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ABSTRACT 

The Vrondou pluton is an Oligocene high-K caic-alkaline composite granitoid body 
emplaced in the Lower Tectonic Unit of the Western Rhodope Massif, adjacent to its 
western margin, and borders the Strymon and Serres basins to the west and south, 
respectively. Hornblende-biotite quartz-monzonite and biotite-homblende granite s.s. 
crop out in the central-western and southern areas, whereas biotite-homblende 
granodiorite crops out in the southeastern areas. Clinopyroxene-homblende monzonite 
and porphyritic monzonite occur in the central-eastern and northeastern areas. Minor 
rock types include gabbro, microgranular enclaves and amphibole-bearing lamprophyre 
dykes. Textural evidence, especially the abundant presence of plagioclase with 
disequilibrium zoning features (patchy zoning, calcic spikes) in the granitoids and their 
enclaves, suggests that hybridisation was responsible for their genesis. Enclaves are 
interpreted as magmatic, probably with a multi-stage crystallisation history, the final 
stage of crystallisation taking place in chemical and thermal equilibrium with their hosts, 
as is also indicated by the close chemical affinities between enclave and host 
ferromagnesian minerals. 

Major and trace element modelling suggest that the quartz-monzonites, granites and 
granodiorites are inter-connected by the fractionation of parental quartz-monzonite, and 
possibly that the monzonites and porphyritic monzonites are inter-connected by the 
fractionation of a parental monzonitic magma. Rare earth element and trace element 
patterns of the granitoids suggest that they have a common source and have features 
similar to magmas generated in active continental margins or post-collisional settings. 
The basic rock-types show subduction-related trace element enrichments and a garnet-
absent source, and are inferred to have been generated from subcontinental mantle 
lithosphere, enriched during subduction. The Sr and Nd isotopic compositions of the 
granitoids and the gabbro rule out a single stage basic-to-acid fractionation process. 
Instead, it is proposed that basic magmas underwent fractional crystallisation concurrent 
with assimilation in a transient deep magma chamber to produce an initial quartz- 
monzonite batch, parental to the evolved rocks. Repeated basic intrusion generated the 
monzonitic magma parental to the central and porphyritic monzonites. High-level 
fractionation of the parental magmas took place, locally concurrent with contamination. 
The hybridisation process responsible for the generation of the granitoids also resulted in 
the near-perfect isotopic equilibration of the enclaves with their hosts. 

The Vrondou magmas were emplaced at 7.5 to 11.2 km depth (2-3 kbars) from 
application of the aluminium-in-homblende geobarometer in the more evolved granitoids 
and by analysis of the eastern aureole contact assemblages. There, pelitic homfelses 
contain high grade quartz-absent spinel- and corundum-bearing assemblages with 
evidence for minor localised partial melting. 

Space for emplacement was provided via a flat extensional shear system, with top to 
SW sense of shear. Internal granitoid structures in the S and W record a consistent 
shallow stretching and mineral lineation on shallow to moderate foliations, with 
increasing intensity from the centre towards the W and S. Internal granitoid fabrics in the 
E are only of pre-full crystallisation nature. Local forceful behaviour, as indicated by 
localised steepening and tightening of regional folds at the eastern margin, is interpreted 
as a strain accommodation feature at the back edge of the extensional space. In the S the 
extensional space is bounded by a steep dextral shear zone which refolds regional 
envelope structures and causes the granitoid foliation to be steepened and folded. This 
zone is intruded by the last increments of melt, themselves sheared, indicating active 
deformation during emplacement. 

This steep zone evolved into a regional retrogressive zone, and was probably the 
locus of the steep extensional fault, bounding the Serres basin at the present day. 
Differential uplift and unroofing of the footwall (the Vrondou body) and basin 



subsidence was concurrent on either side of the fault. The down-faulted area, as can be 
observed now in the Elaion area, continued to experience extensional deformation in the 
same direction as the Vrondou emplacement, resulting in metamorphic core complex-
type structures, with ductile to brittle evolution. The Elaion body was shown to be 
probably cogenetic with the main Vrondou body to the N, although metasomatism 
accompanying the brittle stages of deformation resulted in modification of its major 
element composition. 

The extensional setting of emplacement of the Vrondou, and other contemporaneous 
calc-alkaline granitoid bodies in the Rhodope area, and also evidence for a regional 
extensional régime in the area during Upper Eocene to Oligo-Miocene times, raises the 
possibility that the generation of these magmas is itself driven by the depressurisation of 
a previously subduction-modified MEL or the thermally unstable TBL, during the 
extensional collapse of an overthickened Rhodope crust (or lithosphere). Intrusion of 
such basic magmas into a crust which is actively unloading after a thickening event, and 
therefore still hot, can trigger the development of transient magma chambers in which 
hybridisation processes take place, and thus generate intermediate calc-alkaline magmas, 
with an inherited subduction signature. 
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CHAPTER 1 

Introduction 

1.1. GEOLOGICAL SETTING 

The Vrondou (or Serres-Drama) pluton is an Oligocene, high-level, composite high-

K caic-alkaline granitoid complex which is intruded at the western edge of the 

polymetamorphic Rhodope Massif, in northeastern Macedonia in Greece (fig. 1.1). 

Geologically, the Greek area is a continuation of the Alpine belts of central Europe, 

and represents a zone of continental collision following the final closure of the various 

oceanic strands, which, taken as a whole, represented the Tethys Ocean, Neotethys and 

remaining Paleotethys (for reviews, Robertson & Dixon, 1984; Robertson et al., 1991) 

(fig. 1.2). 

The present-day configuration in the Greek mainland, west of the Vardar suture, 

consists of a series of NW-SE-trending tectonic zones, or "isopic zones" (Aubouin, 

1959), the Hellenides. 	These represent areas with distinct lithology and 

structural/metamorphic evolution, brought into contact as the result of westward nappe-

stacking due to the progressive convergence/collision of the Apulian/African margin with 

the Eurasian marginal "collage" (fig. 1.2). 

To the east of the Vardar zone, there is an area consisting of the formations of two 

polymetamorphic terrains, the Serbomacedonian and the Rhodope Massif, which 

together, cover the area of northeastern Macedonia and western Thrace in Greece (fig. 

1.2). The two terrains have been distinguished as two separate units after the discovery 

of two major westward-dipping tectonic contacts, conventionally interpreted as thrusts of 

Serbomacedonian gneisses over Rhodope marbles, along the present-day Stryrnon 

extensional basin. This boundary is generally referred to as the "Strymon-line" (Kockel 

& Walther, 1965; Koukouzas, 1972). 

The Rhodope Massif is an area comprising high- to medium-grade metamorphic 

rocks of still uncertain age, Tertiary granitoid plutons and Tertiary and Neogene 

sedimentary basins with associated volcanism. It extends from the Strymon basin to the 

west, into western Thrace to the east, and extends northwards into southern Bulgaria. It 

is divided in Greece into two Units, Lower and Upper, that are brought into contact along 

a major tectonic zone, the complex Nestos zone (Papanikolaou & Panagopoulos, 198 1) 

(fig. 1.3). 

1 
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Recent work in the area has revealed that both units of the Rhodope massif in Greece 

have been affected (?formed) by Alpine events, attributed to the collisional stacking of 

thrusts towards' the SW, and subsequent post-collisional extensional collapse 

(Koukouvelas & Doutsos, 1990; Baker & Liati, 1991). Neotectonic activity, due to back-

arc extension connected with the present-day Hellenic arc in the southern Aegean, 

continued to affect the Rhodope area, until the present time (Doutsos & Ferentinos, 1984; 

Lyberis, 1984). 

The pre-Tertiary geotectonic evolution of the Rhodope Massif is still uncertain as is 

the age of its protoliths, but its Tertiary-Neogene evolution was dominated by the 

formation of sedimentary basins, with associated intermediate to acid calc-alkaline 

volcanism (Innocenti et al., 1984; Fytikas et al., 1984), and by the intrusion of caic-

alkaline granitoid plutons of Tertiary age (for reviews, Kyriakopoulos, 1987; Del Moro et 

a!, 1988; Kotopouli & Pe-Piper, 1989). It is increasingly being realised that the 

emplacement of these bodies is associated with extension, which is either accommodated 

at high-level along major lineaments, which bound sedimentary basins (Xanthi pluton, 

Maltezou & Brooks, 1989; Koukouvelas & Pe-Piper, 1991), or along structural horizons, 

established during the late stages of compressional deformation (Skaloti-Elatia pluton, 

Jones et al., 1991). 

The Vrondou pluton is one of these bodies, bounded to the southwest by the 

northeastern edge of the Neogene Strymon-Serres extensional basin (fig. 1.3). 

Monzonite at the eastern edges is devoid of subsolidus deformation, and the contact is 

sharp, associated with a narrow aureole. Quartz-monzonite at the southern and western 

margins of the pluton, however, records progressive deformation, and at the borders with 

the Serres basin, intense shearing under increasingly brittle conditions, has affected both 

the granite and its envelope. This diversity in the nature of its contacts, together with the 

temporal association with Oligocene extension in the Rhodope envelope, and spatial 

association with the Neogene Strymon-Serres extensional basin, is an indication that the 

observed pattern in the Vrondou pluton may serve as a link between the ductile to brittle 

evolution of the area, from Tertiary to post-Tertiary times. It was clearly of interest to 

establish whether intrusion was syn-extensional, whether the pattern of deformation 

could be related to a consistent model of emplacement, and to go on from there to 

investigate possible connections between magma genesis and the emplacement tectonics, 

through study of the appropriate geochemical parameters. As work progressed, the 

dramatic evidence for continued active extension leading to unroofing was uncovered, 

posing further questions of regional significance. 

4 



piutonics 	Tertiary-Neogene basins /National borders 	N 
l vvv Volcanics [ 	Pre-Tertiary basement 	ThflJSt 	 f 	A ' 

\
Ivvy 	

. 
ell a) Q N /4 

	

-I. .2 ++ 	+++++'. 	 /.•.•.•.• 
+~ 

	

+ +++ " __ 	 Zt 
+ + + 	

- ) 	
' 

++++  / 	 ' M. -ttJ 	-.-.-.-' 
+ 	 p 

,J Drama O.0  basin 	 - - - 	
-p- 	 I 

Komotiniç4 	+ 	 vv 

S /. 	 basin 	vvv v o 

++ 	 V 	

, 

%' 	:•: : 	. ::::::• + 	 AEGEAN SEA 	 • 
fHASSS 	 •:•::•:•:•:• 

	

0 	km 	100 

Figure 13. General geological map of the Rhodope Massif in Greece showing the two tectonic units, the 
Tertiary Illaginatism mid sedimentary basins. The Vrondou l)Iut(>fl is located at the western edge of the 
Massi I, adjacent to the Si rynioi i-Se rris basin. 



1.2. PREVIOUS WORK ON THE VRONDOU COMPLEX 

Previous work on the pluton was mainly focussed on its petrology and geochemistry. 

First references to it date back to the 1920-30s, when Wurm (1922, 1925, in Papadakis, 

1965) and Osswalt (1938, in Papadakis, 1965), described the petrology in few locations. 

The first comprehensive study of the petrographical aspects of the pluton was done 

by Papadakis (1965) in his Ph.D. thesis. He produced the first petrological map of the 

area, and identified the following rock-types: homblende quartz-inonzonite, homblende 

granodiorite, clinopyroxene-bearing porphyritic monzonite, homblende-augite gabbro 

and granite porphyry. He noted the gneissose texture of the quartz-monzonite towards 

the southern margins and tentatively attributed it to deformation during and/or after 

solidification. He also reported the first radiometric age, by K/Ar dating of one 

homblende separate, which yielded an Eocene age (54.9 ± 4.2 Ma, recalculated here with 

the decay constants of Steiger & Jager, 1977, according to Dalrymple, 1979). 

A more detailed geochronological study of the pluton was done by Marakis (1969), 

who dated six homblende separates with the K/Ar method, which yielded Oligocene ages 

(recalculated) ranging from 30 ± 1 to 34 ± 2 Ma. Subsequently, Dilrr et al. (1978) 

confirmed the Oligocene age, reporting a K/Ar biotite age of 30± 3 Ma. 

In more recent years, the petrology and geochemistry of the Vrondou pluton has 

been the subject of two Ph.D. theses, by Theodorikas (1982) and Coucoulis (1982). 

From these studies it was generally established that the Vrondou pluton is a 

metaluminous, high-K calc-alkaline complex, conforming with the I-type classification 

scheme. It consists mainly of quartz-monzonite, the volumetrically important facies, 

with more acid (granodiorite, granite s.s.) and more basic (monzonite, gabbro) 

components. However, the two studies did not resolve the petrogenesis of the pluton, as 

they arrived at quite different conclusions regarding the inter-relationship of the various 

rock-types and their sources. More specifically, Theodorikas (1982) suggested that 

differentiation at depth of a common, subduction-related, basic parent, gave genesis to 

two batches of magma, whereas Coucoulis (1982) suggested that the Vrondou pluton 

consists of individual magma batches, originating from different, unspecified, sources. 

Finally, Kotopouli & Pe-Piper (1989) also studied the geochemical features of the 

Vrondou pluton but with little new geochemical data, in relation to two other major 

granitoid bodies in the area, the Xanthi and Skaloti-Elatia bodies. They concluded that 

the various Vrondou facies, as in the case of the Xanthi pluton, are the result of basic-to-

acid fractionation of a single mantle-derived parent, which was probably enriched during 

subduction, and variably contaminated with continental crust. 

BI 



Besides the inconclusive interpretations of the previous geochemical studies, the 

emplacement mechanism of the pluton had not been studied before, so an integrated 

emplacement and petrological study was still lacking. Furthermore, the level of the crust 

in which the pluton was emplaced was not known, which would clearly be an important 

constraint on the timing and magnitude of unroofing. 

1.2. AIMS AND APPROACH 

The detailed study of the structural and thermal events in the Rhodope Massif has 

only recently started to attract considerable attention, and is still on-going; the questions 

are thus more prominent than the answers. The Vrondou area, where a progression of 

ductile to brittle events seems to connect it with both the late-stage evolution of Rhodope 

envelope and the development of the adjacent sedimentary basins, offers a good case for 

the study of grarntoid emplacement, directed by regional events. The spatial coincidence 

of the Vrondou pluton with a major lineament and associated basins, provides a further 

incentive for studying the evolution of the body in connection with these events. Finally, 

integrated geochemical, petrological and field evidence can provide a rigourous test of 

the petrogenetic processes responsible for granitoid generation in the area. 

Due to the lack of strong constraints on the regional tectonometamorphic evolution 

of the broad Rhodope area, the near-absence of detailed background work on the 

immediate envelope of the Vrondou, and the still unresolved question of its petrogenesis, 

the Vrondou area is also, in some respects, "virgin ground". The multidisciplinary 

approach of the thesis, therefore, aimed at collecting from high-yield areas as much 

evidence as possible, in order to offer, not always conclusively, answers to the following 

questions: How was the pluton emplaced, and what is the relation of its emplacement to 

the regional structures? How is the site of emplacement of the body connected with the 

high-level evolution of the area, in the light of its spatial association with the Strymon-

Serres basin? At what level in the crust was the pluton emplaced? What are the 

chemical/petrological entities comprising the pluton, and what is their inter-relationship? 

What are the large-scale components of the Vrondou magma, i.e. is it derived from the 

crust or from the mantle, and what petrogenetical model would best fit its physical and 

chemical features? Among others, there remains the need for a more comprehensive 

structural study of the pluton linked to isotopic work on the age of the fabrics. This 

appears to be underway by P. Kaufman under the supervision of Professor L. Royden in 

M.I.T., Boston, U.S.A. 
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Detailed work on the emplacement mechanisms of granitoid plutons has led to the 

realisation that they are controlled by both the natural tendency of granitoid magmas to 

rise in the crust, and the tectonic stresses affecting their envelope (Hutton, 1988a; 

Paterson et al., 1991). Additionally, recent advances in the study of the evolution of 

granitoid fabrics from liquid to solid state (Arzi, 1978; van der Molen & Patterson, 

1979), has led to a better understanding of how the fabrics record the timing of 

deformation (Hutton, 1988a Paterson et al., 1989), and thus provide a strong tool for the 

identification of emplacement and post-emplacement processes (Gapais, 1989). There is, 

also, increasing evidence that granitoid emplacement and unroofing is closely related to 

major regional lineaments or discontinuities (e.g., among others, Crittenden et al., 1980; 

Petford & Atherton, 1992). 

Petrogenetic models and tectonic setting predictions from granitoid chemistry have 

much to benefit from detailed integrated studies of petrological, elemental and isotopic 

chemical studies (e.g. Petford, 1990). Granitoid generation and emplacement is a major 

crustal growth process (Wylie et al., 1976; Cobbing, 1985), but the revelation of the 

identity of large-scale components of granitoid magmas, can be easily concealed during 

plutonic (e.g. Pin etal., 1990) and subsolidus (e.g. Barovich & Patchett, 1992) processes. 

The Vrondou pluton has proved a testing site for both. 

1.3. THESIS LAYOUT 

In Chapter 2 a more detailed review of the geological evolution of the Rhodope 

Massif is presented, in order to highlight some of the still pending major questions 

regarding its history. Evidence for a tentative emplacement model is presented in 

Chapter 3. The high-level evolution of the roof of the Vrondou body, in relation to the 

evolution of the adjacent basins, as observed best in the Elaion area, is discussed in 

Chapter 4. In Chapter 5, evidence for the depth of emplacement is presented, by the 

study of the eastern Vrondou aureole, combined with homblende geobarometry, applied 

to the granitoids themselves. Placing these sections first in the thesis establishes the 

context for the study of the pluton's petrogenesis. The reader may wish instead to follow 

the actual evolution of the pluton with time, by reading the later sections on petrology 

and geochemistry first. 

Chapters 6, 7 and 8 present the petrological and geochemical features of the pluton. 

