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Abstract

Tertiary to Early Miocene post-collision granitoids intrude the whole Rhod-
ope Metamorphic Complex (RMC; northern Greece and southern Bulgaria)
during the extensional event that followed the collapse of the orogen. The Ba-
rutin-Buynovo-Elatia-Skaloti-Paranesti batholith in northern Greece and south-
ern Bulgaria is the largest plutonic body of the Rhodope Metamorphic Com-
plex (RMC) and is rather significant among these numerous post-collision
plutons. A new field survey, combined with new whole-rock major, trace, REE,
and Sr-Nd isotope analyses, focuses on the Elatia granodiorite in northern
Greece and its mafic enclaves and diorite for the first time by representing
members that record the earliest stages of magma evolution. All rocks display
typical subduction-related characteristics with enrichment in LILE and LREE
and depletion in HFSE but with enrichment in MREE. Major and compatible
trace elements decrease smoothly with increasing SiO, from the enclaves to
the most evolved granodiorite, consistent with fractional crystallization of
hornblende, biotite, plagioclase, titanite, and apatite. The alkaline enclaves and
diorite, together with the “adakitic” character of the granodiorite, suggest high
degrees of melting of a volumetrically minor mantle component. The diorite
has a very low ¥Sr/*Sr ratio (0.70425) and high *Nd/**Nd (0.51269), the low-
est and highest values respectively among the Eocene plutons so far in RMC,
pointing to an origin from a depleted mantle melt. Isotope ratios for the gran-
odiorite and enclaves lie between the depleted mantle and the RMC crust, im-
plying intense magma mixing. Probability-based discrimination diagrams place
the pluton in the post-collision field. All data indicate an early post-collisional
origin at ~56 Ma, rather than pre-collision. Mafic-felsic mixing members with
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concurrent FC (fractional crystallization) provide the best explanation for the
spread of the geochemical indicators. These results realign the Elatia pluton
with other early Eocene, post-collisional granites of the RMC, providing a
framework for future research.

Keywords

Magmatic Enclaves, Elatia Pluton, Rhodope Metamorphic Complex, Eocene
Magmatism

1. Introduction

The Elatia pluton lies north of the city of Drama. It forms the central part of the
Elatia-Skaloti-Paranesti complex, which, together with the Barutin-Buynovo plu-
ton in SW Bulgaria, makes up the largest batholith of the Rhodope Metamorphic
Complex (RMC) [1]-[5]. The pluton intrudes the metamorphic rocks of the Mid-
dle Allochthon or Sidironero Unit [6] of the Hellenic RMC, displaying only lim-
ited contact metamorphism effects. It comprises four main rock types (Figure 1):
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Figure 1. Simplified map of the Elatia pluton. Modified after Soldatos et al. [18].
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1) a (hornblende)-biotite granodiorite in the center, which becomes porphyritic
towards the northern and central-west margins and locally grades into quartz-
diorite or monzogranite; 2) a two-mica granite to leucogranite that intrudes the
granodiorite in the east; 3) a biotite granite to leucogranite that cuts the granodi-
orite across the whole outcrop as non-mappable dykes that vary in thickness from
several centimeters to several meters [3]-[5]. Scarce enclaves of several centime-
ters to decimeters in size occur in the granodiorite, but no geochemical data have
yet been published.

In this study, we present new petrological and geochemical data for the gran-
odiorite of the Elatia pluton, most notably the first Nd-isotope analyses ever re-
ported for this body, along with the first detailed analyses of its mafic enclaves and
diorite. These mafic members are key evidence that can help close the gap in un-
raveling the origin and evolution of the plutonic body, thereby providing essential
insight into the area’s geotectonic evolution. These new results, combined with
existing geochemical constraints, allow us to re-evaluate the petrogenesis and
magmatic evolution of the Elatia pluton and define a more narrowly defined geo-

tectonic framework for the region.

2. Geological Background

The RMC occupies a large area between the internal part of the Hellenides orogen,
between the Vardar suture to the west and the Maritsa fault zone to the north,
occupying southern Bulgaria and northern Greece. It is defined as a key area for
understanding the evolution of the Tethyan systems. It is formed from Mesozoic
synmetamorphic south-vergent nappes [6] of high-grade metamorphic and igne-
ous rocks (e.g., [7]-[9]). These nappes are stacked in an Alpine active margin en-
vironment, formed during the closure of the Tethys Ocean [10]. Synmetamorphic
compression versus syn- to post-orogenic extension and progressive exhumation
of deep crustal levels characterize the Alpine structural evolution of the RMC.
Large-scale extension has affected the area since the middle Eocene as a response
to gravity spreading of the previously formed thick and weak crustal-scale oro-
genic wedge [11].

The RMC is composed of the Northern Rhodope Domain, the Northern Rhod-
ope Core Complex (NRCC) on the NE, and the Southern Rhodope Core Complex
on the SW and N-NW (SRCC; [12]). The NRD is comprised of the imbricate units
[2] [13], dominated by an eclogite-metabasite-gneiss and a gneiss-marble se-
quence [4] [14] [15]. The NRCC is comprised of ortho- and paragneisses, migma-
tites, schists, amphibolites, and metapelites. The SRCC is dominated by flat-lying
units of marbles and orthogneisses, and to a lesser extent, micaschists, parag-
neisses, and amphibolites, with the core of the SRCC called the Drama window
[2], which consists of rocks of the lower terrane. Nappes’ stacking took place dur-
ing alternating periods of continental crust segment collision and oceanic litho-
sphere subduction. Subsequently, extensional tectonics associated with detach-

ment faults and ductile to brittle tectonics from Paleocene to Early Miocene times
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led progressively to orogen collapse and exhumation of deep crustal levels. This
extensional period was accompanied by syn- to post-tectonic granitoid intrusions
[16]. The Elatia pluton intrudes the imbricate units of Madan-Sidironero eclogites
and gneisses and the Asenitsa marble-gneiss unit [1] [2] [12].

According to Jones et al [17], foliation in granodiorite is variably developed,
with the strongest foliations near and aligned parallel to the southern lower con-
tact with partially migmatized gneissic basement rocks. At this basal contact, shal-
low northward-dipping, meter-scale, sheet-like layers reflect the larger structure
of the intrusion; the western margin is also foliated [17]. Both layering and folia-
tion run sub-parallel to the penetrative foliation in the bordering country rocks;
locally, there are large bodies of country rock at the base of the granite sheets, and
the granite and country rock foliations are broadly concordant. Biotitic xenoliths
are locally abundant, especially towards the southern part of the intrusion, and
several generations of pegmatites and aplites are present [17].

The age of the Elatia pluton was debatable for many years. Biotite K-Ar dating
from both the Greek and Bulgarian parts of the batholith ranges from 29.1 + 1.2
to 45.0 + 2.0 Ma [3] [17]. Kotopouli [3] reported a possible intrusion age of Upper
Cretaceous or Lower Tertiary based on geological data in the Skaloti area. Soldatos
et al. [18], based on Rb-Sr geochronology, suggest an age older than 48 Ma. The
age of the Elatia pluton was finally established with the U-Pb method on granodi-
orite zircons at about 56 Ma [19].

