . N41°19°25.31”
R13 massive amphibolite granoblastic Amp, Pl, Qz, Ep, Ttn, Rt, Zrn Ep replaces Amp E25°40°50.73”
I . . AL . Lo N41°25°12.06”
R14 garnet amphibolite  porphyroblastic Amp, Qz, P1, Ep, Fe-Ti oxide, Ttn, Grt Qz and Ep inclusions in Grt E25°38735.48”
RI15 garnet amphibolite  porphyroblastic Amp, Pl, Fe-Ti oxide, Qz, Ttn, Ep, Grt Mt inclusions in Grt I;:Igslzgg,gg 23:
R16 massive amphibolite ~ granoblastic Amp, P1, Ep, Fe-Ti oxide, Zrn Ep replaces Amp ggé:ﬁl §§ ? 17
- . . . A N41°17°30.01”
R17 garnet amphibolite  porphyroblastic Amp, P, Qz, Fe-Ti oxide, Grt, Ttn, Ep P1, Qz, Mt, Chl, Ep inclusions in Grt E26°05726.09”
. I . . . P N41°19°02.90”
R18 massive amphibolite  granoblastic Amp, P, Qz, Fe-Ti oxide, Ep, Ttn, Ms Ep replaces P, Ap inclusions in PI E26°28°05.99”
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Table S2: Representative mineral compositions in some of the studied meta-mafic rocks.
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Sample RY R1 R17 R17 R 16 R1 R6 R17
Mineral grt grt grt pl ep amph amph amph
Rock type grt-amph grt-amph grt-amph grt-amph amph grt-amph grt-amph grt-amph
SiO, 37.20 37.63 37.61 65.10 38.42 43.24 47.76 43.44
TiO, 0.14 0.11 0.04 0.007 0.14 0.61 0.51 1.03
AlLO, 21.03 21.24 21.41 22.03 28.27 12.07 10.52 13.77
Cr,0, 0.05 0.01 0.00 - 0.06 0.01 0.13 0.01
Fe, O, 0.66 1.38 1.90 0.01 7.09 6.74 4.23 7.61
FeO 27.1 24.54 26.36 - - 11.35 5.96 7.88
MnO 1.11 3.47 1.49 - - 0.21 0.17 0.18
Mn,O, - - - 0.13 - - -
MgO 2.33 2.70 4.04 0.01 0.10 10.11 14.85 10.74
CaO 9.55 10.02 7.70 2.69 23.87 11.27 11.30 9.72
Na,O - - - 9.94 - 1.92 1.86 2.44
K,0 - - 0.07 - 0.32 0.27 0.67
H,0 - - - 1.93 2.02 2.10 2.05
Total 99.19 101.14 100.58 99.85 100.01 99.87 99.65 99.55
Si 2.97 2.96 2.95 2.86 2.98 6.407 6.816 6.351
Ti 0.009 0.006 0.002 0.000 0.008 0.068 0.054 0.113
ALY 0.023 0.034 0.048 1.143 0.017 1893 1.184 1.649
ALV 1.959 1.938 1.930 0 2.569 0.514 0.586 0.723
Cr 0.003 0.001 0 - 0.004 0.001 0.015 0.001
Fe** 0.042 0.082 0.112 0.001 0.414 0.752 0.454 0.837
Fe* 1.813 1.617 1.735 - - 1.406 0.711 0.964
Mn?* 0.075 0.232 0.099 - - 0.027 0.020 0.022
Mn** - - - - 0.007 - - -
Mg 0.278 0.276 0.471 0.000 0.011 2.232 3.160 2.34
Ca 0.818 0.846 0.648 0.126 1.985 1.789 1.728 1.523
Na - - 0.848 - 0.552 0.515 0.692
K - - - 0.004 - 0.06 0.05 0.125
OH - - - 1 2 2 2
Py 9.331 9.307 17.376 - -

Alm 60.721 54.404 58.735 - -

Sp 2.523 7.802 3.357 — -

And 2.085 4.044 5.490 - -

Uv 0.168 0.052 0.029 - -

Gro 25.169 24.388 16.438 - -

xMg 0.133 0.145 0.211 - - 0.614 0.816 0.708
Ab - - 86.637 -

An - - 12.947 -

Or — — 0415 —

Structural formula based on 23, 24 and 32 oxygen atoms respectively for amphiboles, garnets and feldspars.

Abbreviations: grt — garnet; grt-amph — garnet-amphibolite; amph — massive/banded amphibolite; pl — plagioclase; ep — epidote, amph — amphibole.
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Table S3: Chemical analyses of major (wt. %), trace and rare earth elements (ppm) of meta-mafic rocks from the eastern Rhodope Massif.
Location of the samples in Fig. 1.