In Chapter 6 the petrography and mineral chemistry of the various rock-types are 

presented, together with a more detailed discussion of the petrological aspects of the 

microgranular enclaves, as they can be important indicators of petrogenetic processes. In 
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Chapter 7, the major and trace element compositions of the various Vrondou rock-types 

are presented, in order to assess their inter-relationships and lay the basis for a 

petrogenetic model, which is further refined with the use of the Sr and Nd isotopic 

compositions in Chapter 8. Some aspects of the effects of deformation on the chemistry 

of the granitoids are discussed in Chapter 5, Chapter 7 and Chapter 8. 

Finally, in Chapter 9, those answers to the questions set out in the beginning that can 

now be provided are reviewed, together with a discussion of still unresolved problems, 

and suggestions as to the main areas of interest for future work. 



CHAPTER  

Geological background 

2.1. THE TECTONOMETAMORPIIIC EVOLUTION OF THE RIIODOPE 

MASSIF 

The Rhodope Massif, in which the Vrondou granitoid pluton is intruded, is a 

polymetamorphic terrain that covers the area of northeastern Macedonia and western 

Thrace in Greece and extends into southern Bulgaria. To the west, it is separated from 

the Serbomacedonian Massif (Kockel & Walther, 1965; Koukouzas, 1972) by the 

Strymon basin, which is the site of a major lineament, the Struma-Stiymon fault zone 

(Karistineos, 1984; Zagorcev, 1969, 1992). To the north, it is separated from the internal 

Balkanides (Srednogorie zone) by the Maritsa fault, whereas to the east and south, it is 

tectonically overlain by the low-grade Mesozoic metasediments of the Circum-Rhodope 

zone, an Alpine unit (Maratos & Andronopoulos, 1964; 1965; Kauffman et al., 1976) 

(fig. 2.1). 

The geotectonic position of the Rhodope is still controversial. It was considered to 

be a stable "median mass" between two mobile belts, the Balkanides to the north and the 

Hellenides to the south (Kober, 1931, in Papanikolaou, 1986; Aubouin et al., 1961). In 

plate tectonics terms, it was considered to be a "hinterland" of the Hellenides, 

representing either an independent microcontinent (Dewey et al., 1973), or a member of a 

larger microcontinental block, including the Moesian Platform, the Balkanides mobile 

belt and the Rhodope (1-Isü et al., 1977). Boncev (1978, 1987) suggested that the 

Rhodope is a fragment of the Pannonian-Thracian-Anatolian continental plate which 

disintegrated during the Phanerozoic. 

However, after the structural and geochronological studies in the Greek Rhodope 

area by a team of German geologists (Meyer & Pilger, 1963; Meyer, 1968; Kronberg, 

1969; Kronberg et al., 1970; Kronberg & Raith, 1977), who identified Tertiary ages for 

granitoid plutons associated with metamorphism and deformation, it was realised that this 

evidence could no longer be consistent with a "median mass" or "hinterland" model for 

the Rhodope. 	Subsequently, Ivanov (1981) in Bulgaria and Papanikolaou & 

Panagopoulos (1981) in Greece, recognised that the Rhodope area consists of several 

nappes. 
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More specifically, it is presently accepted that the Rhodope Massif in Bulgaria 

consists of five post-metamorphic nappes, carrying medium- to high-grade metamorphic 

rocks of various lithostratigraphies and origins, including locally eclogitic rocks 

(Tzontcheva et al., 1991). These are, namely, from top to bottom (fig. 2.2): the North 

Rhodopian, the Asenica, the Madan, the Arda and the Thrace Units (Ivanov, 1988; Burg 

et al., 1990). The top of each nappe is defined by a "cap" of unmetamorphosed Late 

Cretaceous or Eocene sediments, caught in the deformation due to nappe movement, and 

thus serving as an upper age limit for it (Burg etal., 1990). Within the Asenica and Arda 

units, Burg et al., (1990) recognised syn-metamorphic thrust-related deformation, with 

southwesterly vergence. The age constraints of this syn-metamorphic event are beset 

with uncertainties, since the evidence from geochronological markers (syn-defonnational 

granitoids and metamorphic rocks) have still to be unequivocally accepted. 

In the Greek area, Papanikolaou & Panagopoulos (1981) recognised two major 

tectonic units (fig. 2.3), the Lower Tectonic Unit (Pangeo Unit, which is the envelope of 

the Vrondou pluton) and the Upper Tectonic Unit (Sidironero Unit). The Upper Unit is 

thrust upon the Lower one along a complex tectonic zone, the NE-SW striking Nestos 

zone. The Upper Unit comprises amphibolite facies rocks, including migmatites, 

whereas the Lower Unit, consists of upper greenschist to lower amphibolite facies rocks, 

and is considered to be the structurally lowermost unit of the whole of the Rhodope (the 

Philippi unit of Ivanov, 1981). This apparent inverted metamorphic gradient, therefore, 

posed, first of all, the question of whether the rocks south and north of the Nestos 

tectonic zone represented a unique, but imbricated lithostratigraphic terrain, or whether 

the two units represent quite separate terrains. 

Detailed lithostratigraphical studies by a team of IGME geologists, as part of an EEC 

project concerning the ore potential of the Rhodope, have resulted in the establishment of 

a stratigraphical column for the Greek Rhodope, which seems to indicate that rocks from 

both sides of the Nestos tectonic zone belong to the same original terrain. More 

specifically, Epitropou & Chatzipanagis (1987) and Chatzipanagis (1990) suggested that 

three main lithostratigraphical groups, of still unknown age, comprise the Rhodope area, 

which, with minor variations (e.g. Dimadis & Zachos, 1989) are, from top to bottom (fig. 

2.4): 

- Upper Carbonate Series, consisting of massive marbles (stratigraphical thickness of 

1200 m), with dolomitic lenses and a lower sequence of banded cipoline marbles 

(stratigraphical thickness of 250 m). The massive marbles are thought to represent a 

platformal carbonate sequence, and the banded variations are considered to be controlled 

by syn- to post-deformational silicification processes (Hellingwerf, 1989) 
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Figure 2.2. Sketch of the large scale structural relations of the Rhodope Massif in Bulgaria, as proposed 
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Figure 2.3. Generalised geological map of the two tectonic units recognised in the Rhodope Massif in 
Greece, after Papanikolaou & Panagopoulos (1981, fig. 1, p.15). 1: Neogene and Quaternary, 2: Paleogene 
Molasse, 3: Paleogene acid volcanics, 4: Granites, 5: Upper Tectonic Unit, 6: Lower Tectonic Unit. The 
relationship of these units to those recognised in Bulgaria is still unknown. 
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These thick carbonate rocks are found mainly in the Lower Tectonic Unit, 

composing the mountainous areas of the Falakro, Menikio, Orvios, Agistro and Pangeo 

mountains of the western Rhodope (fig. 2.5). 

- Middle Transitional Series, with a thickness of 400 to 600 m, comprising alternations of 

marbles, two-mica schists, biotite and muscovite augen gneisses, ortho- and para-

amphibolites, ultramafics, leucocratic gneisses, biotite-amphibole gneisses, with lateral 

and vertical variations (thus divided into Transitional zones A, B and C, see figs. 2.4 and 

2.5). This series is considered to represent a volcanoclastic sequence (Hellingwerf, 1988; 

Del Moro a al., 1990) and the intercalated amphibolites have mixed N- and T-type 

MORB affinities (Liati, 1986; 1989). Formations of the Transitional Series occur in the 

Lower Tectonic Unit, in the Oreini-Menikio, Kavala and Pangeo-Potami areas, whereas 

in the Upper tectonic unit they can be found in the Srninthi-Thermes areas (fig. 2.5). 

- Lower Gneiss Series, representing the stratigraphical basement of the whole area (fig. 

2.4). It is composed of an upper series of mainly pelitic and leucocratic gneisses (the 

Dassoto-Nevrokopi Series), and a lower series of granite gneisses, augen gneisses and 

migmatites (Paranesti-Echinos Series). The Dassoto-Nevrokopi series can be found in 

the Lower Tectonic Unit, in the areas of Nevrokopi, and south of the Nestos zone, along 

strike, whereas the largest parts of the Upper Tectonic Unit are composed of the granite 

gneisses, augen gneisses and migmatites (fig. 2.5). 

The age of the protoliths is a subject of debate, and still unresolved. Precambrian 

ages of the crystalline protoliths were suggested by the discovery of microphytofossils in 

marbles from Bulgaria (Kozhukharov & Timofeev, 1980; more recently, 

Tchoumatchenko & Sapunov, 1989). However, these were contradicted by the finding of 

badly preserved corals in Greece (Falakro mountain, Meyer & Pilger, 1963), molluscs 

(Ancirev et al., 1980) and, more recently, a brachiopod in South Bulgaria (Ivanov a al., 

1984), indicating a Lower Palaeozoic age. 

The envelope of the Vrondou pluton consists to the south and northwest of 

formations of the Carbonate and Transitional Series (Menikio-Oreini and Orvios areas, 

respectively), whereas to the east, it consists of formations of the Dassoto-Nevrokopi 

Series (fig. 2.5). 

The tectonometamorphic evolution of the two tectonic units of the Rhodope Massif 

in Greece is still not clear. There is increasing evidence, however, that both units 

underwent similar tectonic evolution, which is characterised by a stage of syn-

metamorphic thrusting, followed by post-metamorphic extension. The metamorphic 

evolution is different in the two units. 
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More specifically, the area that is of immediate interest to this project, that is the 

Lower Tectonic Unit of the Rhodope, studied initially by Kronberg et al. (1970) and later 

by Papanikolaou & Panagopoulos (1981); Dimadis & Zachos (1989) and Epitropou & 

Chatzipanagis (1987) was reported to be affected by three deformation phases. An early 

N-S trending phase of isoclinal folding, associated with a largely obliterated lineation, 

has been mostly destroyed by the second pervasive syn-metamorpic deformation phase, 

that has produced the prominent structures in the area, that is NE-SW trending 

mesoscopic and megascopic folds (fig. 2.6), associated with prominent NE-SW lineation 

and southwesterly verging thrusting. A final post-metamorphic defonnation phase 

resulted in a third set of open to gentle folds with NW-SE trends and associated fracture 

cleavage. Metamorphism associated with the major second deformation event reached 

upper greenschist to lower amphibolite facies conditions. Retrogression to greenschist 

facies conditions is also attributed to waning stages of the second deformation phase. 

Modern kinematic and metamorphic studies in the area are limited, but the work of 

Kilias & Mountrakis (1990) has rationalised the above observed structures. Two main 

deformation events were thus recognised. The first (D1) event is SW-directed shearing, 

responsible for the generation of the prominent penetrative foliation (Si) and NE-SW-

directed stretching lineation (L1), and also for intrafolial isoclinal folds, with hinges (F1) 

rotating progressively towards the direction of shearing. In areas of intense shearing 

sheath folds form parallel to the stretching lineation. Locally, Kilias & Mountrakis 

(1990) observed that F1  isoclinal folds were refolding an older So foliation. 

Progressive development of this event (D1) resulted in the formation of 

asymmetrical, inclined, conjugate folds, which refold both the F1  isoclinal folds and the 

Si foliation, along F1' axes, parallel to the F1  folds. The development of this D1' 

evolutionary phase of the main shearing event, is responsible for the megascopic 

structure in the area, which is characterised by NE-SW antiforms and synforms, parallel 

to the stretching lineation. During the final stages of the D1  event, SW-directed 

extensional crenulation cleavages develop, which attest to SW extension. 

The second main deformation event (D2) is more localised, associated with post-

metamorphic gentle folding of the previous structures, around WNW-ESE hinges, and 

post-metamorphic brittle thrusting to the SW. According to Kilias & Mountrakis (1990) 

this event is responsible for the thrusting of the Upper Tectonic Unit over the Lower one. 

Figure 2.7 is a schematic block diagram showing the interpretation of structures from 

both the Lower and Upper Tectonic Unit, taken from Kilias & Mountrakis (1990). 
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Figure 2.7. Block diagram summarising the structural evolution of the two tectonic units, as envisaged by 
Kilias & Mountrakis (1990) (fig.2, p.108). UTU: Upper Tectonic Unit, LTU: Lower Tectonic Unit. 
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Metamorphism associated with the main deformation event D1  in the Lower 

Tectonic Unit, according to Kilias & Mountrakis (1990) reached temperature conditions 

of 430° - 480°C and pressures of 4 - 7 kbars, constrained by the stable co-existence of 

muscovite+chlorite, presence of kyanite, but absence of staurolite and glaucophane. 

Mposkos et al. (1990) reported somewhat higher temperatures from garnet-biotite 

geobarornetry in metapelites, in the range of 520° - 580°C. Furthermore, Dimitriadis 

(1987) reported from the Lower Tectonic Unit in the island of Thassos, sillimanite-facies 

conditions in metapelites and caic-silicates. 

This syn-.deformational metamorphic event is thought by Mposkos et al. (1990) to 

overprint an old high-pressure metamorphism, recognised in this Unit for the first time. 

More specifically, they reported the presence of high-silica phengite in 

quartzofeldspathic gneisses and metapelites, for which phengite geobarometry yielded 

pressures between 11 and 12 kbars, for an assumed temperature range of 5000 - 550 °C. 

The evolutionary phase (D1') of the main deformation event occurred during 

progressively cooling conditions, as suggested by Kilias & Mountrakis (1990). They 

reported chlorite-facies conditions of 400° - 270°C and 2 - 3.5 kbars, from development 

of green biotite, chlorite, sericite and epidote, and quartz recrystallisation along 

extensional crenulations. 

The timing of these events in the Lower Tectonic Unit is very tentative, since no 

geochronological work on the metamorphic rocks in this area has been done yet. 

Furthermore, the presence, at the western edge of the Lower Tectonic Unit, of the 

Neogene Strymon extensional basin, a major lineament and also an inferred tectonic 

contact, seems to present an additional complication in the high-level structural evolution 

of this unit. Thus, age estimates can be drawn either from available geochronological 

data from the Upper Tectonic Unit, which shows a similar sequence of deformation 

events, albeit different metamorphic conditions, or from granitoid bodies in the area, such 

as the Kavala and the Vrondou plutonic bodies. 

The Kavala pluton is a myloriltic granodiorite body (Kokkinakis, 1980; Bitzios et al., 

1981), which records a greenschist facies SW-directed shearing event, that has also 

affected its envelope (Kyriakopoulos et al., 1988; Del Moro et al., 1990). Kokkinakis 

(1977) reported a single zircon U/Pb age of 335 ±40 Ma from the Kavala pluton, but all 

other geochronological results (Rb/Sr on both whole rock and mica separates, 

Kyriakopoulos, 1987; Kyriakopoulos et al., 1988; and K/Ar on biotites, Kokkinakis, 

1980; Eleftheriadis & Lippolt, 1984) fall in the range of 19 to 14 Ma. Similar Miocene 

ages were obtained by the Rb/Sr method from muscovites and biotites of the immediate 

envelope of the Kavala pluton by Del Moro et al. (1990). However, in the same work, 
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Rb/Sr whole rock isochrons of 287 ± 5 Ma and 260 ± 5 Ma calculated for paragneisses, 

were tentatively interpreted as indicating isotopic homogenisation of the envelope during 

a Late Hercynian event, unrelated to the greenschist-facies SW-directed shearing event, 

which is thus attributed to Miocene activity. 

Because of the proximity of the Kavala pluton to the Strymon lineament and another 

Tertiary fault, the Kavala-Xanthi-Komotini fault, it is not clear how this SW-directed 

shearing event is related to the upper greenschist-amphibolite facies SW-shearing and its 

evolution to greenschist conditions, that dominates the structure of the Lower Tectonic 

Unit. Recently, Dinter (1991) attributed the high-level deformation observed in the 

Kavala area to footwall deformation due to SW-directed extension related to the activity 

of the Strymon lineament, which is thus interpreted as a major detachment fault, with 

extensional evolution similar to the Cordilleran metamorphic core complexes of the 

Western United States. 

The other major plutonic complex in the Lower Tectonic Unit is the Vrondou pluton, 

the subject of this thesis. This granitoid is largely post-tectonic, since its eastern contacts 

clearly cross-cut envelope structures and is, there, devoid of sub-solidus deformation. 

This pluton has been dated as Oligocene (30 - 34 Ma) by the KJAr method in hornblende 

separates (Marakis, 1969), so it would seem that the syn-metamorphic deformation 

events observed in the envelope are pre-Oligocene. However, the Vrondou pluton, 

bordered to the south and west by the Serres and Strymon basins, respectively, exhibits at 

its southern and western margins syn-intrusional extensional deformation of the same 

orientation as both the regional syn-metamorphic shearing and the inferred Miocene 

deformation observed in the Kavala pluton. It is the subject of this thesis to examine this 

diversity in the nature of the Vrondou contacts and its relation to the regional events 

(Chapters 3 and 4). 

If late high-level events are the complicating factors in establishing the timing of 

deformation and metamorphism in the Lower Tectonic Unit, it seems that early, deep-

level events are the culprits in the Upper Tectonic Unit, which is largely composed of the 

formations of the stratigraphical basement of the area. Considerably more attention has 

been given to the area north and east of the Nestos river, because of the discovery of the 

metamorphic hiatus between the two units and the obscure relationship of the 

migmatisation and the large Skaloti-Elatia plutonic complex (for example, c.f. 

Papanikolaou & Panagopoulos, 1981; Zachos & Dimadis, 1986; Mposkos et al., 1990; 

Kotopouli etal., 1991). 

The structural evolution drawn by Kilias & Mountrakis (1990) for this area, is 

corroborated by the studies of Koukouvelas (1989) and Koukouvelas & Doutsos (1990) 

19 



working in the Echinos-Xanthi transect, and Stavropoulou et al. (1991) in the Nestos 

area. These are also in accord with structural observations of Burg et al. (1989) in 

Bulgaria. In general, as in the Lower Tectonic Unit, two evolutionary stages of 

deformation are envisaged: an early SW-directed syn-metamorphic shearing event, 

followed by post-metamorphic imbrication. 