Soldatos et al [18] argued that the granodiorite (and porphyritic granodiorite),
granite, and two-mica granite form three distinct rock groups. A genetic link be-
tween granodiorite and granite seems plausible at first glance, based on the major
and most of the trace element variation diagrams; however, it is ruled out by the
Zr, Ba, Th, and REE patterns, as well as Sr isotopes. A genetic relation between
granite and two-mica granite is also ruled out due to the consistent cross-cutting
trends, although their REE patterns and Sr isotopes can support a genetic relation.

Soldatos et al [18] argued that the granodiorite (and porphyritic granodio-
rite), granite, and two-mica granite form three distinct rock groups. A genetic
link between granodiorite and granite seems plausible at first glance, based on
the major and most of the trace element variation diagrams; however, it is ruled
out by the Zr, Ba, Th, and REE patterns, as well as Sr isotopes. A genetic relation
between granite and two-mica granite is also ruled out due to the consistent
cross-cutting trends, although their REE patterns and Sr isotopes can support a
genetic relation.

Several authors have discussed the geotectonic setting of the Elatia pluton. Jones
etal [17], using the R1-R2 diagram of Batchelor & Bowden [20], suggested a post-
collision uplift tectonic setting for the Greek part of the batholith due to crustal
thickening, although their data plot in the anatectic field (syn-orogenic). For the
same part of the batholith, Soldatos et al [18], using the same and the Harris et al.
[21] diagram, suggested that the magma genesis is related to a subduction tectonic

environment, most likely prior to the collision.
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3. Materials and Methods

For this study, we combined previously published data with new results. The da-
taset of the latest unpublished result includes three major-element analyses (two
enclave samples and one diorite), twenty-six trace element and REE analyses, six
Sr-isotope analyses, and nine Nd-isotope analyses. The trace-element, REE, and
Nd-isotope analyses were obtained from the exact same samples analyzed by
Soldatos et al. [18].

Major and some trace-element analyses (Cr, Ni, Sc, V, Pb, Zr, Rb, Ba, Sr, Nb)
were performed at Saint Mary's University (Halifax, Canada) on a Philips (Pana-
lytical) PW2400 X-ray spectrometer with the Philips PW2510 102-position sam-
ple changer. Major and some trace-element analyses (Cr, Ni, Sc, V, Pb, Zr, Rb, Ba,
Sr, Nb) were performed at Saint Mary's University (Halifax, Canada) on a Philips
(Panalytical) PW2400 X-ray spectrometer with the Philips PW2510 102-position
sample changer. The PW2400 is a wavelength-dispersive sequential spectrometer,
which utilizes a 3 kW Rh anode to produce a continuum of primary X-rays used
to excite the sample. The fluorescing wavelengths from the sample are separated
using natural and synthetic crystals, and the photons are captured by either a flow
detector or a scintillation counter. The major elements were measured on fused
glass beads. Beads were prepared by mixing 5 g lithium tetraborate, 300 mg lith-
ium fluoride, and 35 mg lithium bromide with 1 g sample and fusing the mixture
in a platinum crucible using the Claisse Fluxy at a temperature of approximately
1050°C. The melts are mounted into 30 mm disks and analysed. Trace elements
are determined on pressed pellets. These are prepared by mixing 10 g sample with
1.5 g powdered Bakelite (a phenol-formaldehyde co-polymer) and pressing the
mixture into a disk approximately 5 mm thick and 40 mm in diameter using the
Herzog press at 20 tonnes for 10 seconds. The pellets are heated to 180°C for 15
min and cooled to produce a sample for analysis. All data are corrected either
using theoretically determined alpha coefficients (e.g., major elements) or by us-
ing Compton scatter (e.g., trace elements). Accuracy for this method for silica is
within 0.5%. The error is less than 1% for the other major elements. For trace
elements, the accuracy is within 5%. Instrument precision, as defined by repeated
analysis of a single sample, is within 0.6% relative. Sample precision, as defined by
measurement of different samples taken from the same aliquot, is within 1% for
elements done on fused beads and 0.7% for those done on pressed pellets.

Some trace elements and REE analysis were performed by a Laser Ablation-
Inductively Coupled Plasma-Mass Spectrometer (LA-ICP-MS) system installed at
the Earth Sciences Department of Perugia University (belonging to the Scientific
Methodologies Applied to Archaeology and Art (SMAArt) Center), composed of
a commercial New Wave UP213 (New Wave, UK) LA system coupled with a
Thermo Electron X7 (Thermo Electron Corporation, Waltham, USA) ICP-MS.
The laser ablation system is a frequency-quintupled Nd:YAG laser, whose funda-
mental wavelength of 1064 nm is converted into 213 nm by means of three har-

monic generators. The commercial ablation cell (New Wave, UK), capable of sup-
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porting both thin sections and cylindrical resin chips, has been modified in order
to mount both reference materials and unknown samples together. In addition,
special adjustments have been developed on the ablation cell for lodging “large”
samples (up to c.a. 5 cm). Helium is preferred over argon as a carrier gas to en-
hance the transport efficiency of the ablated aerosol [22]. The helium carrier gas
exiting the ablation cell is mixed with argon make-up gas before entering the ICP
torch; this configuration permits the maintenance of stable and optimum excita-
tion conditions. LA-ICP-MS measurements are carried out using time-resolved
analysis operating in a peak-jumping mode. The laser repetition rate and the laser
energy density are fixed at 10 Hz and ~10 J/cm?, respectively. The LA-ICP-MS
system is optimized for dry plasma conditions prior to each analytical session on
a continuous linear ablation of the NIST SRM 612 glass standard by maximizing
the signals for selected masses (La+ and Th+) and reducing oxide formation by
minimizing the ThO+/Th+ ratio. Data are collected in discrete runs of 15 - 24
analyses, each run comprising 6 - 15 unknowns and 1 quality control standard
analyzed as an unknown, bracketed by 8 analyses of the external standard. Exter-
nal calibration is performed using NIST SRM 610 and 612 glass standards in con-
junction with internal standardization using a major element, generally 29Si or
42Ca (Fryer et al, 1995), previously determined by an independent technique (e.g.
EPMA or XRF) following the proposed method [23]. Unknown samples are
mounted together with standards in order to avoid changes in instrumental con-
ditions due to the continuous opening of the ablation cell interface. A typical anal-
ysis consists of acquiring 60 s of background followed by 60 s of the signal pro-
duced by the ablated aerosol. Data reduction is performed on the time-resolved
signals by carefully selecting a homogeneous portion of background and signal
intensity. Data reduction is performed using the Glitter software [24] and in-
house written codes.