Sample R1 R2 R3 R4 RS R6 R7 R8 R9
Rock type grt-amph amph amph amph grt-amph amph amph amph grt-amph
Group High-Ti High-Ti High-Ti High-Ti High-Ti Low-Ti Low-Ti High-Ti High-Ti
SiO, 49.42 51.55 59.22 47.36 42.93 52.46 46.52 46.92 50.55
TiO, 1.81 1.24 1.04 1.82 3.76 0.72 0.58 2.52 1.61
ALO, 12.97 14.83 16.29 13.86 13.04 15.42 21.59 13.13 15.43
Fe,0, 13.65 9.88 5.82 14.17 18.49 9.48 6.23 15.57 10.51
MnO 0.18 0.16 0.11 0.21 0.29 0.16 0.11 0.20 0.16
MgO 6.94 7.15 4.20 7.59 5.86 4.73 5.70 5.32 6.32
CaO 9.76 8.84 5.84 10.32 6.91 11.79 13.61 10.19 9.02
Na,O 2.90 4.18 6.06 2.77 1.63 1.95 1.65 2.72 3.43
K,0 0.32 0.44 0.32 0.36 0.38 0.67 0.51 0.63 0.22
P,O; 0.16 0.11 0.21 0.17 0.10 0.19 0.03 0.27 0.17
Cr,0, 0.02 0.03 0.02 0.03 0.01 0.03 0.05 0.01 0.05
NiO 0.01 0.01 n.d. 0.01 n.d. 0.01 0.01 n.d. 0.02
LOI 1.55 1.11 0.72 1.04 6.13 1.66 2.55 1.67 1.69
Total 99.67 99.52 99.84 99.71 99.54 99.25 99.13 99.14 99.18
Nb 8 6 5 8 8 5.8 5 8.2 10.1
Zr 106 93 147 100 75 116 18 196 115
Y 36 29 31 38 30 20.9 6.7 59.1 26.5
Ta 1.40 1.18 2.04 1.30 0.79 3.71 4.04 2.18 3.34
Rb 7 5 5 7 14 14.6 152 8.4 8.3
Sr 92 167 180 120 99 550 216 92 169
Ba <9< 36 135 20 46 142 83 72 27
U 2 3 3 2 2 <2< <2< <2< <2<
Th 4 5 6 4 4 8 <2< 3 3
Pb 21 12 8 14 6 22 6 11 6
Hf 5 4 5 4 -+ 3.24 0.33 5.36 3.36
Sc 52 40 22 50 108 n.a. n.a. n.a. n.a.
Cr 111 192 82 201 55 169 315 52 357
Vv 409 277 167 421 819 232 217 425 240
Ni 58 47 35 76 11 58 88 39 173
Ga 20 19 14 19 23 19 16 22 17
Zn 115 60 31 111 101 165 149 237 131
Cu 56 22 12 32 48 n.a. n.a. n.a. n.a.
Co 79 63 58 74 79 n.a. n.a. n.a. n.a.
La 3.98 4.88 12.23 5.62 2.54 19.90 0.61 9.61 7.41
Ce 11.69 13.67 27.78 13.29 8.32 36.25 1.64 23.84 18.02
Pr 1.92 1.85 3.53 224 1.45 4.74 0.26 4.01 2.46
Nd 11.51 10.06 16.11 13.23 9.20 22.36 1.80 23.39 14.46
Sm 423 2.65 3.93 4.02 3.47 432 0.53 7.62 4.20
Eu 1.39 1.09 1.27 1.44 1.81 1.20 0.45 2.27 1.24
Gd 6.66 3.00 4.19 6.87 5.22 4.28 1.04 9.07 4.64
Tb 1.07 0.60 0.74 1.40 0.90 0.69 0.26 1.75 0.73
Dy 8.02 4.25 5.36 8.92 6.34 4.88 1.65 12.12 5.29
Ho 1.70 0.85 0.85 1.94 1.51 0.84 0.32 2.54 1.26
Er 5.35 2.49 2.92 5.78 438 3.01 1.39 7.22 3.38
Tm 0.82 0.38 0.39 0.89 0.63 0.33 0.14 1.09 0.47
Yb 5.21 2.51 2.96 5.74 3.98 2.09 1.01 7.76 3.37
Lu 0.69 0.39 0.44 0.62 0.58 0.39 0.21 1.06 0.43

Major and trace elements determined by XRF; REE and Ta analyzed by LA-ICP-MS. n.a.= not analyzed; n.d.= not determined.
Abbreviations: grt-amph — garnet-amphibolite; amph — massive/banded amphibolite.
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Table S3 (continued)