More specifically, Koukouvelas (1989) and Koukouvelas & Doutsos (1990), 

working along a cross-section from the Greek-Bulgarian border, through Xanthi to the 

island of Thassos, attribute the pervasive NE and NW trending isoclinal folds and the 

prominent NE-SW trending stretching lineation to NE-SW thrusting under ductile 

conditions. Composite thrust sheets, WNW and NNE trending chevron folds and 

cataclasites were developed due to southward thrusting under brittle conditions. 

Similarly, from the area of the complex Nestos tectonic zone, Stavropoulou et al. 

(1991) identify again a syn-metamorphic SW-directed shearing event and a post-

metamorphic imbrication of broadly Alpine age. Intense shearing towards the SW has 

brought all lithologies to parallelism, dipping to the NE. Two sets of NNE-ENE folds are 

clearly post-metamorphic but are still connected to the early shearing event. Late 

shortening resulted in upright NW or SE folds that refold the shear fabric and NE-dipping 

reverse faults disrupt it, indicating thin-skinned deformation of a thickened crust. 

Detailed study of the metamorphism in the Upper Tectonic Unit was carried out by 

Liati (1986), Mposkos et al. (1990), Kilias & Mountrakis (1990) and Kotopouli et al. 

(1991). In this unit, an early high-pressure metamorphic event was identified from relics 

of "eclogitogenic" amphibolites, as indicated by the presence of relict omphacite and 

symplectitic textures, after omphacite and garnet. Pressure estimates for this event were 

greater than 15 kb (Liati, 1986). 

The eclogitic event is overprinted by a syn-deformational Barrovian-type event of 

upper amphibolite facies, culminating in migmatisation. Liati (1986) suggested 

conditions of 7 - 9 Kbars and 550 - 650°C for the Barrovian metamorphism, and Kilias & 

Mountrakis (1990) reported conditions of 4 - 8 kbars and 480 - 550°C. Kotopouli et al. 

(1991), who studied in detail the migmatisation event, reported similar pressures (7.5 - 

8.5 kbars, for assumed T = 600°C), but higher temperatures of migmatisation (728 - 

746°C). The key problem has been to establish whether migmatisation is the culmination 

of the syn-shearing recrystallisation or is earlier, especially in rocks with a very strong 

post-solidification fabric. 

Finally, as in the Lower Tectonic Unit, greenschist facies metamorphism, selectively 

overprinting the Barrovian event, is commonly reported from the area of the Upper 
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Tectonic Unit. According to Kilias & Mountrakis (1990) this event affected uniformly 

both units, therefore the conditions were as described above. 

A similar evolution of metamorphic events has been described further to the east of 

the Xanthi-Echinos area by Mposkos (1989) and Mposkos & Perdikatsis (1989). The 

eclogitic event is better preserved in amphibolites in the Eastern Rhodope. 

The timing of the deformation and metamorphism in the Upper Tectonic Unit, 

although more extensively studied, has yet to be unequivocally accepted. The core of the 

problem lies in the obscure relationship between the observed migmatisation in this Unit, 

with the massive Skaloti-Elatia plutonic complex, and the interpretation of published 

geochronological studies. 

K-Ar dating on homblendes from amphibolites, not recording the eclogitic event, 

indicate Eocene ages (46.9-37.3 Ma) for the Barrovian metamorphism (Liati, 1986). A 

syn-kinematic granitoid body, the Kentavros quartz-monzonite, was dated at 38±0.4 Ma 

(K/Ar in homblendes) by Liati (1986). 

The Skaloti-Elatia calc-alkaline plutonic complex consists of a variety of rock-types, 

mainly quartz-diorite, granodiorite and biotite granite (Soldatos, 1985), covering an area 

over 430 Km2  north of the Nestos river in Greece, and extends into Bulgaria (the 

Barutin-Buynovo pluton). 	In its eastern areas, occurs the deformed Paranesti 

leucogranite (Skiavounos, 1981; Kotopouli, 1981). Early studies interpreted the Skaloti-

Elatia pluton as the culmination of the syn-deformational migmatisation (Zachos & 

Dimadis, 1986), and more recently, Kotopouli & Pe-Piper (1989) and Kotopouli et al. 

(1991) re-iterated a similar notion. Contrasting ages for this pluton are the Cretaceous 

age (86.7 ± 27 Ma, Rb/Sr on whole rock) reported in Soldatos & Christofidis (1986) and 

Tertiary (29.1 ± 1.2 and 38.5 ± 1.5 Ma, K/Ar in micas) of Skiavounos (1981) from the 

Paranesti body. 

However, on-going unpublished research in the area (Dixon and Stavropoulou, 

personal communication) indicates that the pluton largely post-dates the shearing and 

much of the syn-deformational metamorphism. In a broad contact zone of the Skaloti-

Elatia granitoid around the Nestos river it clearly melts in-situ large tracts of sheared and 

folded country rock, with only minor post-melting deformation. As the shearing event is 

demonstrably post-migmatisation in several localities, there is thus no connection 

between the earlier migmatite phase and the Skaloti remelting, as they have the major 

SW-directed shearing event between them. The Skaloti-Elatia pluton, however, is also 

itself variably foliated, by shearing in the same southwesterly direction, but with very 

much lower implied bulk strains. It is yet not clear whether there is a structural 

continuity between the regional syn-metamorphic shearing, and the structures observed 
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in the Skaloti-Elatia complex. The age of the ductile syn-metamorphic shearing is thus 

constrained to be older than the Skaloti-Elatia complex (Cretaceous or Tertiary), but it is 

not still clear by how much. What is clear however, is that a largely post-tectonic 

intrusive event is unrelated to both the regional migmatisation and the eclogitic event, 

which are both older by an unknown amount. The geochronological evidence would 

seem to suggest that this syn-metamorphic shearing took place during the Eocene (Liati, 

1986), and that, therefore, the Elatia pluton is of at least post-Eocene age. 

An additional constraint of the age of the Skaloti-Elatia complex is provided by the 

presence of the Oligocene (30 -33 Ma, Innocenti et al., 1984) volcanosedimentary 

sequence of Dipotama, that unconformably overlies the pluton along an erosional 

contact, and contains granite fragments. Baker & Liati (1991) considered this 

relationship, as an indication of rapid uplift of the pluton (considered as Tertiary), prior to 

intense subsidence, resulting in the formation of sedimentary basins with associated 

volcanism. 

Recently, Jones et al. (1991) proposed a general model of emplacement and 

generation of this granitoid, for which they accepted the 29 or 38 Ma age of Sklavounos 

(1981). They suggested that the Skaloti-Elatia pluton appears to have been intruded, 

under an extensional régime, as a series of large-scale, sub-horizontal sheets, that 

exploited major structural horizons established during the regional shearing deformation. 

Deformation and interweaving with the envelope seem to fade away from the contacts. 

They proposed that, generally, granitoid emplacement in the area is a response to the 

Tertiary extensional collapse that followed the compressional shearing. 

It has to be stressed, however, that the timing of the regional and intrusive events in 

both tectonic units is based mainly on K/Ar geochronology. It is, therefore, equally 

possible, that all these ages refer to the cooling of the whole stack, and not to the initial 

metamorphic and intrusive ages, which could be older by an unknown amount. 

2.2. LATE-ALPINE EVOLUTION AND MAGMATISM IN THE RHODOPE 

The Late-Alpine evolution (Oligocene-Miocene) of the Rhodope area is better 

constrained, as it has been dominated by sedimentary basin formation and caic-alkaline 

magmatism (fig. 2.8). 

Uplift and high level extension during the Oligocene to Miocene is demonstrated by 

normal faults that run throughout the Rhodope area and bound molassic sedimentary 

basins of Tertiary age (Lyberis, 1984; Koukouvelas & Doutsos, 1990). 
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According to Lyberis (1984) these faults follow, more or less, older structures and 

show NW-SE and NE-SW dominant directions. 

Some indications of rapid uplift and erosion in pre-Miocene times are given by 

Psilovikos (1986), who identified that the young relief was superimposed on an older 

mature relief, relics of which can be found in mountainous areas. 

A major NE-SW trending fault zone, the so-called Kavala-Xanthi-Komotini fault, of 

Eocene-Oligocene age (Lyberis, 1984), runs through the whole of the Greek Rhodope 

area. As a result, the Rhodope is divided into two areas of diverse neotectonic evolution, 

one comprising the Western and Central Rhodope and the second comprising the Eastern 

Rhodope (Dimadis & Zachos, 1989). 

Tertiary volcanic activity is especially widespread in the Central and Eastern 

Rhodope (30 - 33 Ma, Innocenti et al., 1984; Eleftheriadis & Lippolt, 1984), whereas in 

the Western Rhodope a few fault-controlled andesitic-dacitic occurrences have been 

reported by Epitropou & Chatzipanagis (1987). 

Two major volcanic provinces can be defined in the Central and Eastern Rhodope 

(Innocenti et al., 1984) : an area north of Xanthi in the Pharasino, Chaitou-Kotyli and 

Kaloticho basins and an area in Western Thrace (near Alexandroupolis), in the Maronia, 

Kirki-Essimi, Ferres-Dadia-Soufli basins. The volcanic activity in both provinces started 

in Middle- (Alexandroupolis) or Upper-Eocene (Xanthi) times with the deposition of 

abundant volcanoclastics and ignimbrites. Some of the Eocene volcanoclastics are 

deformed and altered (Innocenti et al., 1984). The activity continued and reached its 

peak during the Oligocene with the eruption of intermediate and to a lesser extent, basic 

high-K caic-alkaline and shoshonitic volcanics (Innocenti et al., 1984; Fytikas et al., 

1984; Eleftheriadis, 1990). Rhyolitic members have Sr initial ratios that range between 

0.7063 to 0.708 1, comparable to basic members (Innocenti etal., 1984). 

A similar development of Paleogene volcanism has been described from the 

Bulgarian part of the Rhodope, where it is also more widespread (Liov etal., 1989). The 

Eocene-Oligocene volcanism in Bulgaria has been classified into three major provinces, 

the Stnima in the west, the Central Rhodope, and the Eastern Rhodope in the east. Again 

the volcanic activity developed in contemporaneous molassic sedimentary basins and are 

of caic-alkaline and also of shoshonitic character (Harkovska et al., 1989). Some rare 

sub-volcanic granitoids have also been identified. 

In western Thrace, a NE-SW trending intrusive belt consists of post-metamorphic, 

mainly quartz-monzonitic granitoids, but with more acid and basic components 

(Kyriakopoulos 1987; Del Moro et al., 1988). Radiometric ages (Rb/Sr biotite-whole 

rock isochrons) indicate a time range between 28 to 32 Ma (Kyriakopoulos, 1987), with a 
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progressive younging towards the south of the area (Del Moro et al., 1988). The plutons 

record an increasingly K-enriched character with decreasing age, ranging from caic-

alkaline (Tris Vrisses), high-K caic-alkaline (Leptokarya) to youngest shoshonitic 

compositions (Maronia). Initial Sr ratios range from 0.7057 to 0.7080. 

Granitoid plutons are especially abundant in the Western and Central Rhodope (both 

in Greece and Bulgaria) and are mainly of intermediate caic-alkaline to high-K caic-

alkaline composition (Vrondou, Xanthi, Panorama, Granitis, Skaloti-Elatia), although 

some leucogranites (Paranesti) and quite a few more basic members (monzonites, 

gabbros) are also locally present (Sklavounos, 1981; Kotopouli, 1981; Theodorikas, 

1982; Coucoulis, 1982; Soldatos, 1985; Kyriakopoulos, 1987; Kotopouli & Pe-Piper, 

1989). K/Ar and Rb/Sr radiometric ages from the plutonic rocks range between 26 to 38 

Ma (Meyer, 1968; Marakis, 1969; Dürr et al., 1978; Skiavounos, 1981; Liati, 1986; 

Kyriakopoulos, 1987). As was discussed above, there is still a controversy regarding the 

age of the largest plutonic complex in this area, the Skaloti-Elatia complex. 

The Tertiary intrusive bodies in the Rhodope area are post-metamorphic, and there is 

increasing evidence that emplacement was closely associated with the contemporaneous 

extension. More specifically, association of granitoid emplacement with extension has 

been proven for the Oligocene Xanthi pluton, both geophysically (Maltezou & Brooks, 

1989) and geologically (Koukouvelas, 1989; Koukouvelas & Pe-Piper, 1991). The 

Xanthi pluton was emplaced in a ramp space along the Kavala-Xanthi-Komotini fault 

that bounds the Xanthi basin (Koukouvelas & Pe-Piper, 1991). It is a major implication 

of the study by Maltezou & Brooks (1989) that a genetic relationship between granite 

intrusion and tectonic development of contemporaneous extensional basins is a general 

feature in the Rhodope massif. 

The chemical association of Oligocene volcanism with the contemporaneous 

plutonism has not yet been studied to a great extent. Kotopouli & Pe-Piper (1991) 

studied rhyolitic crystal tuffs from the area North of Xanthi, that overlie the Paranesti 

granite and concluded that the volcanics are not genetically related to the adjacent 

Paranesti pluton (Skaloti-Elatia complex), but rather, to the Oligocene Xanthi pluton. 

The Oligocene extension observed in the Rhodope area has been associated either 

with a back-arc setting, in a similar fashion to the present-day régime in the Aegean 

(Papazachos, 1976; Papazachos & Papadopoulos, 1979), or with post-collisional collapse 

(Burg et al., 1990; Koukouvelas & Doutsos, 1990; Baker & Liati, 1990). Fytikas et al. 

(1984) interpreted the associated voluminous caic-alkaline magmatism as the 

manifestation of active margin magmatism, prior to final collision. They postulated that 

the subduction zone, as a result of continental collision, migrated to the south, at its 
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present position, by a progressive steepening and detachment of the slab (see also, 

Boccaletti et at., 1974). However, Robertson & Dixon (1984) disputed the migration 

scenario, and there is increasing evidence for the existence of separate oceanic tracts, 

open until the final collision in the Early Tertiary (Robertson etal., 1991). 

According to Robertson & Dixon (1984), even at the end of the Cretaceous, the 

Adriatic-Apulian promontory of Africa was close enough to the Eurasian margin to 

induce oblique collisions in the Serbomacedonian-Western Rhodope area. From the Late 

Eocene to the Miocene, the approaching of the Adriatic-Apulian promontory, resulted in 

rapid convergence and collision in the whole area of the 1-lellenides. According to 

Koukouvelas & Doutsos (1990) and Baker & Liati (1991), after the Late Eocene-Early 

Oligocene, collisional thickening of the Rhodopian crust resulted in intense uplift and 

extension, manifested as normal faulting, that was used as conduits for magma intrusion 

and extrusion. Koukouvelas & Doutsos (1990) attribute the associated magmatism to 

subduction-related processes, whereas Baker & Liati (1991) suggested that it was the 

result of post-collisional thermal relaxation of the overthickened crust. 

Following the Oligocene extension a minor compression phase has been suggested 

for the Oligocene-Miocene boundary (Koukouvelas, 1989; Koukouvelas & Doutsos, 

1990; Zagorcev, 1992) reflected in NW-directed open folding of basement rocks and 

disruption and deformation of sedimentary formations in the basins (Doutsos & 

Ferentinos, 1984). 

2.3. THE STRYMON FAULT ZONE AND NEOTECTONIC ACTIVITY 

The intrusion of the Vrondou pluton temporally coincides with the Oligocene 

extensional events, and, spatially, is associated with the Neogene (Stylianou, 1981; 

Karistineos, 1984) Strymon-Serres basin. 

This basin is the site of a major lineament in the area, the Struma-Stiymon 

lineament, that corresponds to the old Kraistides zone (Boncev, 1988). The basin also 

stands as the western boundary of the Rhodope with the Serbomacedonian Massif 

(Kockel & Walther, 1965; Koukouzas, 1972). 

Direct contact between the two massifs has been observed only in two localities in 

the Greek area, and has been described as a shallow W-dipping overthrust (fig. 2.9). 

More specifically, the southern locality is situated in the area between the villages of 

Mesolakkia and Rodolivos, east of the Strymon river estuaries. Kockel & Walther 

(1965), who first reported it, described it as a large overthrust of mainly biotite-gneisses 

of the Serbomacedonian Massif onto marbles belonging to the Rhodope. The northern 
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outcrop of this boundary zone in Greece was observed by Koukouzas (1972) near the 

Agistro village, close to the Greek-Bulgarian borders. Along the thrust zone both the 

gneisses and the marbles are mylonitised and brecciated. To the north the overtlirust is 

covered by the sediments of the Sandanski-Agistro basin and it re-appears in the area of 

Blagojevgrad in Bulgaria (Koukouzas 1972). 

The discovery of the two inferred thrusts in the northern and southern parts of the 

Strymon basin led to the acceptance of the nature of this boundary, as proposed originally 

by Kockel & Walther (1965), as a sigmoidal W-dipping thrust, along the trend of the 

Strymon basin, which thereafter was referred to as the "Strymon-line" (Jacobshagen et 
a!, 1978, Smith and Moores 1974, Burchfiel 1980). The age of the overthrusting is, 

according to Koukouzas 1972, post-Oligocene, although Zagorcev (1975) disputed this 
inference and suggested that it is probably of Mid-Cretaceous age. 

Karistineos (1984) and Karistineos & Sotiriadis (1987) interpreted the overthrusts as 

the transpressional segments of a major sinistral transcurrent fault. Along the 

transtensional segments, small pull-apart basins, such as the Serres basin, were formed. 

However, recent detailed studies of the Struma-Strymon fault zone by Zagorcev 

(1992), indicate that the observed thrusts (Stryrnon-line), are older compressional 

structures (Zagorcev, 1975), unrelated to the Late Alpine to Recent evolution of the 

Struma-Strymon fault zone, which is dominated by extension. 