The Sr and Nd isotope analytical work was performed at the Laboratory of Ge-
ochronology, Department of Lithospheric Research, University of Vienna. Results
are based on the TIMS procedure. The Sr and Nd isotope analytical work was
performed at the Laboratory of Geochronology, Department of Lithospheric Re-
search, University of Vienna. Results are based on the TIMS procedure. Powders
of selected samples (c. 100 - 200 mg) were digested in tightly screwed Savillex
beakers using an ultrapure mixture of HF:HCIO, (5:1) for 2 weeks at 100°C -
110°C on a hot plate. After acid evaporation, repeated treatment of the residue
using 5.8 N HCl resulted in clear solutions. Element extraction (Sr, REE) was per-
formed using AG 50W-X8 (200 - 400 mesh, Bio-Rad) resin and 2.5 N and 4.0 N
HCl as eluants. Nd was separated from the REE group using Teflon-coated HdEHP
and 0.18 N HCI as eluant. Maximum total procedural blanks were <1 ng for Sr
and 50 pg for Nd, and were considered negligible. The pure element fractions were
evaporated using a Re double filament assembly and run in static mode on a
Thermo-Finnigan Triton TT TIMS machine. A mean 87Sr/86Sr ratio of 0.710268
+ 0.000006 (n = 4) was determined for the NBS987 (Sr) and a mean **Nd/'*Nd
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ratio 0f 0.511844 + 0.000003 (n = 4) for the La Jolla (Nd) international standards
during the period of investigation. Within-run mass fractionation was corrected
for 88Sr/86Sr = 8.3752, and “*Nd/***Nd = 0.7219, respectively. Errors quoted
represent 2s errors of the mean. For Nd, a continuous depletion of the upper
mantle is assumed throughout geological time, and the following Depleted
Mantle (DM) model parameters were used: ’Sm/'*Nd = 0.222, '*Nd/'*Nd =
0.513114 [25].

Data processing was carried out using the Geochemical Data Toolkit (GCDKit)
[26] and Petrograph [27].

4. Results

4.1. Major and Trace Elements and Sr, Nd Isotope Analysis

Table 1 & Table 2 summarize the analytical results from this study, combined

with analyses reported by previous authors [17] [18].

Table 1. Analysis results of the major and trace elements integrated with published analyses from earlier studies.

Sample PEL-1 PEL-3  PEL-4  A-06 A-10 A-23 D-05 D-08B D-11A DSK-09 DSK-14
Type Enclave Enclave Diorite Granodiorite
Reference* 1 1 1 3 3 3 3 3 3 3 3
SiOs 51.24 52.02 51.46 62.57 64.89 65.78 61.32 63.81 65.38 64.31 69.68
TiO2 1.27 1.13 0.83 0.69 0.61 0.53 0.68 0.63 0.54 0.60 0.43
ALO; 19.17 18.14 20.28 17.60 17.08 16.69 17.57 16.87 16.60 16.89 15.33
FeOtot 6.57 7.43 6.96 4.00 3.03 3.02 4.21 3.45 3.08 3.37 2.23
MnO 0.12 0.14 0.18 0.08 0.06 0.06 0.09 0.09 0.09 0.09 0.08
MgO 4.23 4.61 3.07 2.35 1.61 1.69 1.99 1.66 1.54 1.57 0.99
CaO 6.17 5.92 7.36 4.89 3.77 3.92 5.17 4.35 3.62 4.01 2.70
Na.O 4.49 4.09 4.01 3.99 4.09 4.07 4.20 4.15 4.06 3.92 4.12
K0 2.83 3.02 3.04 2.06 2.54 2.52 2.23 2.81 3.18 3.09 2.77
P05 0.54 0.54 0.53 0.37 0.33 0.30 0.41 0.36 0.28 0.34 0.20
Mg# 53.4 52.5 44.0 51.1 48.6 49.9 45.7 46.1 47.1 45.4 44.1
LOI 2.2 1.8 1.9 1.2 1.8 1.2 1.8 1.6 14 1.6 1.3
Sum 98.8 98.8 99.6 99.8 99.8 99.7 99.7 99.8 99.7 99.7 99.9
XRF
Sc 15 16 9 6 8 11 13 8 7 6
A% 162 169 65 61 50 84 67 53 61 42
Cr 1 37 36 31 30 36 32 29 29 25
Ni 15 45 18 13 9 18 14 15 12 6
Pb 8 11 10 15 10 9 14 15 14 17

DOI: 10.4236/0jg.2025.158021

431 Open Journal of Geology


https://doi.org/10.4236/ojg.2025.158021

K. Pipera

Continued
Zr 285 274 284 216 217 296 246 243 253 193
Nb 26 16 25 13 20 11 22 18 17 15
U 2 2 4 5 5 1 2 4 8 6
Y 26 17 22 14 15 11 15 15 15 16
Th 18 11 16 19 14 18 15 13 17 18
Rb 106 148 86 178 88 100 107 114 102 114
Sr 871 677 715 376 589 835 658 613 732 422
Ba 663 609 635 596 564 659 788 909 921 316
ICP-MS

Sc 10.9

\% 167.0 171.0 208.4

Cr 1.1 36.8 18.5

Ni 11.7 37.0

Pb 17.8

Zr 78.1

Hf 6.3 6.7 1.9 5.6

Nb 24.1 14.0 4.8

Ta 1.20 0.70 0.46 0.60

U 3.0 2.0 2.3 2.4

Y 26.3 16.6 21.6 16.0 17.0

Th 19.3 15.5 6.8 24.5

Rb 109.4 152.6 98.6 93.0

Cs 2.5 10.1 33 6.1

Sr 857.7 674.9 1173.5

Ba 696.0 600.0 728.4 640.0

La 59.00 48.90 23.29 78.85 61.18

Ce 120.60 94.40 52.95 135.94 107.69

Pr 12.46 9.34 6.23 12.16 10.55

Nd 46.00 33.10 29.62 44.19 40.35

Sm 7.62 5.24 6.27 5.13 5.69

Eu 1.72 1.03 1.50 1.19 1.24

Gd 6.33 4.02 5.78 3.59 4.35

Tb 0.91 0.60 0.71

Dy 4.93 3.15 4.05 2.66 3.33

Ho 0.91 0.59 0.83 0.58 0.69
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Continued
Er 2.58 1.67 2.22 1.76 1.80
Tm 0.37 0.23 0.38
Yb 2.35 1.47 2.05 1.28 1.34
Lu 0.34 0.22 0.24 0.21 0.20
2REE 266.1 204.0 136.1
Eu/Eu* 0.7 0.7 0.7 0.8 0.7
(La/Lu)cn 18.0 23.1 9.9 39.0 31.8
(La/Sm)cn 4.9 5.9 2.3 9.7 6.8
(Gd/Yb)en 2.2 2.2 2.3 2.3 2.6
(Tb/Lu)cn 1.8 1.9 2.0

*1. Major and trace elements from the present study; 2. Major elements, Soldatos et al [18] and trace elements from the present

study; 3. Major and trace elements from Soldatos et al [18]; 4. Major and trace elements from Jones et al [17].