Sample R10 R11 R12 R13 R14 R15 R16 R17 R18
Rock type d amph grt-amph amph grt-amph amph amph grt-amph amph
Group Low-Ti High-Ti High-Ti Low-Ti High-Ti High-Ti Low-Ti Low-Ti Low-Ti
SiO, 38.98 47.65 49.07 50.72 48.64 53.35 46.81 58.96 55.26
TiO, 0.03 1.46 1.81 0.26 1.76 1.47 0.42 0.43 0.26
AL O, 1.32 15.18 13.61 15.62 13.14 16.76 15.32 12.14 15.61
Fe, O, 8.01 11.33 14.35 4.78 13.84 9.29 9.68 10.89 8.24
MnO 0.11 0.23 0.22 0.13 0.23 0.21 0.17 0.31 0.16
MgO 37.32 5.90 6.18 10.69 6.47 4.72 9.95 6.23 6.61
CaO 0.05 14.61 9.02 13.06 10.31 8.04 14.40 6.26 10.17
Na,O n.d 1.04 3.84 2.72 2.72 3.92 1.19 2.69 1.94
K,O0 0.01 0.27 0.22 0.26 0.32 0.80 0.27 0.56 0.23
P,O; 0.01 0.14 0.16 0.01 0.15 0.27 0.02 0.18 0.03
Cr,0, 0.42 0.05 0.02 0.08 0.02 0.01 0.08 n.d. 0.01
NiO 0.25 0.02 0.01 0.01 0.01 0.01 0.01 n.d. n.d.
LOI 12.56 1.58 0.84 1.77 0.79 1.38 2.06 1.16 1.81
Total 99.07 99.45 99.35 100.10 98.38 100.22 100.37 99.81 100.33
Nb 10 4 9 0.20 8 6 2) 7 3
Zr 22 98 111 6 99 160 12 22 30
Y 7 32 36 8 36 43 12 18 13
Ta n.d n.d n.d. 0.04 n.d. 1.37 1.24 2.48 1.76
Rb 4 7 6 3 7 16 7 12 4
Sr 3 283 105 392 108 297 78 59 100
Ba 25 <9< <9< 57 9 529 <9< 45 28
U <2< 2 <2< 3 <2< 2 3 2 <2<
Th <2< 5 <2< 0.08 3 4 4 3 3
Pb 5 6 3 2 <2< 9 24 20 19
Hf <I< 3 7 0.24 3 6 3 4 3
Sc 36 29 58 37 58 29 27 42 32
Cr 2756 304 153 483 138 72 472 27 50
v 50 291 433 140 430 201 301 299 226
Ni 1401 139 68 90 54 48 70 9 23
Ga 6 20 21 11 21 20 13 12 14
Zn 39 69 114 34 126 83 64 87 61
Cu <2< 106 69 9 67 45 82 9 76
Co 142 46 50 35 44 62 72 88 88
La <4< 8 7 0.40 5 11.26 0.86 1.33 1.67
Ce <3< 21 18 1.08 21 28.48 0.87 3.25 3.61
Pr n.d. n.d. n.d. 0.22 n.d. 4.52 0.30 0.48 0.42
Nd <4< 13 8 1.33 14 21.73 2.05 2.46 2.30
Sm n.d. n.d. n.d. 0.50 n.d. 6.37 0.71 0.99 0.86
Eu n.d. n.d. n.d. 0.46 n.d. 2.02 0.34 0.44 0.34
Gd n.d. n.d. n.d. 1.28 n.d. 8.58 1.11 1.80 1.50
Tb n.d. n.d. n.d. 0.23 n.d. 1.33 0.18 0.42 0.27
Dy n.d. n.d. n.d. 1.61 n.d. 8.99 1.34 3.08 1.84
Ho n.d. n.d. n.d. 0.32 n.d. 2.08 0.31 0.62 0.38
Er n.d. n.d. n.d. 0.89 n.d. 5.64 1.06 2.02 1.03
Tm n.d. n.d. n.d. 0.09 n.d. 0.85 0.12 0.25 0.22
Yb n.d. n.d. n.d. 0.99 n.d. 5.32 1.06 2.07 1.27
Lu n.d. n.d. n.d. 0.17 n.d. 0.80 0.10 0.26 0.20

Major and trace elements determined by XRF; REE and Ta analyzed by LA-ICP-MS. n.a.= not analyzed; n.d.= not determined.
Abbreviations: d, dunite; grt-amph, garnet-amphibolite; amph, massive/banded amphibolite.
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