The Struma-Strymon lineament, as defined by Zagorcev (1992), trends 

approximately NNW-SSE, and is characterised as a 40 - 60 km wide fault-zone, with a 

length of more than 300 km (fig. 2.10). Abundant individual fault zones, have variable 

strike directions, ranging from NE-SW to NNW-SSE. Most of the faults have a normal 

character, although a strike-slip component is locally as important along the faults 

(Zagorcev, 1992). The lineament was active as a major normal fault-zone during the 

Late Alpine stage (Late Eocene - Early Miocene), and resulted in abundant sedimentary 

basin formation in its northern segment, in Bulgaria. Syn-sedimentary volcanic activity 

of intermediate composition (trachyandesites, dacites, rhyodacites, Zagorcev, 1969) was 

abundant in these northern areas. According to Zagorcev et al. (1987) the development 

of shallow granitoids (Central Pirin, ?Vrondou plutons), was related to the high-level 

extensional activity. 

During the neotectonic stage, following a short compressional phase resulting in 

brittle thrusting towards both the SW and NE, renewed extension, under the stress regime 

imposed by back-arc extension in the Aegean (McKenzie, 1972, 1982), resulted in the 

development of the Neogene basins, in both Bulgaria (Sandanski graben) and Greece (the 

Strymon basin) (Zagorcev, 1992). 
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Figure 2.9. Simplified geological section of the "Strymon-bne" in the area of Rodolivos (Mesolakia 
Thrust), as given by Kockel & Walther (1965, fig. 5, p. 589). 
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Figure. 2.10. Sketch map of the principal lineaments in the Balkan Peninsula. Note the position of the 
NNW-SSE trendenig Struma Lineament and the transverse WNW-ESE trending Middle-Mesta fault zone. 
From Zagorcev (1992, fig. 1, p.198). 
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The site of these basins was controlled by the pre-existing fault-pattern. 

Evidence from drilling in the Strymon basin (Stylianou, 1981), suggests that the 

older formations belong to the Lower Miocene, and are lacustrineLcontinental. Sediment 

thickness reaches 3.5 km (Stylianou, 1981). However, recent results from small scale 

tomographic studies in the area (Ligdas & Lees, 1992, and personal communication) 

indicate that low seismic velocities reach to a depth of approximately 8 km, and 

therefore, pose the question of whether the sediment thickness in the Strymon basin in 

Greece is, in fact, underestimated. Papanikolaou (1986) suggests that an Oligocene 

molasse basin was formed where the Strymon basin is at present, but the older formations 

are covered. 

Minor volcanic activity (of Pliocene and Pleistocene age) in the Strymon basin is 

localised along NW-SE trending (1400) faults, in two areas, the Strymoniko village and 

the Sitsi-Kameno volcano (west of the Sidirocastro village) (Karistineos & Sotiriadis, 

1987). 

Oblique and transverse neotectonic faults, such as the Mesta fault, strike WNW-ESE, 

have normal and right-lateral strike-slip character, bound horsts and grabens, and result in 

the formation of small pull-apart grabens (e.g. Sidirocastro basin). 

Estimates of the amount of total extension during the neotectonic stage across the 

longitudinal Strymon direction (NNW-SSE) range between 3% and 11%, locally reach 

30%, but generally the stretching factor P, is in the order of 1 - 1.05. Similar values have 

been estimated for the transverse direction (WNW-ESE) (Zagorcev, 1992). 

East of the Strymon basin, neotectonic activity under the present-day extensional 

régime due to back-arc extension in the Aegean resulted in further fragmentation of the 

Rhodope area. Major neotectonic faults are of E-W and N-S direction in the area 

(Doutsos & Ferentinos, 1984; Lyberis, 1984). 

A major NNW-SSE trending fault, the Avdhira fault, fragmented the earlier basins, 

formed along the Kavala-Xanthi-Komotini fault (Maltezou & Brooks, 1989) and Late 

Miocene-Quatemary sedimentation continued in pre-existing basins (Papanikolaou, 

1986) or was initiated in Lower Miocene grabens (e.g. the Prinos basin). Volcanic 

activity in the Tertiary sedimentary basins was minor during the neotectonic stage 

(Innocenti et al., 1984). 

2.4 PRESENT-DAY STATE OF THE CRUST 

According to Psiovikos (1986) the present relief of the Western Rhodope has a 

block-mosaic pattern with individual uplifted mountain blocks and subsided grabens. 
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Severe fragmentation of the southern part of the area implies that neotectonic activity is 

still intense. There is a morphotectonic difference between the northern area, with a 

mountain-arch between two major depressions, and the southern area, with an entirely 

fragmented horst-graben structure. 

The thickness of the crust increases towards the north. It ranges from 36 km in the 

west to more than 40 km in the north (Makris, 1985) (fig. 2.11). In Bulgaria, Ivanov 

(198 1) has reported that the Central Rhodope crust is abnormally thick, reaching 50 km, 

and with a strong tendency for uplift. A thinning of the crust associated with the 

intrusion of hot material under the Thermaikos Gulf, Sporadhes and Kavala basins has 

been reported by Christodoulou & Hatzfeld (1988). Riazkov & Shanov (1990) suggested 

that the Eastern Rhodope and the Stiymon fault zone at the western boundary of the 

Rhodope differ from the Central Rhodope by their thin lithosphere. The Central 

Rhodope is a lithospheric block overlying a high-velocity body which lies at 140km 

depth. They interpreted the body as a NE-dipping dense subducted slab underlying the 

Rhodope region. 

The Stryinon basin is at present an area of active shallow seismicity (Drakopoulos & 

Makropoulos, 1983). Heat flow is high in the Stiymon-Serres basin (> 1.6 HFU) and 

normal in the rest of the Rhodope area (0.9-1.6 HFU) (Erki et al., 1984; Makris, 1985) 

(fig. 2.12). Furthermore, calculated models for the thermal flux (q)  in northern Greece, 

for depths down to 1000 m, show the highest values in the Stiymon basin (Sacharidis, 

1990). 

25. OPEN QUESTIONS 

In a brief summary of all the above, it is clear that there are a number of 

uncertainties regarding the evolution of the Rhodope Massif. A pervasive SW-directed 

syn-metamorphic shearing seems to be a generally recognised event in both tectonic units 

in Greece and also in Bulgaria. This event has been attributed to compressional 

tectonics, the result of SW-directed collisional nappe-stacking, commonly believed to be 

associated with Barrovian-type metamorphism, that overprints a high-pressure event. 

Syn-shearing metamorphic grade reached upper greenschist to amphibolite facies 

conditions, variably affecting the two tectonic units. It is not yet clear how the abundant 

migmatites in the Upper Unit are related to the syn-metamorphic shearing and to the 

voluminous Skaloti-Elatia granitoid; Dixqn & Stavropoulou (personal communication) 

suggested that migmatisation is earlier than both shearing and intrusion. 
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Figure 2.11. Isobath map of depth to the Moho of the Greek area, as proposed from gravity and seismic 
data. From Makris (1985, fig. 11.15,p. 246). 
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Figure 2.12. Heat-flow map of the Eastern Mediterranean region. Note the increased heal flow in the 
Strymon-Serres-Drama basins, at the western edge of the Rhodope Massif. From Makris (1985, fig. 11.12, 
p. 244) 
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In the Lower Unit there is still controversy regarding the maximum metamorphic 

conditions reached during this event. This event is constrained to be of Eocene or older 

age, and clearly older than the post-metamorphic, and largely post-tectonic plutons. 

During the Late Eocene and especially the Oligocene to Miocene, extensional 

activity resulted in normal faulting and the development of sedimentary basins. Caic-

alkaline magmatism is closely associated with this extensional structural setting either in 

the form of abundant volcanics extruded in the sedimentary basins or as granitoid 

plutons, the emplacement of a number of which is closely associated with extension. 

Some of these plutons, such as the Xanthi and Skaloti-Elatia, clearly post-metamorphic 

and largely post-tectonic with respect to the main SW-shearing, show evidence for SW-

directed extension-related structures, as for example the pre-fuil crystallisation mineral 

lineations observed in the Xanthi pluton by Koukouvelas & Pe-Piper (1989). The 

Skaloti-Elatia pluton is itself deformed by SW-directed shearing (Dixon & Stavropoulou, 

personal communication), although Jones et al. (1991) suggested extensional 

emplacement to the NE. The generation of all these magmas has still to be satisfactorily 

explained as the result of contemporaneous subduction, since their Oligo-Miocene 

extensional setting is at least 15 Ma younger than the inferred "collisional" thickening 

(accepting the 45 Ma age of Liati, 1986), and even younger than any inferred subduction. 

Finally, more recently, Dinter (1991) suggested that SW-directed shearing under 

ductile to brittle conditions is associated with the inferred Miocene to Recent extension 

of the Strymon basin, observed at the western edges of the Rhodope Massif. 

Therefore, the regional setting seems to pose a number of questions, especially 

regarding the association of calc-alkaline magmatism with the extensional setting and the 

subsequent, post-Oligocene, extensional high-level evolution of the area. in the 

following chapters, it will be shown that the Vrondou pluton offers a good case for the 

study of calc-alkaline granitoid generation, emplacement and unroofing in relation to the 

Tertiary regional extension in the Rhodope area. 
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CHAPTER 3 

The emplacement of the Vrondou pluton 

3.1. INTRODUCTION 

The Vrondou pluton belongs to the group of the so-called late- or post-kinematic 

Tertiary granitoids of the Rhodope Massif with respect to the main regional deformation 

of the area, as it appears generally undeformed, with a strong associated magnetic 

anomaly, a thermal aureole and sharp contacts, at least at its eastern margin (Meyer, 

1968; Lundberg, 1978; Bitzios et al., 1981) (fig. 3.1). The granitoid, however, does 

exhibit deformation with increasing intensity from the centre towards its southern and 

western margins (Papadakis, 1965). 

The classification of the plutonic activity in the Rhodope area into pre-kinematic 

(Kavala, Pangeo, Elaion), syn-kinematic (Skaloti-Elatia) and late- to post-kinematic 

(Vrondou, Xanthi, Panorama) (fig. 3.1) was based on criteria that considered the 

observed structural and contact relationships of the granitoids as static and separate 

phenomena, the deformation being strictly of regional nature and the cross-cutting 

relationships as indications of post-kinematic, high-level emplacement. In addition, the 

lack of a kinematically clear interpretation of the regional structural and associated 

thermal events, and the dearth of geochronological data in the envelope, inhibited a 

dynamic interpretation of the intrusive events (c.f. Chapter 2). 

Emplacement mechanisms were traditionally connected to the level of crust in which 

granitoids occur, as described by Buddington (1959). Plutons that are concordant to the 

regional structures are emplaced into ductile crust, aided by the ductile flow of the 

envelope (forceful intrusions, diapirs) and those with clear-cut contacts are high-level 

bodies emplaced in brittle crust, the emplacement effected by brittle failure of the 

envelope (stoping, cauldron subsidence). However, Pitcher & Berger (1972) studying the 

granitoids in the Donegal Batholith in Ireland clearly demonstrated examples of high-

level plutonic bodies (e.g. the Main Donegal Granite) that show complex deformation 

histories and a variety of emplacement styles, creating thus a paradox. This paradox 

seems to be reaching a solution in recent years since the realisation that the present-day 
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geometry (and thus the consolidation geometry, Pitcher, 1979) of plutonic bodies is a 

result of a variety of factors. 

As Hutton (1988a) pointed out, granitoid emplacement is a result of the combination 

of the natural tendency of magmas to rise in the crust, due to density contrasts with the 

surrounding materials, and the tectonic régime of the given area at the level of 

emplacement. In an actively defoirning crust, there are ample chances for available 

magmas to be "trapped" or "permitted", exploiting cavities/discontinuities actively 

fonning during regional deformation (Hutton, 1988a). The total stress field at the 

emplacement site would, therefore, be a combination of magma induced stresses (natural 

buoyancy and thermal stresses) with the regional stress field (Paterson et al., 1991). 

At the emplacement level, therefore, it is the relative dominance of either magma 

buoyancy or active tectonics, that would distinguish between largely forceful (e.g. 

diapirism and ballooning, e.g. Holder, 1979; Bateman, 1984, 1985) and permissive 

emplacement mechanisms (e.g. Pitcher, 1979; Hutton, 1982, 1988b). Strictly speaking, 

the final emplacement mechanism would be ultimately controlled by the rheological 

behaviour of the magma combined with that of the envelope (Castro, 1987; Paterson et 

al., 1991). Factors such as temperature and melt fraction of the magma, environmental, 

geometrical and compositional conditions of the envelope at the time of intrusion will 

dictate both the thermal (cooling rate) and mechanical evolution of the intruding magma. 

The structural pattern of the intrusions (Castro, 1987) depicts the interplay of such 

factors. Therefore, ideally, the study of the shape and of both the internal and aureole 

structures would help to define this pattern and thus unravel the emplacement history of 

granitoid bodies (e.g. Pitcher & Berger, 1972; Pitcher, 1979; Holder, 1979; Bateman, 

1985; Castro, 1986; Hutton, 1988a, Paterson etal., 1991). 

3.1.1. Textural evolution during deformation 

One of the main pitfalls in emplacement studies is the interpretation of the internal 

granitoid textures especially in terms of a deformation history. It is by far the commonest 

case to observe "magmatic" fabrics in the centre of plutons giving way to increasingly 

intensifying "solid-state" fabrics towards the margins of the bodies and the timing of 

fabric formation can only be deciphered when there is a clear understanding of the 

controlling factors. Microscopic and mesoscopic structures can develop throughout the 

crystallisation interval of the body (and of course after full crystallisation) but the 

rheological behaviour, and thus the response to imposed stresses, changes as the system 

moves from a liquid-dominated to a crystal-dominated domain. 
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One of the major implications of the influential work of Arzi (1978) and van der 

Molen & Patterson (1979), on the rheological behaviour of partially molten systems, is 

that it is not the solidus that dictates the change in the rheology of granitoids but the so-

called Rheological Critical Melt Percentage (RCMP) or Critical Melt Fraction (CMF) 

(CMF is the abbreviated term that will be used in this study). 

When a magma contains crystals it can be considered, rheologically, as a suspension 

with an effective viscosity governed by the viscosity of melt, the fraction of suspended 

solids and the spatial distribution of the two phases (Wickham, 1987). Magmas with low 

crystal contents (< 25%) will have effective viscosities similar to crystal-free magmas 

and even 50% crystallisation will not increase the effective viscosity enough to result in a 

considerable change of rheological behaviour (Wickham, 1987). However, the system 

will acquire yield strength and thus behave as a Bingham fluid with increasing 

percentage of interlocking crystals and end up as an elastic solid with infinite effective 

viscosity when all crystals are in contact. The exact transition from a Newtonian fluid to 

a Bingham fluid with large effective viscosity is abrupt, but not well-defined, and it has 

been postulated to occur at 50 to 30 % of melt fraction (fig. 3.2). 

It is not clear exactly how this rheological transition would be recorded in the 

observed textures of a crystallising magma undergoing deformation, and thus where the 

distinction between magmatic s.s. and solid-state fabrics should be drawn. If the system 

behaves, close to or post- the CMF as a Bingham fluid with finite yield strength, it would 

be able to accommodate strains, recorded as fabrics similar to those induced in plastically 

deforming solids. 

Hutton (1988a) and Gapais (1989) attempted to rationalise these concepts. The most 

important point is that fabrics due to imposed stresses can be recorded throughout the 

whole evolution of the rock and that "magmatic" is not necessarily "early" and "primary", 

rather that the final picture will depend on the theological state of the magma at the time 

of deformation (however, c.f. Paterson et al., 1989 for a debate on this point). As a 

general qualitative rule, Hutton (1988a) suggested that pre-full crystallisation fabrics 

(pre-CMF) are implied by the alignment of internally undeformed euhedral phenociysts, 

in a matrix of later, undeformed and non-orientated minerals (see also, Blumenfeld & 

Bouchez, 1988). On the other hand, fabrics developed during/after the attainment of the 

critical melt fraction (CMF) (crystal plastic strain fabrics), are defined by crystal 

alignment due to plastic deformation mechanisms, which in turn implies that there was 

still enough internal heat in the system to allow for ductile re-orientation of minerals. 

The schematic correlation of the observed fabric types with the rheological threshold of 

Arzi (1978) and van der Molen & Patterson (1979) is depicted in figure 3.3. 
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In this study textures spanning pre- to post-CMF stages were encountered in the 

eastern and central parts of the pluton and clearly solid-state fabrics were observed 

associated with the deformation at the western and southern edges. It is proposed here 

that all types are associated with the emplacement process and that this had a 

fundamental connection with the regional evolution of the area, during the final stages of 

waning Alpine ductile deformation events. 

A specific study of the regional variation of structural elements across the pluton to 

establish the deformation history and emplacement mechanism has not been carried out 

in this thesis. Rather, localised observations of the relationships between deformation 

and magmatic intrusion have been made in selected areas. 

3.2. INTRODUCTION TO THE STUDY AREA. 

The Vrondou (or Serres-Drama) granitoid pluton is located just to the north of Serres 

town, in Northeastern Macedonia in Greece, about 30 km south of the frontier of Greece 

with Bulgaria (fig. 3.1). 

It is a forested mountainous area, the topography being characterised by alternations 

of ridges of high altitude (1000 in or more) and steep valleys (fig. 3.4, and Plate 3.1 a). 

The pluton extends over an area of approximately 300 km2  and is elongated in a NE-

SW direction, parallel to the main structural grain of the area, the long axis being about 

28 km and the short axis about 11 km. 

To the west, the granite is bounded by the Achladochori.-Sidirocastro sedimentary 

basin, and to the south, by the Serres basin (Plate 3.1b) and the Menikio mountains (Plate 

3.1c). To the north and northeast it is bordered by the Orvilos mountains and the basins 

of the Vathytopos and Kato Vrondou areas (Plate 3.1d, fig. 3.5). 