Sample DSK-15 DSK-17 DSK-18 E-04 E-06 E-07 E-09 E-10 GBT.189 GBT.191 GBT.192
Type Granodiorite
Reference* 3 2 3 2 3 3 3 3 4 4 4
SiO; 67.72 59.84 64.87 60.13 73.56 61.37 69.99 66.45 71.60 62.90 67.40
TiO2 0.50 0.76 0.56 0.73 0.00 0.77 0.39 0.57 0.31 0.72 0.62
ALO:; 15.87 17.72 16.72 18.50 15.50 18.19 15.77 16.03 14.80 16.80 16.80
FeOtot 2.48 4.86 3.32 4.41 0.62 4.04 2.19 3.16 1.80 3.87 3.33
MnO 0.08 0.15 0.09 0.09 0.11 0.08 0.08 0.09 0.00 0.09 0.12
MgO 1.11 2.41 1.65 2.29 0.07 2.06 1.11 1.39 0.50 1.70 1.40
CaO 2.84 5.28 4.26 5.14 0.29 4.39 3.20 3.98 2.30 4.10 3.50
NaO 3.85 4.29 4.03 4.67 4.89 4.16 4.35 4.13 4.00 3.80 5.10
K.O 3.60 1.89 2.68 2.67 4.38 2.44 1.80 2.52 4.02 2.83 2.40
P20Os 0.22 0.44 0.33 0.44 0.05 0.35 0.13 0.30 0.10 0.27 0.22
Mg# 44.4 46.9 47.0 48.0 16.7 47.6 47.4 43.9 33.1 43.9 42.8
LOI 1.5 2.0 1.2 0.8 0.7 2.1 0.9 1.1 - - -
Sum 99.8 99.6 99.7 99.8 100.1 100.0 99.9 99.8 99.4 97.1 100.9
XRF
Sc 7 12 11 10 1 9 9 12
\% 48 61 78 7 68 37 54 28 84 65
Cr 29 32 34 28 21 28 24 28 7 14 11
Ni 10 21 12 10 0 4 3 10 0 6 2
Pb 20 9 9 10 21 11 22 18
Zr 203 285 242 344 56 300 223 234 184 213 180
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Continued

Nb 19 18 11 25 27 24 14 19 5 21 28

U 5 3 3 4 9 2 1 4 6 6 5
16 22 15 19 8 17 8 18 7 23 22

Th 14 14 12 15 5 17 4 14 19 20 20

Rb 135 117 128 112 337 83 90 101 143 119 170

Sr 476 791 689 821 49 758 433 556 304 538 475

Ba 722 414 1186 728 83 910 235 501 803 535 497

ICP-MS 67.72

Sc 0.50

\% 15.87 88.0

Cr 2.48

Ni 0.08

Pb 1.11

Zr 2.84 239.8 292.1

Hf 3.85 5.6 4.5 7.0 5.1 5.7 5.0

Nb 3.60 16.3 17.5

Ta 0.22 1.50 1.10 1.20 0.20 1.28 1.99
44.4 3.2 1.6 4.6
1.5 18.1 17.0 15.1

Th 99.8 18.4 17.2 18.0

Rb 85.7 105.5

Cs 7 3.5 3.5 4.1

Sr 48 762.0 817.7

Ba 29 511.0 737.0

La 60.70 47.17 70.50

Ce 108.30 85.64 123.20

Pr 10.80 8.74 11.86 8.68

Nd 37.20 33.57 39.40

Sm 5.64 491 5.85 4.82 4.39 6.60 5.90

Eu 1.27 1.09 1.33 1.07 0.71 1.37 1.01

Gd 4.76 3.73 4.79 3.78

Tb 0.65 0.62 0.31 0.69 0.63

Dy 3.25 3.04 3.16 3.15

Ho 0.58 0.67 0.60 0.81

Er 1.68 1.70 1.62 1.83
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Continued
Tm 0.24 0.24
Yb 1.54 1.35 1.50 1.58 0.53 1.71 1.47
Lu 0.23 0.19 0.23 0.23 0.08 0.28 0.25
2REE 236.8 264.9 184.6 169.8
Eu/Eu* 0.7 0.7 0.7 0.7 0.9
(La/Lu)cn 27.4 25.8 31.8 19.9 50.6 18.4 18.9
(La/Sm)cn 6.8 6.0 7.6 5.8 5.6 4.7 4.9
(Gd/Yb)en 2.5 2.2 2.6 1.9
(Tb/Lu)cn 1.9 0.0 1.8 2.6 1.7 1.7

*1. Major and trace elements from the present study; 2. Major elements, Soldatos et al [18], and trace elements from the present

study; 3. Major and trace elements from Soldatos et a/ [18]; 4. Major and trace elements from Jones et al [17].

Sample GBT.194 I-11B I-14A I-16 M-10 PEL-3H PS-01 PS-11 PS-12 PS-3 Z-12B
Type Granodiorite
Reference* 4 3 2 3 3 2 2 2 3 3 3
SiO2 67.80 66.09 70.24 63.24 69.18 60.52 66.92 65.88 65.94 70.50 66.78
TiO2 0.62 0.52 0.37 0.64 0.43 0.75 0.61 0.54 0.55 0.36 0.53
ALO:; 16.60 16.66 15.36 16.98 15.70 17.81 16.22 16.48 16.56 14.98 16.61
FeOtot 3.33 2.85 2.37 3.50 2.25 4.21 3.08 2.94 3.01 1.92 2.68
MnO 0.07 0.06 0.07 0.07 0.05 0.08 0.09 0.09 0.09 0.08 0.05
MgO 1.40 1.41 1.32 1.83 0.97 2.54 1.52 1.40 1.30 0.93 1.25
CaO 3.40 3.70 3.25 4.65 2.45 5.35 3.67 3.76 3.76 2.24 3.35
Na;O 5.00 4.16 4.14 4.03 4.09 4.32 3.81 4.07 4.20 3.16 4.03
KO 2.35 3.26 1.80 2.83 3.73 2.14 2.41 3.26 2.86 4.84 3.18
P,0Os 0.22 0.33 0.20 0.38 0.21 0.34 0.28 0.27 0.29 0.15 0.26
Mg# 42.8 46.8 49.8 48.2 43.4 51.8 46.8 45.9 43.5 46.3 45.4
LOI - 0.7 0.7 1.5 0.8 1.1 1.2 1.1 1.2 0.7 1.1
Sum 100.8 99.8 99.9 99.7 99.8 99.2 99.8 99.8 99.8 99.9 99.8
XRF
Sc 9 7 21 9 10 13 10 10 7 10
\' 71 47 58 36 100 49 30
Cr 10 27 27 37 26 2 29 29 28 27 29
Ni 4 5 3 17 6 18 9 9 10 6 4
Pb 14 14 12 22 7 31 16 16 32 17
Zr 195 237 139 241 176 283 224 218 250 167 213
Nb 17 19 13 25 15 18 22 20 12 16
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Continued
U 3 2 4 4 8 2 2 5 3 2 6
Y 16 16 12 28 14 18 27 14 19 9 12
Th 25 19 14 15 29 15 13 19 8 19
Rb 103 127 152 120 171 73 111 117 118 132 121
Sr 514 558 413 547 431 773 526 555 582 473 530
Ba 505 794 467 670 532 643 599 675 685 987 591
ICP-MS
Sc
\' 25.0 94.0 54.0 64.0 31.0
Cr 2.3
Ni 13.2
Pb
Zr 97.4 193.9 184.3
Hf 5.5 2.8 6.0 5.2 4.7 3.1
Nb 11.4 15.7 16.3 14.2
Ta 1.19 0.40 1.00 1.60 1.10 0.90
5.2 33 2.8 3.0 2.8