The area can be approached from Serres town, in the south, by two roads leading to 

the east and the centre of the massif, respectively (fig. 3.5). The eastern road passes 

through the village of Mo Vrondou, within the pluton, and then leads to the eastern 

boundary of the area near the village of Kato Vrondou. The second road leads to the 

villages of Mo and Kato Oreini and finally to the central highest part of the mass, the 

Lailias mountain resort. From the west the area is approached by forest roads of variable 

quality from the western villages of Kapnophyto, Achladochori and Karydochori. From 

the north the area is accessible with difficulty via rough forestry roads from Vathytopos 

and Kataphyto villages. Care has to be taken in these northern areas, because of 

"forgotten" mine fields and the proximity of military areas close to the Greek-Bulgarian 

border. 
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PLATE 3.1 

a 
wsw 	 EE 

	

Lykofolia 	 Lailias 

	

1660m 	 1840m 

Strymon basin 

Serres basin 

-_.: . 

a) The southwestern areas of the Vrondou pluton, as viewed from me south. Note die morphology. 
characterised by alternating ridges and deep valleys. Field of view WSW-ESE, parallel to the Serres basin's 
boundary fault. h) The erres-Strvmon basin as viewed from the east-northeast, in the Vrondou pluton 
(Fotini loiyfi area, north of Xerotopos village). C) The Menikio mountain composed of massive marbles. 
Note the high altitude marble ridges and steep valleys. Viewed from the north, from Krn22 on the road to 
N. 	\ 7rondou. d) The Kato Vrondou-Perithori basin and in the back-round the Falakro mountain, east of 
the Vrondou pluton. Viewed from the west, Kato Vrondou village. e) forested central areas of the Vrondou 
pluton. Mavro Vouno area, northeast of Ano Vrondou village. 
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Figure 3.5. Map showing the topography of the study area, the general geological relationships (pluton, 
envelope, basins) and the locality names mentioned in the text. The boxed areas represent: A) Eastern 
contact relationships and internal granitoid structures along the N-S trending Kato Vroodou-Perithori track. 
Observations also at the northern areas, south of Vathytopos village (Section 3.4). B) Central and western 
areas of Section 3.5. C) Approximately N-S section along the main road to Lailias, where progressive 
development of internal structures in the quartz-monzonite can be observed (Section 3.7.2). D) Vameno 
stream type locality (Sections 3.10, 3.11). E) Approximately E-W section along the present-day fault 
bounding the Serres basin, from the main road to Lailias towards Xerotopos village and Pirghi area. F, G, 
H and I represent localities where aureole assemblages were collected from the southern envelope (Section 
3.8.4). 



The exposure in the area is variable. Within the plutonic mass itself the exposure is 

very poor because of the dense forest (Plate 3.1e). While there exists a system of new 

and old forest roads, their quality is rather poor and the outcrops along them are usually 

severely weathered. Better exposures are restricted to major road sections and deep 

ravines in the south and east of the area and generally to new tracks near the southern 

villages. A variable degree of kaolinisation throughout most of the mass limits really 

fresh rock to a handful of localities. 

The main localities of interest for the study of contact relationships are situated 

around the villages of Oreini and Xerotopos in the south, and to the north of Kato 

Vrondou village in the east (see fig. 3.5 for main locality names and location). 

There is very little published work concerning the structure of the immediate study 

area, either in the envelope or in the granite itself. Information on the general geological 

relationships in the immediate area can be found on the published 1:50,000 geological 

maps of the Geological Survey of Greece (IGME, Achiadochori and Serres sheets). 

3.3. GENERAL GEOLOGICAL RELATIONSIIIPS 

The Vrondou granitoid is a composite pluton emplaced in marbles and schists s.l. of 

the Lower Tectonic Unit (Pangeo Unit) of the Western Rhodope massif in NE Greece 

(fig. 3.6). 

To the south it intrudes the alternations of gneisses, schists, amphibolites and 

marbles of the Transitional Series, to the north the marbles of the Orvios mountains and 

to the east the gneisses and schists of the Dassoto-Nevrokopi Series, the stratigraphical 

basement of the Lower Tectonic Unit of the Rhodope (see Chapter 2). 

To the south and west it is bordered by the Neogene-Quaternary sediments of the 

Serres and Sidirocastro basins respectively, which represent splays of the major 

extensional basin of the Strymon river, associated with the Struma-Stiymon lineament 

(Karistineos, 1984; Zagorcev, 1992, see Chapter 2). 

Marginal and roof apophyses of the body are found within the stratigraphically 

higher Carbonate Series in the areas of Elaion (in the Menikio marbles to the south) and 

Panorama village (in the Falakro Marbles to the east) (fig. 3.6). 

The volumetrically dominant facies is of homblende-biotite quartz-monzonitic 

composition and crops out especially in the southern and southwestern parts of the 

pluton. The quartz-monzonite exhibits locally a K-feldspar megacrystic texture (Plate 

3.2a). In the centre, the quartz-monzonite grades into an equigranular biotite-homblende 

granite s.s. Towards the southeast, a biotite-homblende granodiorite facies crops Out. 
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In the eastern and northeastern parts of the pluton monzonitic rocks crop out. 

Towards the east, a clinopyroxene-hornblende porphyritic monzonite with K-feldspar 

megacrysts is found, whereas towards the centre, a coarse-grained, equigranular, 

clinopyroxene-homblende monzonitic type occurs (fig. 3.7). 

The field relations of the different rock-types are rather obscure, and no sharp 

contacts were identified in this study, possibly due to the lack of exposure, especially 

towards the centre of the body. However, Papadakis (1965) notes the presence of a 

monzonitic protrusion into granodiorite at the eastern edge of the pluton. In addition, 

independent evidence (petrological features, geochemistry and structures) suggests that 

the pluton is composed of distinct magma batches (for details, see Chapter 7, 8). 

Close to the inferred contact of the monzonite with the dominant quartz-monzonite, 

3 km north of Mo Vrondou village, on the main road, a screen of pelitic material with 

distinctive ghost stratigraphy (Plate 3.2b,c) and under the microscope, a well-developed 

homfels texture, was observed. The pre-hornfels protolith is readily identified in the 

northern envelope of the pluton, in the Kykia area (Chapter 5). Also, Coucoulis (1982) 

and Taoussianis & Kyrtsou (1983) have reported the local presence of caic-silicate 

screens (skarns), from the same area. 

A melanocratic gabbroic facies crops out in the southeastern part of the pluton, in the 

Kratitirio area. It is a weathered dyke-like body, approximately 70 metres wide and it 

shows irregular contacts with the host quartz-rnonzonite (Plate 3.2d). It has an indistinct 

chilled margin in contact with the host granitoid but enclaves of the chilled material can 

be seen in the host adjacent to the contact. Intense hydrothermal activity seems to be 

preferentially located at gabbro-granitoid contacts. 

Microgranular basic enclaves, are found scattered in all members apart from the 

gabbro, and become scarce in the granite s.s.. They are usually small, 10 to 30 cm in 

diameter, with ellipsoidal or irregular shapes (Plate 3.2e), and the majority are 

undeformed. Homblende- and clinopyroxene-bearing enclaves are found in the 

monzonitic rocks, whereas homblende- and biotite-bearing ones are found in the biotite-

bearing hosts (quartz-monzonites and granodiorites). Such enclaves are scarce in the 

southern, deformed borders of the body. Xenolithic material, is however more abundant 

there. The petrographical features and possible significance of the enclaves will be 

discussed in more detail in Chapter 6. 

Leucocratic material, generally aplites and more rarely pegmatite sheets, are found 

cutting through the entire body in two directions (Plate 3.21). However, the orientation of 

the sheets is not constant throughout the body. Leucocratic sheets intrude the alternations 

of schists, gneisses, amphibolites of the Transitional Unit at the southern contact zone 
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ellipsoidal and more irregular shapes and the variable sizes. Km35 on the main road to Kato Vrondou 
village. 1) Leucocratic sheets in quartz-monzonite in two cross-cutting directions. Km21 on the main 
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(Plate 3.3a) but are scarce within marbles of the southern envelope, as well as in the 

schists and gneisses of the Dassoto-Nevrokopi Series forming the eastern envelope. 

Sheets of granitoid material intrude the formations of the envelope in the south and 

stoping phenomena are restricted to that area. 

Finally, late basic homblende-rich lamprophyre dykes cross-cut the southern edge of 

the body, running subparallel to the southern contact (Plate 3.3b). The occurrence of two 

small fine-grained altered basic sheets cutting through the deformed granitoid in the west, 

outside the village of Achiadochori, should also be noted (Plate 3.3c). 

3.4. THE EAST AND NORTHEAST CONTACTS 

To the east and north the granitoid is in contact with the schists and gneisses of the 

Dassoto-Nevrokopi Series and the marbles of the Orvios mountains. The granitoid there 

is devoid of any solid-state deformation and skams are reported at the inferred contacts 

(Papadakis, 1965). Quaternary fault movements associated with the development of the 

Vathytopos basin, produce coarse marble breccias. These late faults are preferentially 

located parallel to the marble-granite contact. According to Zagorcev (1992), these 

movements are associated with the neotectonic activity along the Mesta fault, a splay of 

the Struma-Strymon fault-zone. 

3.4.1. The monzonite at the eastern and northeastern contact 

The monzonite in this area (Area A in fig. 3.5) is a coarse-grained porphyritic facies 

with large (up to 5 cm long) K-feldspar megacrysts and microgranular, usually 

hornblende-rich microdioritic enclaves. The granitoid does not record any post-

consolidation deformation but there is a planar and linear fabric formed by the 

megacrysts (Plate 3.3d). 

As is discussed in detail in Chapter 6, the development of potassium feldspar 

megacrysts is a subject of debate (see Vernon, 1986 for discussion) as to whether they 

represent true phenocrysts or late metasomatic features. From the microscopic study it is 

obvious that, at least in this specific case, the megacrysts can be interpreted as a result of 

true magmatic crystallisation, probably at a relatively late stage in the evolution of the 

texture but with enough space for uninterrupted growth and with enough "lubricants' 

(melt between the crystalline phases) to accommodate unstrained re-orientation of the 

solid particles, thus close but pre-CMF. These fabrics could therefore be generally 

characterised as pre-full crystallisation fabrics (PFC fabrics) (Hutton, 1988a). 
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The orientation of the planar PFC fabric is not however constant along this eastern 

contact (see fig. 3.8a). Two systems of planar "surfaces" develop. One system strikes 

NE-SW, forming conjugate sets of planes, of which the SE-steep dipping one is the 

most prominent. The second system strikes NW-SE, dipping to the SW and is not as 

well-developed. 

What seems to be of significance is that firstly, the prominent planar fabric is 

generally west-dipping, away from the contact towards the interior of the body and 

secondly, that the strike of the planar fabric swings anti-clockwise, parallel to the contact. 

Linear alignment of the K-feldspars is also recorded. The most prominent PFC 

lineation is subhorizontal to the SW (220-060° strike) measured on the PFC surfaces, but 

steeper alignments also occur. 

No solid-state microstructures are observed, except from some undulose extinction 

seen in the late subordinate quartz. Therefore, syn-intrusional deformation ceased shortly 

after the emplacement of the monzonite to the east, suggesting independently that it was 

the latest facies to be emplaced, on the assumption that later intrusion would have been 

accompanied by further deformation at pre-existing contacts. 

3.4.2. The contact 

The contact between the monzonite and envelope can be inferred at various places 

and actually observed about 4 km north of Kato Vrondou village, on the track leading to 

the Penthon village. 

The contact there is knife-sharp (Plate 3.3e), dipping steeply to the ESE (56° to 110°) 

(fig. 3.8a) and clearly cross-cuts obliquely the envelope structures, the prominent 

schistosity there dipping more steeply to the east (68° to 090°). Some small degree of 

local fracture control can be concluded by the observation of small granitoid veinlets 

extending into the envelope, orientated subparallel to brittle faultiets, which strike ENE-

WSW, in the granitoid (Plate 3.31). Further to the north, the contact changes orientation, 

to a NW-SE strike (fig. 3.8). 

The monzonite at the contact is finer-grained than its porphyritic parent and a 

thermal aureole has developed. The thennal aureole is traced as a zone of fabric 

annealing at a radius of about 200 in around the monzonitic body and as a zone of 

horniels formation developing very close to the contact, within 30 in of it. 
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Figure 3.8. Summary map showing the general attitude of structural elements in the porphvritic monzonite 
and the envelope. Foliation trajectories in the envelope are taken from the IGME 1:50.000 Achladochori 
sheet, except where indicated. Equal area projections of planar and Linear fabric elements are -. (a) poles to 
planar fabrics and linear PFC fabrics in the porphyritic nionzonite. (b) poles to foliation and mineral 
Lineations in envelope, (c) F1 . fold axes in envelope. 
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a) Abundant leucocratic sheets in biotite gneisses, belonging to the southern Vrondou envelope. Gymno 
stream, 3.5 Ion east of Ano Oreini village. b) Lamprophyre dyke cutting across deformed granitoids at 
the southern margin. Vameno stream. 00 m west of Km17 of the road to Lailias. Field of view ENE-
WSW. Exposed laniprophyre is approximately 30 in across. C) Sheet of fine-grained basic material 
cutting across deformed quartz-monzonite close to the Sidirocasiro-Achladochori basin. On the main road 
to Achiadochori village, at the southern entrance of the village, (i) Porphyritic monzonite with PFC 
alignment of K-feldspar megaclysts. Note the steep to moderate planar fabric and the irregular shallow 
and steep mineral lineations. Track Kato Vrondou-Perithori, 1 km north of Kato Vrondou village. e) 
Sharp contact between porphvritic monzonite and pelitic envelope. Track Kato Vrondou-Perithori, 4 km 
north of Kato Vrondou. f) Close-up of the contact showing the finer-grained nature of the porphyritic 
monzonite and the local fracture control seen in cm-scale sheetlets protruding into the envelope, parallel 
to microfaults. Locality as in 3.3e. 



The development of the high-grade aureole assemblages follows compositional 

heterogeneities imposed by the pre-existing fabric, but aureole minerals are observed to 

be undeformed. Minor partial melting has taken place locally close to the contact with 

the porphyritic monzonite, feature that seems to have affected the ductility of the 

envelope there. The details of the development of the aureole are discussed in Chapter 5. 

3.4.3. Envelope in the northeastern area 

The envelope in this area consists of two mica-garnet schists, biotite gneisses, 

biotite-epidote schists, leucocratic muscovite-bearing gneisses and sheets of leucocratic 

material, clearly of regional character. 

The main assemblages found in the regional rocks away from the monzonite contact 

are : a) in biotite gneisses, quartz-K-feldspar-plagioclase-biotite; b) in pelites, green 

biotite - muscovite - albite - garnet - chlorite; c) leucocratic gneisses with quartz - K-

feldspar - plagioclase - muscovite - garnet - minor sericite, chlorite, d) pelites with biotite 

- epidote/clinozoisite - zoisite - K-feldspar - quartz - titanite, and e) augen gneisses with 

biotite - quartz - K-feldspar - plagioclase. 

The dominant fabric (S), develops as an axial planar schistosity in the less competent 

pelitic lithologies and is seen to be a mylonitic fabric in more quartz-rich lithologies. A 

strong mineral lineation (ML) is locally developed, which generally plunges shallowly to 

the NNE (fig. 3.8b, Plate 3.4a). The dominant planar fabric is folded by a set of isoclinal 

folds (F1) that are commonly intrafolial (Plate 3.4b). 

This dominant set of structures S, ML, F1 folds is folded by a second set of folds 

(F1'). Away from the contact, the F1' folds (Kilias & Mountrakis, 1990) are open 

asymmetrical folds (Plate 3.4c,d) with hinges nearly co-axial to the F1 isoclinals and 

subparallel to the mineral lineation (fig. 3.8c). According to Kilias & Mountrakis (1990), 

this F1' set is a result of the progressive development of the D1  deformation (thrust-

related ductile shearing) that generated the F1  folds, the shear fabric and mineral 

lineations. The F1' hinges and foliations, are generally oblique to the monzonite margin. 

The D1' event on a regional scale is a retrograde event (Kilias & Mountrakis, 1990), 

represented in this area by the development of chlorite along crenulation hinges and late 

shear bands, and retrogression of garnet to biotite and chlorite. 

Locally, close to the monzonitic contact, the less competent lithologies such as 

pelites acquire subvertical attitudes and tighter crenulalions (Plate 3.4e,f). F1' hinges, 

and foliations are steepened and progressively rotated to the N and NW, parallel to the 
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a hitrafolial F1 folds and axial planar foliation S in pelites at eastern envelope. These are refolded by the 
F1 set. 1.5 km vest of the Perithori village, on the Kato Vrondou-Perithori track. b) L>S fabric in biotite 
augen gneiss, defined by attenuated feldspars, leading to the development of a strong stretching lineation. 
Papazora area, approximately 500 m southwest of Vathytopos village. C) Fj open to close asymmetrical 
folds with shallow hinges. These fold the main foliation 'S and the intrafolial isoclinal folds F1 (as in 3.4a). 
Same locality as in 3.4a. d) F1' open asymmetrical folds, clearly refolding isoclinal F1 and the axial planar 
foliation S. lKykla locality, 2 km south of \'athytopos village, on the track leading  to Anonymo (Mavro 
Vouno) area. e) Steep and tight crenulations in pelites in the vicinity of the porphyritic monzonite contact. 
5.8 km north of Kato Vrondou on the Kato Vrondou-Perithori track, and circa 1 km east from the inferred 
contact. f) Similar subvertical crenulation in pelites. 6.5 km north of Kato Vrondou village, approximately 
similar distance from the contact, as in 3.4f. 



changes in strike of the monzonite contact (fig. 3.8). However, no new foliations, 

parallel to the contact, are developed. 

In general, what is envisaged is a localised movement of the envelope relative to the 

incoming monzonitic body. The steepening and progressive rotation of the regional axes 

and strike of foliations, towards parallelism with the steep contact, indicate that local 

flattening and movement around a subhorizontal axis, accommodated the strain in the 

envelope due to the incoming magma. The concomitant progressive northward 

development/rotation of the strike of the steep planar PFC fabrics in the monzonite itself, 

implies that parts of the eastern margin of the pluton served locally as dextral wrench 

zones, during intrusion. This feature is interpreted here as a strain-accommodation 

element, rather than a mechanism of emplacement. The subhorizontal southwesterly 

PFC mineral lineations in the porphyritic monzonite, observed in the southern parts of the 

eastern contact (fig. 3.8), could be either attributed to the direction of local relative 

movement, recorded by minerals of the congealing magma, or connected with the 

processes responsible for the development of the southwesterly shallow mineral 

stretching lineations, which are pervasively developed in the south and western margins, 

as will be described later in this chapter. 

3.5. (;RANI'roID STRUCTURES IN THE CENTRAL AND WESTERN AREAS 

Towards the centre of the massif the exposure is very poor due to the dense 

vegetation and deep weathering. In these areas, east of the Kaiydochori village, the 

dominant quartz-monzonite grades into granite s.s. (Area B in fig. 3.5). In some minor 

exposures, best approached from the western villages, an alignment of ferro-magnesian 

minerals can be observed, producing locally an incipient planar and a more obvious 

linear fabric. This planar fabric in the centre, is clipping moderately to steeply to the SW, 

and the mineral lineation is shallowly plunging to the SW as well (fig. 3.9). 

Microscopic study of these fabrics reveals that they have formed at high-

temperature, but probably post- the CMF threshold, and can be characterised as crystal 

plastic strain fabrics. The deformation is seen to be mostly taken up by quartz (modally 

significant in these facies), most commonly inducing recrystallisation but with some 

relict undulose extinction and recovery features (Plate 3.5a). 	Feldspars have 

recrystallised boundaries leading to well-developed core-mantle structures (Plate 3.5b). 

K-feldspars have myrmekites around them and plagioclases seem to be annealing (Plate 

3.5b). In the centre, the textures in the quartz-monzonite and granite can still be 

considered as intrusion-related (keeping in mind the CMF threshold together with the 
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Figure 3.9. Equal area stereographic projection of poles to planar fabrics and linear internal granitoid 
fabrics measured at the central and western areas. Note the consistent shallow NE-SE mineral lineation and 
shallow foliations at the western areas. 
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observation that the fabric is essentially crystal plastic) because there was enough internal 

heat in the system (and enough ductile material) to allow for re-orientation of the rigid 

minerals without considerable plastic straining. Geometrically, however, no sense of 

displacement can be deduced from these high-temperature structures. 

The results of deformation are increasingly intense towards the western and southern 

margins, where they result in the development of a clearly discernible foliation. Towards 

the south, as will be discussed in more detail in the following section, this incipient 

planar fabric is deimed by biotite alignment and recrystallisation, K-feldspar 

recrystallisation, myrmekite formation and plagioclase recrystallisation (Plate 3.5c). 

Plagioclase bending can be observed (Plate 3.5d). Quartz is in nearly completely 

annealed ribbons (Plate 3.5c,d). Approximate temperature conditions for formation of 

this foliation, judging from the behaviour of the feldspars (recrystallisation and 

annealing), and the recrystallised quartz are inferred to be higher than 500* (Tullis, 1983). 

From the centre towards the west, increasing strain intensity is marked by the 

development of protomylonitic planar and linear fabrics. Closer to the centre, foliation is 

incipient with plastic behaviour of the more competent minerals (see bent plagioclases, 

Plate 3.5e) and homblende to biotite and epidote transformation (Plate 3.50.  K-feldspars 

are surrounded by myrmekites along the S planes and epidote is abundant. 

Further to the west, the mylonitic fabric is better developed, but usually the shear 

planes are not well-formed in outcrop. The overall picture is of one major foliation (S) 

anastomosing around the feldspar porphyroclasts (Plate 3.6a). The planar fabric is 

generally shallow dipping to the WNW, and associated with NE-SW shallow mineral 

lineation (fig. 3.9). Where the sense of asymmetry can be determined it indicates top to 

the SW movement. 

One enclave collected from the more deformed locality, close to the Achiadochon 

village, is a feldspar-hornblende dominated lithology and records a grain-boundary 

migration deformation mechanism (Plate 3.6b). This mechanism operates at high 

temperatures but not as high as to induce complete recrystallisation of rigid minerals 

(Brodie & Rutter, 1985). 

S-C fabrics do develop at the western edge, as is observed 1 km west of the 

Kapnophyto village (Plate 3.6c). C planes (cisaillement or shear, Berthé etal., 1979) are 

defmed by biotite and feldspar recrystallisation along which the S foliation gets deflected 

and recrystallised (Plate 3.6d). The overall sense of shear from S-C asymmetry (S-C 

angle around 350) and mica fish implies oblique normal slip on a top-to-SW shear 

system. 
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a) High temperature straining taken up by recrystallising quartz. Some relict deformation bands and 
recovery features are still obvious. Rigid minerals are mostly undeformed plastically. Sample NKRS4 

granite s.s.. 3.5 km east of Karydochori village. h) Abundant recrystallisation of feldspars, 
resulting in well-developed core and mantle structures. Note some alignment of plagioclase twins and of 
the long axis of titanite, parallel to the pseudo-SPO in recrystallised quartz. Also note the myrmekites, 
forming at the recrystallising edges of K-feldspars. Sample NKRS4 (XPL), as in 3.5a. C) Incipient 
foliation at the central towards southern areas, defined by aligned and recrystallised biotites and 
recrystallisation zones in feldspars. Note the nearly annealed quartz-ribbons. Section normal to the planar 
fabric and approximately parallel to the linear fabric. SampFe 90NK39 (XPL), Km25 on main road to 
Lailias. dl Zones of recrystallisation at the edges of feldspars, defining the incipient foliation seen in the 
central to southern areas. Note the plastic straining (bent plagioclase) and recrystallised quartz. Sample 
90NK39 (XPL), as in 3.5c. e) Increasingly plastic behaviour observed form the centre to west, as 
indicated by the increasingly plastic behaviour of rigid minerals (e.g. bent placrioclase). Note incipient 
microclinisation and recrystallised boundaries of K-feldspars, and deformation Sands in quartz. Sample 
NKWI (XPL), quartz-monzonite, 1 km east of Karydochori village. f Note alignment of mafics, 
recrystallisation of biotite and the growth of fine-grained biotite at the edges of hornlende. Note also, 
post-kinematic epidote overgrowing biotite. Sample NKWI (PPL), as in 3.5e. 



The western edge of the pluton is covered by the Neogene and Quaternary sediments 

of the Achiadochori-Sidirocastro basin. Impressive outcrops of Pleistocene marble 

breccia cap subhorizontal graded granitoid-dominated conglomerates (Plate 3.6e) 

indicating intense activity along the edges of the basin and a very dramatic episode of 

differential uplift causing spectacular shedding of a marble roof (probably of Orvios 

origin). According to Zagorcev (1992) this activity is related to the development of the 

Mesta fault, which runs north of the Vrondou pluton, in a WNW-ESE direction (see 

Chapter 2). 

Samples collected close to the edges of the basin, show clear evidence for brittle 

overprint and retrogression. According to Mitra (1984) the brittle-ductile transition is 

signified by cataclastic intragranular microcracking of the feldspars and anastomosing 

discrete zones of intense grain-size reduction, whereas the brittle state is characterised by 

intergranular zones of cataclasis running through the whole rock. Both processes are 

observed in samples collected close to the edges of the Sidirocastro-Achladochori basin. 

Homblende and biotite alter to chlorite parallel to localised planes of shear (Plate 3.60, 

and microfracturing is the main process causing grain-size reduction and deformation in 

the feldspars (Plate 3.6g). 

To summarise, the structures observed at the central areas and the western margin of 

the Vrondou pluton are: 

Increase in the intensity of strain towards the west is signified by the progressive 

development of protomylonitic and finally S-C fabrics, accompanied by ductile (high-

temperature) through brittle-ductile microstructures. 

Moderate-steep dips to the SW, of the incipient high temperature planar fabrics in the 

central areas, and shallow southwesterly mineral alignment. Clear development of 

subhorizontal NE-SW (dominantly to the SW) mineral lineations, and shallow-moderate 

(less than 400)  planar mylonitic fabrics dipping to the WNW in the west. 

Top to the SW sense of shear (on NW-dipping planes) implies a normal to oblique-

normal sense of displacement on the shallow shear system. 

Brittle overprint/continuation of deformation towards the basin. 

3.6. THE SOUTHERN CONTACT - INTRODUCTION 

To the south the quartz-monzonite is in contact with the formations of the 

Transitional Series of the Lower Tectonic Unit of the western Rhodope (see Chapter 2). 

The envelope comprises alternations of biotite and leucocratic gneisses, amphibolites, 
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a) Increase of strain towards the west. Clearly solid-state mylonitic plana rabi-i defluea w elonaated 
auartz-ribbons with variable recovery and recrvs tall isation, - and by rounded feldspar porphyroc'lasts. 
Deformation in the porphyroclasts is crystal-plastic. Recrystallisation along the edges is also evident. 
Sample NKW6 (XPL). quartz-monzonite 1 km southwest of Achiadochori village, Th Grain boundary 
migration in microgranuJar enclave enclosed in deformed quartz-monzonite. Sample NKW6E (XPL), 
locality as in 6.6a. Note the difference in deformation style between the quartz-rich host and the 
hornblende-feldspar dominated enclave. C) S-C fabric at the western areas. Section normal to the 
foliation and parallel to the lineation, giving sense of asymmetry top to SW. Sample 90NK73 (PPL), 
deformed quartz-monzonite, 1 km west of Kapnophyto village. dt As in 6.6c, but in XPL. S foliation is 
defined by elongated recrystallised quartz-ribbons. C foliation defined by zones of fine recrystallisation 
along which, quartz-ribbons are attenuated and deflected. e) Marble breccia 'caps" overlyinggranite-
bearing Neogene conglomerate in the Sidirocastro-Achladochori basin. The marble blocks reach 100 m in 
size. 10 km southwest of Kapnophyto village, on the main road Sidirocastro-Achladochori. f) Chlorite 
growing at the expense of hornblende andbiotite, especially associated with fractures and planes of late 
shear. ample NKW6 (PPL), as in 6.6a. ) Fracmred plagioclase by both intragranular and intergranular 
microfractures. Sample NKW6 (XPL), as in 6.6.a,f. 



marbles, calc-silicates and mica schists and underlie the massive marbles of the Menikio 

mountain, further to the south. 

Topographically, this southern area can be divided by the ENE-WSW trending 

Serres basin boundary fault into two domains: a higher region to the north of the fault 

and a lower, down-faulted domain south of it, where the Elaion granitoid crops Out (c.f. 

figures 3.4 and 3.5). 

The general structural picture of the southern contact north of the fault, north of the 

Oreini village, is one of granitoid sheets and screens of envelope rocks that are both 

variably deformed. The contact generally strikes NE-SW and late lamprophyre dykes 

run parallel to it (fig. 3.7). It can be inferred in various sections normal to its general 

strike. 

Fabrics within the granitoids increase in intensity southwards with the formation of 

shallow SE-dipping true mylonitic fabrics and of a prominent subhorizontal NE-SW 

trending stretching lineation that plunges to the SW. The development of the more 

intense fabrics from the weak central pluton fabrics is transitional, denoting a progressive 

intensification of strain towards the south, as was also observed in the west. Two types 

of granitoid facies have been observed at this southern contact, but no sharp contacts 

have been identified between them. 

The significance of this southern margin lies in the observation of the clear 

development of a flat shear system and the development of another component in the 

intrusion-related deformation of the Vrondou granitoid, one of wrench type. 

It will be shown that firstly this steep (wrench) shear represents a marginal 

component initiated during the final stages of the emplacement of the granitoid and 

secondly that this shear zone became the subsequent location of the basin boundary fault, 

which cut across both granite and envelope, so linking the intrusive history with the later 

phases of differential uplift, subsidence and unroofing. 

3.7. GRANITOID STRUCTURES AT THE SOUTHERN MARGIN 

3.7.1. The marginal biotite granite 

A biotite-bearing leucocratic granite is the facies that occurs as sheets and also 

occurs at the immediate contact with the envelope. The granite is medium- to fine-

grained and consists of quartz, plagioclase (oligoclase), K-feldspar, biotite, with minor 

opaque, apatite, allanite and titanite. Its field extent is restricted to the southwestern part 

of the area and trends parallel to the contact with a maximum width of 1000 m from the 
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contact. It develops as a chilled margin or contact facies of the whole quartz-monzonitic 

body. 

Away from the margin, for example north of the Gymno stream this peripheral facies 

is seen nearly undeformed, with only a weak alignment of biotite in outcrop. Thus the 

original mineralogy and texture can be described as quartz, K-feldspar, 

plagioclase(oligoclase), biotite with minor hornblende, apatite, allanite, opaque. 

Plagioclase occurs both as phenocrysts (up to 3 mm across) and as matrix minerals (Plate 

3.7a). Twinning is commonly on the Albite law and less so on the Pericline law. The 

phenocrysts are zoned, in a normal or oscillatory fashion. The edges of the megacrysts 

are irregular and have reacted with K-feldspar and quartz (Plate 3.7a). No deformation is 

evident, apart from undulose extinction and some rare bending and dislocation movement 

leading to recrystallisation. K-feldspars are abundant, subhedral to anhedral and 

probably are later than plagioclase; some occur interstitially, and occasionally as 

megacrysts. The subhedral grains exhibit Carlsbad twinning and look like orthoclase and 

most of the anhedral, interstitial grains show the tartan, microcline twinning. As in the 

plagioclases, weak plastic deformation is implied by undulose extinction. It is not 

immediately obvious whether there is any connection between feldspar typology and 

deformation. However, it should be noted that abundant myrmekites are forming at 

plagioclase-feldspar and K-feldspar-K-feldspar edges. Quartz is interstitial but abundant 

and records deformation mainly as recrystallised equant strain-free grains and less as 

relict grains with deformation bands and recovery features (Plate 3.7a). Finally, biotite 

which is responsible for the macroscopic fabric is either slightly bent or recrystallised, 

commonly parallel to myrmekite-decorated grain-boundaries. Further away from the 

contact, some minor homblende is seen to occur in the marginal granite but is much 

subordinate to the biotite. 

Close to the contact this peripheral biotite-granite acquires a clearly discernible S-C 

fabric with usually the C planes better developed in outcrop. A very distinctive 

subhorizontal mineral stretching lineation trending NE-SW (average 235') and plunging 

a few degrees to the SW (fig. 3.10a), is observed. Macroscopically, the stretching 

lineation is defined by the elongated quartz-ribbons and the alignment of maflc minerals, 

mainly biotite. This mylonitic fabric is by far the most prominent structure in this type of 

grarntoid facies. The planar fabric is usually moderate to shallow dipping to the SE 

(average orientation at the contact is 35' to 155'). The stretching lineation and to a lesser 

extent, the planar fabric remain constant in orientation, and are also developed in the 

sheets of leucocratic granite that are intercalated with the envelope, as for example along 

the main road to Mo Vrondou. 
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In thin section, the S-C fabric, judging from the apparent deformation mechanisms in 

operation, is of high temperature. The S plane (or flattening plane, according to the 

geometrical relationships in shear zones described by Ramsay, 1980) is defined by 

dynamically recrystallised quartz-ribbons (Plate 3.7b). They are of 100 j.t size and were 

either annealing or recovering with very few large strained grains now left. In the S 

foliation, K-feldspars are deformed in a ductile fashion, flattened parallel to the S 

foliation and with abundant myrmekites forming along them (Plate 3.7c). 

The development of myrmekites in deformed quartzofeldspathic rocks has attracted 

much attention in the past (Tullis 1983; Simpson 1985; Hibbard 1987; Simpson & 

Wintsch 1989; for a recent discussion see Vernon 1991). The observed association leads 

to two questions (Vernon, 1991) firstly, whether myrmekites form in the solid state or 

crystallise from a melt and secondly, whether deformation plays a direct (through 

localisation of strain energy) or an indirect role (through the facilitation of fluid 

circulation) in the nucleation and growth of the myrmekites. 