21.0 10.6 16.6 21.9 14.1 11.0
Th 25.7 16.1 23.0 14.8 17.2 12.0
Rb 138.4 77.8 92.8 106.2
Cs 2.2 11.0 3.1 2.8 2.5 1.8
Sr 396.0 792.8 479.2 541.5
Ba 491.0 650.0 625.0 727.0
La 23.20 23.80 69.60 39.10 41.40 26.79
Ce 45.98 46.30 136.70 71.70 73.60 48.39
Pr 5.06 5.30 12.64 7.69 7.58 5.13
Nd 19.97 19.40 41.60 26.90 26.20 19.67
Sm 5.10 4.41 3.82 591 4.99 4.47 2.80
Eu 0.98 0.32 0.48 1.30 0.99 0.93 0.64
Gd 3.75 2.79 4.21 4.06 3.26 2.09
Tb 0.51 0.38 0.62 0.68 0.49
Dy 3.50 2.06 3.26 3.81 2.50 1.93
Ho 0.67 0.34 0.59 0.75 0.51 0.48
Er 1.75 0.86 1.70 2.21 1.40 1.15
Tm 0.13 0.26 0.33 0.20
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Continued
Yb 1.17 1.52 0.83 1.55 2.11 1.31 1.10
Lu 0.21 0.21 0.12 0.23 0.33 0.19 0.17
Z~REE 110.3 106.6 280.2 165.7 164.0
Eu/Eu* 0.2 0.4 0.8 0.7 0.7 0.8
(La/Lu)cn 26.0 11.5 20.6 31.4 12.3 22.6 16.4
(La/Sm)cn 6.5 3.3 3.9 7.4 4.9 5.8 6.0
(Gd/Yb)en 2.0 2.7 2.2 1.6 2.0 15
(Tb/Lu)cn 1.6 2.2 1.8 1.4 1.8

*1. Major and trace elements from the present study; 2. Major elements, Soldatos et al [18], and trace elements from the present

study; 3. Major and trace elements from Soldatos et a/ [18]; 4. Major and trace elements from Jones et al [17].

Table 2. Isotopic composition of the Elatia pluton samples.

Sample Type I:;f:;_ Rb Sr 8876RSE‘/ 276851;/ 20 error Zgz Sm Nd 114 47 f;;l 114; 41:] C(li/ 20 error E?;ji
PEL-1  Enclave 1 109.4  857.7 0.36899 0.70630 0.000004 0.70600 7.62 46  0.10017 0.51249 0.000004 0.51245
PEL-3  Enclave 1 152.6 6749 0.65415 0.70710 0.000004 0.70658 5.24 33.1 0.09572 0.51246 0.000004 0.51243
PEL-4  Diorite 1 98.58 1173.53 0.24296 0.70445 0.000004 0.70425 6.27 29.62 0.12798 0.51269 0.000004 0.51264
E-04 Granodiorite 2 105.,5 817.7 0.37325 0.70660 0.000003 0.70630 5.85 39.4 0.08977 0.51246 0.000003 0.51242
PS-1 Granodiorite 2 92.8  479.2 0.56025 0.70677 0.000004 0.70633 4.99 26.9 0.11218 0.51246 0.000004 0.51242
DSK- ..

17 Granodiorite 3 85.7 762.0 0.32536 0.70642 0.000130 0.70616 5.64 37.2 0.09167 0.51247 0.000003 0.51244
I-14A Granodiorite 3 138.4 396.0 1.01114 0.70733 0.000020 0.70653 3.82 19.4 0.11909 0.51236 0.000005 0.51232
PS-03 Granodiorite 3 132 473.0 0.80735 0.70685 0.000070 0.70621 3.1 28  0.06692 0.51245 0.000003 0.51242
PS-11 Granodiorite 3 106.2  541.5 0.56738 0.70669 0.000020 0.70624 4.47 262 0.10317 0.51245 0.000004 0.51241

D-5 Granodiorite 3 96 809  0.34200 0.70657 0.000270 0.70630 - - - - - -
I-11b Granodiorite 3 110.83 530.75 0.60400 0.70669 0.000016 0.70621 - - - - - -
PS-9 Granodiorite 3 94.72  533.30 0.51380 0.70668 0.000018 0.70627 - - - - - -

4.2. Petrography and Mineralogy

The petrography and mineralogy of the Elatia pluton have been extensively dis-
cussed by Kotopouli [3], Soldatos [18], and Soldatos et al [19]. In this study, we

add new observations on new samples of enclaves, diorite, and granodiorite.

Granodiorite: It consists mainly of (hornblende)-biotite granodiorite, locally

ranging from quartz diorite through quartz monzodiorite and tonalite to granite.

It is a medium- to coarse-grained, grey to dark grey rock. In the central-western

part of the pluton, the granodiorite becomes porphyritic (Figure 1) with large K-

feldspar megacrysts and displays weak foliation. The porphyritic and non-por-

phyritic varieties share the same composition and mineralogy. The main rock-

forming constituents are plagioclase (33 - 67 vol.%), K-feldspar (7 - 35 vol.%),
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quartz (12 - 32 vol.%), and biotite (5 - 22 vol.%). Hornblende (<4 vol.%) is subor-
dinate to the less evolved rocks. Accessory minerals (1 - 6 vol.%) include primary
epidote, titanite, allanite, apatite, zircon, and opaque minerals.

Enclaves & Diorite: Generally, scarce scattered enclaves occur in the granodio-
rite (Figure 2); however, an area with many enclaves of different sizes was found
during the fieldwork, and a diorite with a septum-like form is found in the gran-
odiorite with moderately smooth contacts. Enclaves and diorite were found in dif-
ferent areas. Both the enclaves and the diorite share the granodiorite mineralogy.
They consist mainly of plagioclase (~50%), which displays oscillatory zoning, bi-
otite (15 - 17 vol.%), hornblende (10 - 13 vol.%), minor orthoclase (2 - 3 vol.%),
minor quartz (2% - 3%), and accessory minerals such as primary epidote (6 - 8
vol.%), commonly with an allanite core, apatite, and zircon (<4%). Titanite is ab-
sent from the enclaves and diorite. Although they present the same mineralogy as
the granodiorite, their texture varies slightly, with some displaying a microgranu-
lar texture with subhedral biotite, while others exhibit a medium-grained granitic

texture. The diorite exhibits a typical granitic texture.