Hibbard (1987) considered preferential myrmekite development during deformation 

as a result of crystallisation of late melts in the "strain-shadows" of feldspar clasts 

(pressure-quenching of H20-saturated melt). However, most evidence seems to argue for 

myrinekite development in the solid state, as replacive lobes at the edges of K-feldspar 

clasts, through chemical reactions described by Simpson, 1985 and Simpson & Wintsch 

(1989) at high grades in the epidote-amphibolite and amphibolite facies. The other 

question, on the role of deformation and the resulting geometrical relationships of 

myrmekite development and strain localisation seems more difficult to answer. Simpson 

(1985) and Simpson & Wintsch (1989) observed a geometrical preference for sites of 

high normal stress, namely the finite flattening planes in shear zones, a relationship that 

seems to be the case in the Vrondou marginal granite as well. However, as Vernon 

(1991) pointed out, this is not always the case, and it can be argued that deformation does 

not always play a direct role in the localisation of myrmekite nucleation and growth but 

can also indirectly assist in their development through promotion of fluid migration to 

stress protected areas. Deformation-induced myrmekites have also a contributing role to 

further foliation development through progressive recrystallisation (Vernon et al., 1983; 

Vernon, 1991). Whatever the exact mechanism, elusive at this stage, the important 

implication is that myrmekite development is an argument for the high temperature of 

deformation (in the amphibolite facies, higher than 500*) and since the geometrical 

relationship of Simpson (1985) and Simpson & Wintsch (1989) seems to be valid in this 

case, that the S planes can be identified as finite planes of flattening (xy of the finite 

strain ellipsoid in simple shear systems) (see Plate 3.7e). 
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a) General aspect of least deformed marginal biotite granite. Matrix consists of quartz, plagioclase, K-
feldspar and biotite. One plagioclase megacryst can be seen. Note the occasional tartan and Carlsbad 
twinning in the interstitial K-feldspar in the matrix and the abundant myrmekites. Sample 90NK136 
(XPL) Gymno stream locality, approximately 2.5 km west of Krn25 of the main road to Ano Vrondou. b) 
S-C fabric in the marginal biotite granite. S is defined by recrystallised quartz ribbons which are deflected 
along the C surfaces. The C planes are defined by strings of fine-grained material, commonly mica-rich 
that run through the volume ol the rock. Sample 89NK146 (XPL) ,Vameno stream locality, 400 m west of 
Km17 of the road to Lailias. C) Close-up of shear (C) surface along which biotite grains are bent, and 
recrystallise into a fine-grained aggregate. Sample 89NK148 (XPL), as in 3.7b. d) Close-up of a K-
feldspar pophyroclast in the S-C granite mylonite, showing the relationship between myrmekite 
development and S and C surfaces. In this case. myrmekites clearly develop along the orientation of the S 
planes. However, recrystallisation is observed to take place also along the C planes. Sample 89NK148 
(XPL) as in 3.7b,c. e) Schematic diagram illustrating the geometrical relationships between C and S 
planes, orthoclase porphyroclasts (Or), myrmekite zones and orthoclase subgrains/recrvstallised new 
grains. Z, X are the finite strain axes for the S foliation, not the bulk strain axes for the rock (after 
Simpson, 198S5,  fig. 4, p. 208). 
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Figure 3.10. Equal area stereographic projections of poles to the planar, and linear internal granitoid fabrics 
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The high grade conditions of deformation during the development of the S-C fabrics 

in the marginal granite is corroborated by the deformation of plagioclase that exhibits 

weak plastic features, such as bending and more importantly recrystallising grain 

boundaries (see Tullis, 1983; Tullis & Yund, 1985; 1987; 1991 for feldspar deformation 

mechanisms). Where homblende occurs in the rock, it is relatively undeformed but it 

reacts to fine-grained biotite with minor epidote and titanite along the C planes, a 

reaction also observed in the mylonitic fabrics developing at the western edge. 

The pervasive C planes form at angles of 30-28° with the S planes (angle decreasing 

approaching the contact) and are zones of recrystallisation leading to reduction of grain-

sizes of quartz, feldspars and biotite. Both in outcrop and thin section it is the asymmetry 

of the S-C structures that is the most reliable kinematic indicator. In general, on the 

moderately SE-dipping planes the sense of shear is top to the SW, implying oblique-

normal movement on the shear planes along the SW direction of the lineation. 

3.7.2. The dominant quartz-monzonite 

By far the most abundant granitoid facies in the southern area (and generally in the 

whole of the massif) is the hornblende-biotite quartz-monzonite. No sharp contacts 

between the quartz-monzonite and the marginal biotite granite have been observed in the 

field, possibly because of the restricted occurrence of the marginal granite, and because 

the contact (if any) is obscured by retrogression and deformation parallel to the Serres 

basin boundary fault and by the presence of late basic dykes cutting across both fades. 

The quartz-monzonite is a coarse-grained granitoid consisting of quartz, K-feldspar, 

plagioclase, hornblende, biotite, titanite with minor apatite and opaques. More details on 

the petrographical features can be found in Chapter 6. Towards the contact, this facies 

becomes locally porphyritic with the development of very big K-feldspar megacrysts (up 

to 10 cm across, Plate 3.2a). 

In contrast to what was observed in the eastern porphyritic monzonitic facies, the 

development of the K-feldspar megacrysts appears to be not clearly of exclusively 

magmatic origin. There are features that support a magmatic origin for some of the 

megacrysts, such as magmatic zoning, inclusions concentrically disposed along growth 

zoning planes (mainly plagioclase and hornblende, also visible in outcrop), but the mere 

size and heterogeneous development of the megacrysts seem to suggest that external 

chemical factors may have assisted the growth. However, no true metasomatic features 

are developed, such as megacrysts cutting across leucocratic sheets. 
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Whatever the origin of the megacrysts, this texture diminishes and overall the grain-

size of this facies converges on a homogeneous medium to coarse state towards the 

centre of the pluton. 

The heterogeneous texture and the mineralogy of the quartz-monzonite should in 

principle dictate that under the same environmental conditions and imposed strain, this 

facies will behave differently from the adjacent peripheral biotite-dominated marginal 

granite. As Vernon & Flood (1988) pointed out, rheological variability between I-

(amphibole-dominated) and S-type (mica-dominated) granites, caused by the differing 

dominant assemblage, will lead to the development of apparently different mylonitic 

fabrics under a given shear régime and environmental conditions. On a micro-scale those 

heterogeneities are probably more pronounced. These predictions are supported by 

observations here. 

Moving from the centre towards the southern contact (Area C in fig. 3.5) there is a 

progressive development of fabrics in the quartz-monzonites. in the field, the first 

obvious feature is an increasingly prominent foliation that develops as an alignment of 

homblende and flattening of the feldspar clasts. The hornblende foliae anastomose 

around the clasts and with increasing intensity define a flattening plane. A less 

developed mineral lineation is defined by the hornblende alignment on the foliation. 

The planar fabric, starting in the centre as SW-dipping, swings from easterly to 

southeasterly, with moderate to shallow dips. The mineral lineation gets increasingly 

more obvious with increasing strain intensity and is relatively constant with shallow 

plunges to SW, and some to the NE also observed (fig. 3.1Ob). 

More specifically, even at about 7 km from the contact some ill-defined alignment 

can be observed. The fabric consists of a reciystallised matrix of quartz in which strain-

free grains are not larger than 0.2 mm with high-angle boundaries (Plate 3.8a). Relict 

coarser grains that exhibit deformation bands and recovery features are still common. 

Plagioclases show deformation by a combination of plastic mechanisms, that is bending, 

mechanical twinning and also recrystailised grain boundaries (Plate 3.8a). Igneous 

oscillatory zoning is still observable. Locally, microfracturing can be observed, 

accompanied by alteration to epidote, implying later alteration-related features. K- 

feldspars have a more ductile response to deformation because apart from the occasional 

undulose extinction the main deformation features are recrystallisation and myrmekite 

development. 	Homblende, when deformed, is usually fractured (Plate 3.8b). 

Amphiboles are one of the most brittle minerals and require quite high temperature in 

order to deform plastically, and still higher temperatures to recrystallise (Brodie & 

Rutter, 1985). Even at environmental conditions that would induce ductile behaviour in 
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other relatively competent minerals such as feldspars, amphiboles may respond to the 

applied stresses in a brittle fashion. Modal biotite in the least deformed rocks is usually 

coarse and with straight faces against homblende, and is thus primary. It is either bent or 

recrystallising to an aggregate of very fine-grained new biotite that also grows at the 

expense of homblende (Plate 3.8b). 

As was observed in the western areas, one interesting feature in the evolution of the 

textures with increasing deformation intensity towards the south is the growth of epidote 

and biotite at the expense of homblende, a reaction accompanied by myrmekite 

formation at the edges of K-feldspars. Thermally and chemically such a reaction has two 

implications: a) the later stages of fabric development (intensification of the existing 

foliation and new foliation) seem to be occurring at decreasing temperatures and b) 

rheologically, the reaction of amphibole to mica will tend to weaken the rock because at 

the same temperature micas deform much more readily than amphiboles. Thus, a 

reaction such as the above implies a reaction softening of the rock during solidification 

and cooling of the pluton (c.f. White etal., 1980; Vernon etal., 1983). 

Alteration is not uncommon in these rocks, usually denoted by the growth of chlorite 

at the expense of biotite and epidote at the expense of plagioclase. This alteration seems 

to be later than the deformation because the alteration minerals are not affected by it and 

overgrow the incipient foliation. 

From about 6 km away from the contact the foliation(s) become better defined by the 

alignment of the mafic minerals and are associated with grain-size reduction and 

recrystallisation (Plate 3.8c,d). Here, there are two major features of the fabric. Firstly, 

an overall protomylonitic foliation defined as before by the alignment of mafics and 

feldspars and the shape fabric of recrystallised quartz ribbons, and secondly, the 

localisation of zones of higher strain (incipient shear surfaces) can also be noted (Plate 

3.8e). These zones consist of fine-grained recrystallised quartz, feldspars and mafics and 

run through the volume of the rock. Along the shear surfaces, the homblende to biotite 

and epidote reaction is localised. These surfaces are not easily distinguishable in the 

field, so the overall fabric is still seen as a foliation anastomosing around the 

porphyroclasts. 

However, at about 4-5 km from the contact, the foliation becomes more prominent 

(Plate 3.8f, 3.9a) and the shear planes become clearly seen in outcrop, as discrete shear 

bands that form at around 350-400  to the prominent mylonitic foliation and dip more 

steeply than it. 

One important feature of this part of the contact zone is the observation of shearing 

parallel to shallow-dipping leucocratic sheets along the shear bands. Some older 
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leucocratic sheets, cut by steeper, younger sheets, are deformed conformably with the 

rest of the rock and share a common foliation with a top to the SW sense of movement. 

In thin section, leucocratic sheets consist of quartz, K-feldspar, plagioclase and generally 

exhibit recrystallisation of all the minerals, attesting thus to the relatively high 

temperatures of deformation (Plate 3.9b). 

Discrete, shallowly dipping ultramylonitic shear zones, 20-30 cm thick, indicating 

extreme localised strain and associated with retrogression are seen approaching the 

contact. These zones are generally shallow dipping and subparallel to the previously 

described high temperature fabric, although they are cross-cutting it at low angles (Plate 

3.9c,d). They dip to the east-southeast and contain a stretching lineation of similar 

orientation and same sense of shear. 

A quite spectacular example can be found at the 18th km post on the main road 

leading to the Lailias ski-resort, where a tabular ultrarnylonitic zone can be seen, parallel 

to a leucocratic sheet (Plate 3.9e). In the field, the extremely fine-grain size and dark 

colour verges on a pseudotachylite appearance, but the non-intrusive nature and the 

microscopic ultramylonitic texture (Plate 3.90  dictates that it is not. The fabric consists 

of sigma and delta feldspar clasts, commonly altering to epidote, and a matrix of 

quartzofeldspathic material with epidote and fine micaceous material (Plate 3.9d). Some 

sulphide growth along the centre of the ultramylonitic zone suggests intense localisation 

of fluid transport along the zone. 

The presence of such shear zones is quite common in the southern area and they 

preferentially develop in the quartz-monzonite. These zones are here interpreted as due 

to continuing deformation in a flat shear system under increasingly brittle conditions, 

during the cooling of the system. 

3.8. THE ENVELOPE IN THE SOUTHERN AREAS 

The envelope of the Vrondou pluton in the southern contact zone is represented by 

the Transitional Series of the Lower Tectonic Unit of Western Rhodope. It has been 

distinguished as a unit of mixed sedimentary and igneous affinities (Hellingwerf, 1989) 

that stratigraphically lies between the basement and the overlying Carbonate Series. In 

this area the Carbonate Series is represented by the massive marbles of the Menikio 

mountains, south of the area of study. However, the Transitional Series is not uniform 

throughout the Western Rhodope, but at the same stratigraphical level three similar sub-

units have been distinguished that represent lateral variations of the same horizon 
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(Chatzipanagis, 1991). According to Dimadis & Zachos (1989) in the immediate study 

area the Pangeo-Potami Series crops Out (fig. 3.7). 

3.8.1. Lithologies 

The following intercalated lithologies were identified in the immediate area of study: 

leucocratic and biotite gneisses (impure psammites); marbles; caic-silicates and para-

amphibolites; ortho-amphibolites; biotite amphibolites; augen gneisses; minor pelites, 

seLi-pelites; minor Mg-rich rocks. 

Leucocratic and biotite gneisses 

They occupy quite substantial part of the area and can be seen at Km 15 to 17 on the 

Lailias road, along the track leading to Xerotopos village, in the Vameno stream, and 

around Oreini village (see fig. 3.5, 3.7). 

In outcrop they are medium- to fine-grained quartzofeldspathic rocks with biotite-

bearing horizons, with a more or less distinct layering on a cm-scale, picked out usually 

by variations in the amount of biotite (Plate 3.10a). The gneisses are characterised by a 

well-developed blastomylonitic foliation, and occasionally, mm-thick quartz layers are 

seen parallel to the foliation. A prominent mineral stretching lineation is also observed. 

In thin section, they consist of quartz-plagioclase-biotite-K-feldspar with minor 

muscovite, chlorite, epidote and opaques. The amount of biotite is variable, probably 

mimicking an original lithological layering. The fabric is distinctively blastomylonitic 

(Plate 3.1Ob) and close to the granite contact a fine-grained granoblastic texture develops. 

Biotite usually occurs as fine reciystallised flakes scattered in a matrix of annealed, 

nearly equant and polygonal quartz-feldspar grains. 

Marbles 

Marbles occur in two forms. In the areas west of Oreini village they occur as thin 

layers (20-40 cm thick) of pure white calcite marbles alternating with the biotite gneisses 

and calc-silicates (Plate 3.10c). In the Gymno stream area and on the road to Ano 

Vrondou village they are thicker, more abundant and are banded with more impurities 

(muscovite, graphite). 

The massive marbles of the Carbonate Series constituting the Menikio mountains 

(Plate 3.10d) are seen in contact with the underlying gneisses in the area of the 

Diavolorema bridge. The development of a thin zone of transitional calc-silicates 
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between the two lithologies, could reflect either a rapid sedimentary transition, or a 

metamorphic reaction zone. 

Locally, metasomatism (kaolinisation) of the granitoid at the contacts with marble 

was observed. Baker et al. (1991) have described similar phenomena from granite-

marble contacts of the Skaloti-Elatia pluton in the Rhodope massif, where 

autometasomatism leads to the hydrothermal kaolinisation of the granitoid at the contact 

(Plate 3.1Oe). 

Caic-silicates and para-amphibolites 

Caic-silicate lithologies occur either as layers alternating with para-amphibolites, 

thin marbles and semi-pelites or as irregular boudins or nodular bodies within thin 

marbles or quartzofeldspathic rocks. They also occur as a contact facies around marble 

xenoliths in the granite or generally at the marble-granite contacts (Plate 3.1 Of). 

The banded caic-silicates consist of quartz, plagioclase, epidote/clinozoisite, 

diopside, titanite with minor homblende, actinolite and scapolite (Plate 3.11 a). They are 

compositionally banded with alternating layers of quartz-rich and calc-silicate material. 

The texture depends on the proximity of either the granite contact or the steep marginal 

zone. Quartz is the mineral that commonly exhibits deformation features, usually 

deformation bands and subgrains. Granoblastic, polygonal homfels textures are 

developed close to the contact and occur as relict patches in retrogressed rocks. 

The presence of metasomatic fluids, probably synchronous with granite 

emplacement, is attested to by thin, mm-size veinlets that Cross-cut the rock and along 

which plagioclase reacts to scapolite (Plate 3.11a). Diopside usually breaks down to 

epidote and actinolite and plagioclase transforms to columnar aggregates of scapolite. 

Para-amphibolites occur at transitional contacts between caic-silicates and biotite-

bearing gneisses. They consist of homblende, plagioclase, clinopyroxene, titanite, 

quartz, epidote in variable proportions, and blend into true caic-silicates or true biotite-

gneisses gradually (Plate 3.11 b). 

The caic-silicate nodules and boudins consist of garnet, epidote/clinozoisite and 

quartz and are unfoliated, but commonly show plastic deformation features (undulose 

extinction, deformation bands) and dynamic recrystallisation of quartz. Epidote and 

quartz fill interstitial spaces within fractured large garnets or smaller garnet grains. A 

similar assemblage forms metasomatically at the expense of granitic material at the 

marble-granite contacts. 
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Ortho-amphibolites. amphibolite gneisses 

These occur either as layers or as more massive bodies mainly alternating with the 

leucocratic and biotite gneisses. Amphibolites crop out in the Vameno stream, north of 

the Oreini village and along the road leading to Oreini (see fig. 3.5). They are dark 
green, homogenous rocks, well-foliated on a sub-millimeter scale and invariably folded 

(Plate 3.1 ic). They are very abundant as angular xenoliths and as a component of the 

agmatites in the Vameno stream locality (Section 3.9). 

In thin section they consist of homblende, plagioclase, epidote, titanite, with minor 

biotite, actinolite and opaque. A very distinctive fabric is seen in these rocks. A 

metamorphic or tectonic foliation SI is defined by the alternation of homblende-rich and 

plagioclase-rich layers. Homblendes are seen to be recrystallising at high angles or 

normal to the original foliation, as if they are affected by extensional microfractures at 

high enough temperatures to induce recrystallisation (Plate 3.11 d). The microfractures 

are filled with fine-grained plagioclase. Locally, close to the contact, clinopyroxene 

occurs. Retrogression leads to the development of actinolite/tremolite around homblende 

and biotite along crenulations (Plate 3.1 Id). 

Pelites/Semi-pelites 

Pelites are relatively rare in this area. Some minor pelitic rocks crop out just east of 

the Ano Oreini village and are medium-grained two-mica garnet-bearing schists with 

well-developed crenulations. They consist of biotite, plagioclase, quartz, muscovite, 

garnet with local andalusite, fibrolite, chlorite. They are retrogressed to a quartz-

plagioclase-muscovite-chlorite assemblage along the steep margin. 

Semi-pelitic gneisses are better developed as, for example, on the main road to Ano 

Vrondou. The most common assemblage is quartz, plagioclase, muscovite, garnet, 

tourmaline with variable amounts of fibrolite and chlorite. 