Figure 2. (a) Sample PEL-1, centimeter- to decimeter-sized mafic microgranular enclaves
within the granodiorite with moderately sharp contacts, and (b) Sample PEL-2, decimeter-
sized mafic microgranular enclaves with gradational contacts within the granodiorite.

4.3. Major Element Geochemistry

Most granodiorite samples plot in and around the granodiorite field, while the
enclaves and the diorite plot in the Monzogabbro/Diorite field (Figure 3, [28]).

In the SiO; - (K;O + Na,O) plot (Figure 4; [29]), the enclaves and diorite lie in
the alkaline field, separated from granodiorite by a SiO, gap of more than 7%.

In the SiO; versus K,O diagram (Figure 5(h), after [30]), most samples fall
within the High-K calc-alkaline series field, while a few samples plot in the calc-
alkaline series. In contrast, the enclaves and diorite plot in the shoshonite series
field.

Variation diagrams for major oxides show that most major elements decrease
smoothly with increasing SiO,, exhibiting well-defined trends, except for KO,

which increases, and Na,O, which remains nearly constant but tends to decrease
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for the granodiorite (Figure 5).

The enclaves generally follow the granodiorite trends, although K,O and Na,O
diverge, likely due to the SiO, gap between the basic enclaves, but diorite diverges
from the enclaves in some oxides and especially in TiO,; thus, the correlation be-
tween the granodiorite and enclaves/diorite is not clear. Overall, the major ele-
ments variation, at least for the granodiorite, can be attributed to the fractionation

of hornblende, biotite, plagioclase, titanite, and apatite.
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Figure 3. Q-ANOR classification diagram after Streckeisen & Le Maitre [28].
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Figure 4. SiO; versus Na;O + K>O diagram. Discrimination line between alkaline and sub-
alkaline rocks after Irvine & Baragar [29].

DOI: 10.4236/0jg.2025.158021

439 Open Journal of Geology


https://doi.org/10.4236/ojg.2025.158021

K. Pipera

b 21 5
[ ¥
1.2 * Tio, gol E Alzos Py MgO
* 4
1.0 19| %
+ %* * e 3+
0.8 18
’: '.. 50 Qo
0.6 Rl 17 g
%’ o '“'f‘ i . Sang
v o * MR 1 L4 s
oz (a) 5 (b) 8 (c) o
®
0.0 al g o -
8 8 06—
¥*
+ CaO _*'_ FeOt o g ons
o ¥y 5 -
0.4 S
” 0. P ‘ .Q’
4 * 0‘0’& 4 ’0‘ N 03 . %o
¢ @ %“ L 4 ‘:
e > 0.2 *®
¢ RS @ “
. 2 ® e ’0
(d) (e) o1t (f) ”
o °
0 By 0.
50 55 60 65 70 75
55 7 .
SiO
Na,O K,0 2
¢ 6
5.0 ®
. 5
- Shoshonite Seies »
48 * 4 e = H\ghrK6arc?a\kahne
’.‘ ‘ ® ® ¢ Series
o
ao} ¥ o %6 " 3 F* “0? .
o < ’0 ’) ‘N Calc a\:i?h:e
2 r / V ’ ’ ’ oenes
35 2
(g) ® ! (h) e o Tholeiite Seies
30 o ==
50 55 60 65 70 75 45 50 55 60 65 70 75
SiO, SiO,

Figure 5. Variation diagrams for major elements. Symbols as in Figure 3.

4.4. Trace Element Geochemistry

Trace-element variation diagrams for selected trace elements are shown in Figure
6. The granodiorite samples correlate well for Sr, V, Pb, and Zr, but less so for Ba,
Rb, La, Y, Nb, Pb, Sc, U, and Th. The elements Rb, Pb, U, and Th show an increase
with increasing differentiation. Ba, Y, Nb, and Cr variation is more scattered, alt-
hough they too tend to decrease with differentiation. Th and U are highly scat-
tered; U rises slightly, whereas Th remains relatively constant, decreasing at higher
SiO, concentrations. The decrease in Y is attributed explicitly to hoblende frac-
tionation [31].

In Figure 7(a), the normalized primitive mantle diagrams for the three rock

types display typical convergent-margin generated magmas: variable enrichment
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Figure 6. Variation diagrams for selected trace elements. Symbols as in Figure 3.
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in LILE (Large-Ion Lithophile Elements), depletion in HFSE (High Field Strength

Elements), and negative anomalies in Ta, Nb, Ti, and P, as well as positive anom-
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alies in Pb and K. Sr shows variable negative trends. A Ba negative anomaly is
present only for granodiorite and enclaves, indicating K-feldspar fractionation,
but is absent in diorite. The weak Sr anomaly is probably the result of no or minor
plagioclase fractionation during the earlier fractionation stages. The granodiorite
also shows a positive Th-U anomaly, whereas the diorite has a negative Th trough.
The enclaves display similar patterns to the granodiorite, except for the P and Ti
anomalies, which are weaker in the enclaves than in the granodiorite, implying a
crustal input.

In Figure 7(b), the chondrite-normalized REE patterns show that the Eu neg-

ative anomaly is present, ranging from negligible in the enclaves and diorite to
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Figure 7. (a) Multi-element spider diagram patterns. Normalization values from Sun &
McDonough [35]. (b) REE spider diagram patterns. Normalization values from Boynton
[36].
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significant in the granodiorite. This, along with the weak Sr anomaly, points to
limited plagioclase fractionation. All rocks are LREE-enriched with minor varia-
tions (Lac/Sme, > 3), though diorite is slightly less enriched than the others
(Laca/Smen = 2.3). Enclaves and diorite display higher enrichment in HREE than
the granodiorite, but all have similar HREE patterns, with Tb../Luc, > 1 indicating
residual garnet in their source, e.g., Defant and Drummond [31]. There is a nota-
ble MREE enrichment in all rock types but especially in the diorite, which reflects
strong amphibole fractionation and early titanite fractionation, as both minerals
drop towards LREE and HREE, as noted by Padilla et al. [32]. The reverse negative
Nb-Ta anomaly is an indicator of residual rutile in the source or could reflect

source heterogeneity (e.g., [33] [34]).

4.5. Sr and Nd Bulk Rock Isotope Composition

The initial Sr and Nd ratio compositions of the enclaves and granodiorite are
similar, whereas the diorite has significantly unradiogenic Sri and radiogenic Ndi
ratios (Figure 8, Table 2). These diorite values indicate a more depleted source,
trending toward the depleted mantle (DM) or the European Asthenospheric Res-
ervoir (EAR). The remaining samples plot between this depleted end-member
and enriched crustal values, consistent with mixing between a mantle-derived
melt and a crustal melt. Because the enclaves share mineralogy with the diorite,

they likely represent mixtures of a depleted melt component (diorite-like) and a
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Figure 8. (87Sr/86Sr)i versus (143Nd/144Nd)i. The fields illustrated are: DMM = Depleted MORB
Mantle, EM-I = Enriched Mantle I, EM-II = Enriched Mantle II after Zindler & Hart [37]. EAR =
European Asthenospheric Reservoir after Cebria & Wilson [38], Rhodope metamorphics after Cor-
nelius [39] and Castorina et al. [40].
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high Sri, low Ndi melt component, probably derived from the Jurassic metamor-
phic rocks of the RMC crust.

4.6. Geotectonic Discrimination Diagrams

Many authors have worked to update classic tectonic-discrimination diagrams,
replacing hand-drawn boundaries with more rigorous decision boundaries based
on discrimination analysis, which provides very good probabilities. Pearce himself
[41] revised the Rb/Y + Nb discrimination diagram (Figure 9, [42]). Verma and
Verma [43] developed three sets of discrimination diagrams using the correct sta-
tistical methodology of loge-ratio transformation and linear discrimination anal-
ysis with a high success rate (>90%). All intermediate samples of the current study
were plotted in these diagrams (Figure 10). All samples are plotted in the “Col”
field, which is discriminated using samples from post-collisional tectonic envi-
ronments. Thus, a post-collisional setting is suggested for the Elatia pluton rather

than a pre-collision one.

5. Discussion
5.1. Origin of the Diorite

The diorite outcrop is small, and such samples are rare within the Rhodope mag-
matic rocks. This specimen is rather significant among all plutons of the RMC.
Although it is represented by a single, and thus less statistically reliable, sample,
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Figure 9. Rb versus Y + Nb discrimination diagram of geotectonic settings (after Pearce et
al. [42], modified by Pearce [41]).
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it remains noteworthy and cannot be disregarded. Its unradiogenic Sr isotopic ra-
tio and radiogenic eNd (+1.5) point to melt originating from a depleted mantle
source. The alkaline affinity of the diorite suggests that the melt formed by high
degrees of partial melting of a volumetrically minor mantle component [34]. The
weak Eu and Sr anomalies suggest minor or no plagioclase fractionation, while
the MREE shift points to strong amphibole fractionation. The negative Th anom-
aly combined with the reversed Nb-Ta anomaly strongly suggests residual rutile
in the source, as rutile prefers Ta over Nb (e.g., [35] [36]). At the same time, the
sample has enriched features like the high-K, low Mg# (=44) and LILE and HFSE
enrichment. Such signatures typically occur only when the mantle wedge is met-
asomatized by sediment-derived melts or slab-released fluids during subduction
from the subducted slab. To explain the depleted isotopic character for some RMC
magmatics, Rohrmeier et al [7], working on the Yugovo and Smilyan plutons,
suggested the possibility of a Variscan melt component, which Marchev et al [44]
accepted. However, these authors link the depleted isotopic character to a Var-

iscan component in some RMC magmatics due to the limited data for Early-Mid-
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dle Eocene mafic members. A Variscan component is highly unlikely here, indi-
cated by the high &Nd (+1.5), and excludes any scenario for significant Variscan
contribution. Its low Mg# here can only be attributed to the amphibole cumulates
of the Elatia pluton (Soldatos personal communication). An analyzed sample from
these cumulates found in the Elatia pluton shows high 13.36 MgO w% and low
K,O (1.09 w%; Soldatos unpublished data). Crystal-liquid separation within the
Elatia magma chamber would have depleted the residual melt. Since a Variscan
component is excluded, the only plausible explanation for the origin of the diorite
is an enriched mantle melt component depleted in MgO due to the amphibole

cumulate rocks.

5.2. Origin of the Enclaves and Granodiorite

The diorite and the mafic enclaves do not crop out in the same part of the Elatia
pluton. Titanite is present in the enclaves but is absent from the diorite. Amphi-
bole fractionation plays a major role for the granodiorite as implied by the Y var-
iation. In most variation diagrams (Figure 5 and Figure 6), both for major and
trace elements, the enclaves have a subparallel trend; however, with only two sam-
ples it is not sufficient to draw conclusions. Moreover, the gap in SiO, is a deter-
rent factor for any conclusions. The Mg# ranges between ~45 - 51 for the gran-
odiorite and 52.5 - 53.4 for the enclaves, typical of magmas in arc settings, signal-
ing moderately evolved magmas. Relative to the diorite, they are more enriched
in LILE and HSFE (Figure 7), and their trace element and REE patterns resemble
those of the granodiorite, suggesting a strong connection. Their initial isotopic
ratios are the same as the granodiorite, 0.70600 - 0.70658 and 0.70621 - 0.70653,
respectively. Their features point to a formation from significant mixing with con-
current FC between the diorite magma and a felsic melt component, none other
than the crust of the RMC as indicated by the Sr and Nd initial isotopic ratios
(Figure 8). The granodiorite itself seems to represent the result of this mixing with
concurrent FC (MFC) between the diorite magma and a felsic RMC crustal melt.
In short, both the enclaves and the granodiorite could probably record successive
stages of diorite-crustal melt and then enclave-crustal melt interaction with con-

current FC.

5.3. Evolution of the Pluton

Previous authors have utilized geochemical models to explore the evolutionary
processes and the relationship between the granodiorite, the granite, and the two-
mica granite [17] [18]. No earlier work, however, addressed the enclaves or the
diorite. Enclave mineralogy resembles that of the granodiorite, although the en-
claves exhibit varying textures. Mineral chemistry shows no compositional differ-
ences among the granodiorite, the enclaves, and the diorite. Major element varia-
tions imply a relation with the granodiorite, but their trace element variations,
especially for the diorite, are not consistent. Even so, trace element and REE spider

diagrams indicate a strong relation between the enclaves and granodiorite. The
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diorite differs in detail; yet the continuous depletion with differentiation of their
HREE, the similar HREE patterns, and their constant upward shift on the MREE,
caused by strong hornblende fractionation, strongly support a common evolution.
Amphibole fractionation appears to play a key role, as indicated by the high
Sme,/Dye, ratio (>2) and the low Dy./Yb., ratio (<1.6), along with a moderate
Sr/Y ratio with garnet ako present in the residue. The amphibole cumulates fur-
ther support this view. Amphibole fractionation, along with epidote and allanite,
is also the driving mechanism of the pluton’s “adakitic” signature [45], lowering
the Y and Yb concentrations and further generating adakites [46]. The term ada-
kite is used to describe a group of rocks with high Sr and low Y and HREE con-
centrations and high Sr/Y and La/Yb ratios considered to be the product of slab
melting in subduction zone settings (Figure 11; [47]), yet such a signature can be
achieved via different processes: melting of a high Sr/Y (and La/Yb) source; deep
melting, with abundant residual garnet; fractional crystallization or assimilation
and fractional crystallization; or interactions of felsic melts with the mantle, caus-
ing selective enrichment in LREE and Sr over HREE [48]. These “adakites” are the
direct result of high-pressure melts (ie., >10 Kbar) of different sources; as the
pressure increases, plagioclase becomes unstable (therefore releasing Sr), whereas
garnet becomes stable and an increasingly important phase, trapping Y. The result
is a dramatic increase of the Sr/Y ratio with increasing pressure; La and Yb have
comparable behaviors, such that the La/Yb ratio shows the same pattern [49].

120 80
+ Diorite + Diorite
¥ Enclaves 0 | ®  Adakite ¥ Enclaves
100 F Adakite ’ GRD ’ GRD
60
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> >
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Figure 11. Discrimination diagram of adakites (a) Y versus Sr/Y and (b) Yb versus La/Yb. Fields from [49].

The role of the mafic members, especially the diorite, is key to understanding
the origin of the Elatia pluton. Their alkaline character suggests origin from high
degrees of melting of a volumetrically minor mantle component [50]. The initial

Sr and Nd isotopic ratios of the enclaves are similar to those of granodiorite, con-
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firming extensive mixing. Nonetheless, the diorite displays more depleted REE
and trace element patterns, with very low initial Sr and high Nd representing the
most primitive magma composition yet identified in the Hellenic RMC. Its en-
riched incompatible elements, depletion in some compatible elements (Figure
7(a)), and the low Mg# relative to the enclaves (44 versus 52.5 and 53.4) suggest
that it has probably been subjected to a complex differentiation process, probably
linked to the cumulitic amphibole diorite outcrops (Soldatos personal communi-
cation) noted in the area. The cumulates consist mainly of amphiboles (Soldatos,
personal communication) with very low SiO,, very low K,O, and high Mg# (=75).
They are enriched in compatible elements yet require further investigation. Nev-
ertheless, its isotopic signature is reliable, as differentiation processes cannot erase
it. If future work confirms a link between the diorite and the cumulates, then the
answer for the selective depletion seen in the diorite could be explained. At pre-
sent, data on these cumulates are limited, and the diorite sample found in this
study’s field work remains unique. Undoubtedly, the enclaves demonstrate a man-
tle-derived origin, although they have been subjected to mixing with a crustal melt
component [50], consistent with their high MgO content.

For the origin of the Early-Middle Eocene magmatism in RMC, Marchev et al.
[44] proposed melts derived from an enriched mantle source with varying degrees
of crustal contamination from the metamorphic rocks of the Middle Allochthon
of RMC (Sidironero Unit). Christofides et al [51], studying the 50 Ma Sithonia
Plutonic Complex, where enclaves are also present, suggested an Upper Mantle
origin component, though Perugini et al. [52] argued that extensive mixing lim-
ited the source information. Earlier studies proposed assimilation and FC (AFC)
as the main differentiation process linking the less- and more-differentiated gran-
odiorite [18]. The presence of numerous enclaves and diorite, however, points to
a mixing process with concurrent FC rather than crustal assimilation. In the Elatia
pluton, the isotopic signatures of both felsic rocks and enclaves are in favor of
mixing between a mantle-derived melt and a crustal melt component. A two-stage
evolution is suggested here, MFC between a diorite magma with felsic RMC crus-
tal melt that generated the enclaves, and continuous mixing and FC that generated

the granodiorite.

5.4. Geotectonic Setting and Geodynamic Implications

Several authors have discussed the geotectonic setting of the Elatia pluton. All of
them support a subduction-related environment based on several geotectonic dis-
crimination diagrams, with some supporting a pre-collision environment [18]
and others a post-collision one [17] [44].

Recently, the validity of previously used discrimination diagrams has been called
into question, as the decision boundaries of most tectonic discrimination dia-
grams are typically drawn by eye [53]. Pearce himself revised his key diagram of
Rb/Y + Nb [42], adding a post-collision field [41]. This discrimination diagram,

along with that of Verma and Verma [43], has been used to determine the post-
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collision geotectonic setting of the Elatia pluton. Both diagrams clearly show the
post-collisional character of the pluton. The Elatia pluton, along with the other
Eocene plutonic complexes of RMC, intruded its crust shortly after the closure of
the Vardar-Axios zone, presenting “adakitic” characteristics unlike the other
younger post-collision plutons.

Many authors have dated the closure of the Axios-Vardar ocean, with many of
them suggesting a Late Cretaceous-Paleocene age (e.g. [54]-[58]), while some im-
ply that convergence persisted into the Eocene-Oligocene (e.g. [10] [59]). The Ela-
tia pluton, as many previous workers agreed and as shown in this study, is a post-
collisional one and was emplaced around 56 Ma; therefore, the oceanic crust must
have been fully consumed no later than the latest Paleocene, before the pluton was

emplaced.

6. Conclusions

The new field petrographic and geochemical data show that the granodiorite of
the Elatia pluton evolved through intense mixing between an enriched mantle-
derived magma and a crustal melt derived from the local Rhodopean crust. Ex-
tensive amphibole fractionation, with limited plagioclase fractionation, and high-
degree partial melting with residual rutile in the mantle source control the origin
and evolution of the mafic diorite member. Intense MFC between the mafic dio-
rite source melt and an RMC crustal melt, with crystallization of hornblende, bi-
otite, plagioclase, titanite, and apatite, appears to be the controlling mechanism
for the enclave origin and the genesis and evolution of the Elatia pluton granodi-
orite. Evidence for the mantle component is preserved in the rare diorite, whose
very low Sri (0.7042) and positive eNd (+1.5) lie outside the range of the surround-
ing metamorphic rocks; all other samples plot on straight-line trends that connect
the mantle member with RMC crustal isotopic signatures, confirming the hybrid
origin of the granodiorite.

When the samples are tested using statistically defined discrimination dia-
grams, particularly those for intermediate rocks by Verma and Verma [43], all
samples fall within the collision field and are in agreement with the revised Rb-Y
+ Nb plot. Coupled with the zircon U-Pb age of about 56 Ma and the limited con-
tact metamorphism imposed on the host rocks, these geochemical classifications
indicate emplacement during the early post-collision period that followed the end
of subduction in the Rhodope, rather than during a pre- or syn-collision stage as
proposed in earlier studies.

Overall, the Elatia pluton can be regarded as a prime example of early Eocene
post-collisional magmatism in the RMC. Recognizing the key role of mantle-crust
magma mixing, constrained by the distinctive diorite mafic end-member, pro-
vides a coherent framework for the evolution of the Elatia pluton. Further study
of the diorite, enclaves, and amphibole cumulates could clarify the differentiation
history of the diorite and help identify the crustal component that mixed with it,
thereby better explaining the origin of the granodiorite.
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