Aluminosiicates, andalusite and probably some of the fibrolite are interpreted as 

intrusion-related. Fibrolite is observed to both clearly overgrow the main foliation and 

also to be in syn-kinematic relation to it (Section 3.8.4). Severe retrogression along the 

steep marginal zone has altered aluminosilicates to muscovite and biotite, with the 

Vameno stream yielding prime examples (Section 3.11). 

Biotite-rich amphibolites 

These medium-grained mafic rocks are very restricted in occurrence and are seen at 

Km25 on the road to Ano Vrondou, near the Agios Eleftherios locality (see fig. 3.5). 
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They consist of homblende, biotite, quartz, plagioclase and K-feldspar and have a 

well-developed S-C fabric with an S-C angle around 350• The foliation is marked by 

parallel laminae of homblende with light green actinolitic rims that gives way to biotite 

along shear planes (Plate 3.1 le). Coarse green biotite is also abundant. Quartz is mostly 

annealed and feldspars form augen that are recrystallising and surrounded by myrmekite. 

Plagioclases develop a "sieve" texture, containing abundant droplike quartz grains. 

Augen gneisses 

Biotite-bearing augen gneisses are seen in the road to Ano Vrondou and the Gymno 

stream section. The main assemblage consists of quartz, plagioclase, K-feldspar, biotite 

with minor muscovite and opaques (Plate 3.1 if). The simple mineralogy and uniform 

appearance and the presence of igneous zoning in plagioclases indicate the meta-igneous 

nature of these lithologies. Isoclinally folded old leucocratic sheets are not uncommon in 

these rocks (Plate 3.1 if). Close to the contact, the gneisses are however injected by 
young, Vrondou-related sheets. 

Minor Mg-rich rocks 

Small (less than 1 m) podiform bodies of tremolite-talc-white mica rocks are found 

at two localities just west of Mo Oreini village. In outcrop the presence of talc gives a 

silky, soapy appearance to the bodies and a grey-brown colour. They are coarse-grained 

with a very irregularly folded fabric. 

3.8.2. Regional metamorphic conditions 

The regional metamorphic grade at the time of intrusion of the pluton cannot be 

easily determined in this area because two subsequent events caused variable 

modification and obliteration of the regional assemblages and textures. Thermal 

metamorphism in the aureole and subsequent annealing caused recrystallisation and 

neomineralisation. Subsequently, a steep shear zone (Sections 3.10, 3.11) caused 
retrogression of the aureole. 

The metamorphic grade of the envelope further to the east and the regional grade of 

the Lower Tectonic Unit in general has been described by a limited number of authors, as 

was described in detail in Chapter 2. More specifically, in the recent years, Kilias & 

Mountrakis (1990) and Mposkos et al. (1990) concluded that the area reached epidote-

amphibolite facies conditions during syn-metamorphic shearing (deformation event 

and approximate conditions for this stage are 430-480C, 4-7 kb (Kilias & Mountrakis, 



1990), although higher temperature conditions (520-580°C) have been reported by 

Mposkos et al. (1990) and Dimitriadis (1987), who identified sillimanite-bearing 

assemblages from similar lithologies in the island of Thassos. Uplift of the area to 

greenschist facies conditions was effected during the evolution (deformation event DI') 

of the main shearing event (Kilias & Mountrakis, 1990). In the southern Vrondou 

envelope, semi-pelitic gneisses preserve syn-kinematic garnet and fibrolite, which is 

overgrown by muscovite and biotite, and locally chlorite. Temperature and pressure 

conditions of 400-270°C and 2-3 kb, reported by Kilias & Mountrakis (1990), are the 

only quantitative estimates of this retrograde metamorphic event, in the broad area of the 

Lower Tectonic Unit of the Rhodope. As will be discussed in detail in Chapter 5, the 

Vrondou pluton was intruded at 2-3 kbars level, and the eastern aureole seems to be 

overprinting a greenschist assemblage. Similar conditions of pre-intrusion regional grade 

are therefore inferred for the southern area. 

3.8.3. Structures 

The structural succession in the southern envelope is similar to that observed in the 

eastern areas (Section 3.4.3). The most prominent mesoscopic feature in the area is a 

penetrative planar fabric with an associated, generally shallow plunging, mineral and 

stretching lineation. In quartzofeldspathic gneisses the planar fabric is observed to be 

clearly blastomylonitic, where the lineation is seen as stretched quartz-ribbons and 

parallel alignment of biotites. 

The foliation is axial planar to a set of isoclinal folds F1  that are seen as intrafolial 

folds defined by mm-thick quartz veins, or are visible as transposed isoclinally folded 

leucocratic sheets (Plate 3.12a). Transposition results in the production of a uniform 

planar fabric (Plate 3.12a). The isoclinal fold hinges are parallel to the penetrative 

mineral lineation, implying rotation of the axes towards the direction of shearing 

(Ramsay, 1980; White et al., 1980; Sanderson & Marchini, 1984). The foliation 

generally shows southeasterly dips. 

A set of open asymmetrical folds (F1') refolds the isoclinally folded planar (shear) 

fabric, and represents the most dominant mesoscopic feature of the area. As was seen in 

the envelope to the east, this second generation of folds has axial directions parallel or 

sub-parallel to the axes of the F1  phase. In this southern envelope of the Vrondou pluton, 

the general axial direction of the F1' folds is again NE-SW, with moderate to shallow 

plunges, commonly towards the SW. Away from the contact they develop as gentle to 

open folds (Plate 3.12a,b). Kilias & Mountrakis (1990) have interpreted these structures 
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as being related to the main shearing event responsible for the first set of structures but 

these structures are considered to be associated with the large-scale structures of the area, 

one of NE-SW trending antiforms and synforms. 

As will be described in Section 3. 10, at the southern Vrondou contact a wrench shear 

zone developed as a syn-intrusional marginal zone, affecting both granite and envelope. 

It is not clear, apart from very few localities, whether the wrench shear actually produces 

new folds in the envelope or whether it modifies the F1' folds through tightening and 

steepening of the limbs. However, scattered through the area, close to the inferred steep 

pluton margin, are F2 folds that clearly refold steep and tight regional folds F1'. 

More specifically, between Km15 and Km16 on the road leading to Lailias a series 

of tightened refolded isoclinal folds occur, with steep axes and axial planes. The 

operation of the marginal wrench component associated with the final stages of granitoid 

emplacement produces a new set of open asymmetrical southerly folds, usually with 

attenuated long limbs (Plate 3.12d,e,f). The F2 hinges, where clearly defined as such, are 

shallow to moderately plunging to the SSW (200-210'). Figure 3.11, is a schematic 

diagram of the relationship of the three sets of folds (Fl, F11, F2)- 

3.8.4. Aureole development 

The envelope has been to a large degree affected by a thermal annealing event 

attributed to the granite intrusion. However, severe retrogression and deformation has 

affected the aureole, so only some selected features will be presented below. 

At Km26 of the main road to Ano Vrondou (Area F in fig. 3.5), well away from the 

effects of the marginal wrench component, biotite gneisses with a distinctive "flecky" (in 

the sense of Mehnert, 1968) field appearance crop out. 

In thin section, the assemblage consists of quartz, plagioclase, K-feldspar, biotite, 

muscovite and minor fibrolite and occasional garnet relics. The texture is heterogeneous, 

consisting of a fine-grained matrix of granoblastic quartz-plagioclase-K-feldspar, with 

triple junctions (Plate 3.13a), and coarser areas where segregations of muscovite and 

biotite or coarse quartz and K-feldspar occur (Plate 3.13b). Quartz is xenomorphic, with 

rounded grains, although some relict deformed grains still remain. K-feldspars are either 

perthitic or show microcline twinning and plagioclases usually have thermally 

equilibrated triple-junction boundaries. Fine biotite flakes are scattered through the 

matrix (Plate 3.13a). Muscovite is invariably associated with fibrolite. 

Fibrolite is most commonly seen in the centres of the muscovite grains (Plate  3.13c). 
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a Isoclinally folded (Fl) leucocratic sheet in biotite gneisses, transposed along the prominent foliation. 
Km 17.5 on road to Lailias. b) Open asymmetrical F1 folds. These fold a mainly blastomvlonitic fabric 
in gneisses, as well as F1 isoclinal and intrafolial folth. Approximately 300 m east of Km16 of the road 
to Lailias. c) F1 asymmetrical folds, as above. 2 km east of Oreini vil1ae on track leading to road to 
Mo Vrondou. dl Open asymmetrical F2 folds, characterised by steep attitude of the limbs, associated 
with the steep margin of the Vrondou pluton. These refold tightened Fl,  regional folds. Km15.3 on road 
to Lailias. el Close-up of the tightened and steepened Fj folds which are refolded by the F2 folds, seen 
in 3.12d. Same locality. f) Similar association of Fj (regional ) with F2 (associated with the granite 
margin) folds. F2 folds, with subhorizontal hinges, refold tightened F1 folds. Km 16.4 on the road to 
Lailias. 
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Figure 3.11. Schematic diagram showing the attitudes of the regional fold sets (a) F1  and (b) F1 ' and (C) 
the folds generated by the operation of the marginal wrench shear zone F2. 
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However, fibrolite "sprays" are seen growing at quartz-quartz and quartz-feldspar 

boundaries (Plate 3.13d) and also attacking muscovite grains ("disharmonious fibrolite" 

of Vernon & Flood, 1977 also recorded by Kerrick, 1987b from the Donegal granites). 

No association between biotite and fibrolite was observed. From the observed textures 

and assemblages, it can be concluded that these rocks were recrystallised close to a 

muscovite breakdown reaction. 

Irregular skam veins in marbles are seen very close to the granite contact at the 

Km26.5 of the road to Mo Vrondou (Plate 3.13e). The caic-silicate veins have a 

tremol ite-calcite-quartz assemblage (Plate 3.131). 

Pelitic and semi-pelitic rocks with aureole assemblages are exposed just east of Ano 

Oreini village in the Profitis Elias stream (Area G in fig. 3.5). At the Profitis Elias stream 

locality andalusite-bearing pelites are crenulated by nearly upright asymmetrical 

microfolds with subhorizontal hinges plunging to the SW. This folding is attributed to 

the operation of the steep marginal shear zone. The commonest assemblage consists of 

biotite-muscovite-plagioclase-quartz-andalusite-gamet with variable amounts of fibrolite 

and chlorite. 

Andalusite forms medium-grained porphyroblasts that overgrow an older schistosity, 

which is defined by the alignment of mainly biotite, muscovite and syn-kinematic garnets 

(Plate 3.14a). Andalusite clearly rims garnet (Plate 3.14b). The andalusite 

porphyroblasts are altered to biotite, muscovite and sericite and are themselves sheared 

(Plate 3.14b). Late chlorite and muscovite-sericite grow along extensional crenulation 

planes (Plate 3.14c). 

Association of andalusite with fibrolite has been observed in one sample. Fibrolite 

does not seem to belong to the older internal foliation which is overgrown by andalusite, 

as it is not seen included in the andalusite porphyroblasts. It locally grows parallel to the 

external foliation, nucleating on biotite (Plate 3.14d). Furthermore, fibrolite is seen in the 

outer rims of andalusite porphyroblasts, usually associated again with biotite (Plate 

3.14e). It is clear that initial fibrolite formation is not a polymorphic reaction but that 

two different reactions govern the growth of the two aluminosilicate polymorphs. 

Various mechanisms of non-polymorphic fibrolite growth in contact aureoles have been 

proposed, such as base cation leaching and deformation-induced growth (for a review see 

Kerrick, 1991). 

However, there is one instance where fibrolite is seen to penetrate the edges of an 

andalusite porphyroblast (Plate 3.141). It may well be that in this case fibrolite growth is 

aided by the presence of a mica substrate, at the edges of the andalusite porphyroblast. 
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a) Fine-grained typically granobla 	. 	 nncillv annealediL':I:z imeisses. The asciihLi_' 
consists of quartz, K-feldspar, plagioclase, bioute, muscovite. with minor fibrolite, garnet and opaque. 
Sample CKII9 (XPL), Km2(6 on the main road to Ano Vrondou. h) Local coarse secregations of biotite 
and muscovite in the largely granoblastic matrix of sample CK19 (XPL), as beThre. c) Fibrolite 
inclusions in muscovite. Note also the dispersed ultra fine-crained fibrolite in the surrounding matrix. 
Sample CK17 (XPL), same locality as 3. 13a,b. d) Fibrolite clearly overgrowing muscovite grains, which 
themselves have fine fibrolite inclusions. Note also that fibrolite grows across quartz-quartz gram-
boundaries, as seen on the lower right-hand side of thephotograph. Sample CK22 (XIPL), same locality as 
above. e) Irregular skam veins in marble, close to the contact with the quartz-monzonite, well-away 
from its steep margin. Krn26.5 on the road to Ano Vrondou. f) Thin section aspect of the skarn 
showing the assenThlage which consists mainly of calcite-tremolite-quartz. Sample 90NK 105 (XPL), 
locality as in 3.13e. 
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a) Andalusite porphvrohlaa overgrowing a schistosity, defined here hv a1iond niolte and opaques. 
Andalusite is nearly pervasively altered to sericite. Sample 90NK120 (PPL), Profitis Elias stream, circa 
300m east of Ano Oreini village. b Andalusite overgrowing a relict garnet . Note that the andalusite 
porphyroblasts are overgrown mainly by biotite and are themselved sheared. Sample 90NK120 (PPL). 
same as before. C) Crenulated andalusite porphyroblast with chlorite growing along the crenulation 
plane. Sample 90NK120 (PPL), same as above. d) Fibrolite growth along the external schistosity. 
Fibrolite nucleates on biotite. Sample 90NKI20b (PPL), same locality as above. e) Fibrolite in close 
association with andalusite, growing at the edges of andalusite, but nucleating on biotite. Sample 
90NK120b (PPL), same locality as above. f) Fibrolite growing both on biotite along the edges of an 
andalusite porphyroblast, and penetrating the andalusite. Note also that fibrolite cuts across grain-
boundaries in the adjacent matrix. Sample 90NK120 (XPL). Same locality as above. 



From all the above it is concluded that andalusite growth in the aureole is closely 

related to garnet-breakdown, whereas subsequent fibrolite development is probably the 

result of mica breakdown. Andalusite-fibrolite co-existence in the same thin section 

would seem to imply that andalusite can exist metastably during the initial stages of 

fibrolite growth from biotite. 

Fibrolite growth is also observed in semi-pelites at the road to Mo Vrondou (Area H 

in fig. 3.5). In these samples fibrolite is clearly overgrowing biotite and muscovite 

which, in turn, are rimming regional garnet relics (Plate 3.15a). Fibrolite growth largely 

follows the pre-existing foliation, although it also clearly cross-cuts grain boundaries, in a 

disharmonious fashion (Plate 3.15b). The presence of fibrolite relics in muscovite (Plate 

3.15c) could be an indication that pre-intrusion peak metamorphic grade, probably 

associated with the D1  deformation event, reached sillimanite-forming conditions in this 

area. 

Abundant fibrolite is observed in semi-pelitic and augen gneisses further to the 

north, at the Gymno stream locality (Area I in fig. 3.5). The aluminosiicate growth in 

this locality is problematic. The commonest assemblage consists of biotite-rnuscovite- 

plagioclase-quartz-garnet-fibrolite-opaques. The regional assemblage is represented by 

biotite-plagioclase-quartz-muscovite-gamet and defines the main schistosity. Garnet is 

syn-kinematic as is indicated by sigmoidal trails of biotite, quartz and opaque inclusions 

(Plate 3.15d). However, garnet is breaking down to new biotite along the rims of the 

grains. 

Fibrolite has grown in abundance on biotite but "disharmonious" fibrolite is also 

seen overgrowing quartz-quartz boundaries (Plate 3.15e). Locally the fibrolite fibres are 

folded together with the rest of the assemblage indicating a partly syn-kinematic growth 

(Plate 3.150. Late coarse muscovite grains cross-cut the schistosity and are seen to grow 

parallel to a retrograde extensional crenulation cleavage and small-scale shear bands 

(Plate 3.15g). These shear bands induce grain-size reduction and recrystallisation of 

biotite and new muscovite, and locally, chlorite growth. 

It is not clear whether the abundant folded fibrolite in this locality represents a pre-

intrusional regional event, or whether it is a syn-kinematic aureole mineral. The 

observation of distinct "disharmonious" fibrolite may be an indication that the high-grade 

syn-kinematic assemblage is in fact of regional nature in this area. 

In general, the following conclusions can be drawn about the evolution of the 

aureole in the southern contacts: away from the steep margin aureole development was a 

largely static event, as seen by the granoblastic textures in biotite gneisses with minor 

fibrolite associated with muscovite. In pelitic rocks close to the steep margin, andalusite 
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a) Fibrolite clearly overgrowing a mainly biotite, muscovite, garnet regional assemblage in senn-peliuc 
eneisses. Note that although fibrolite largely follows the foliation, it clearly grows in a disharmonious 
rashion. Sample CK9 (PPL). Km23 on the main road to Ano Vrondou. b) Similar fibrolite growths in the 
matrix of the semi-pelite, away from the granet relics. It is associated again with biotite. Sample CK9 
(PPL). Locality as in 3.15a. c Regional late muscovite which clearly carries fibrolite inclusions. This 
observation may indicate that regional peak metamorphic conditions may have reached sillimanite grade 
in pelite and semi-pelites in this area. Sample CK12 (PPL). Km-3 on the road to Ano Vrondou. d) Syn-
kinematic garnet, with well-defined sigmoidal inclusion trails. In the surrounding foliation, biotite, 
muscovite and fibrolite prevail. Sample 90NK155 (PPL). Gymno stream, about 2 km west of Km23 of 
raod to Ano Vrondou. e) Svn-kinematic fibrolite. folded together with the rest of the foliation. Sample 
90NK 155 (PPL), same locality as in 3.15d. fl Local disharmornous fibrolite. overgrowing late muscovite 
and biotite. Sample 90NK160 (PPL). Gymno stream. same as in 3.15e.d. g) Late coarse muscovite grain 
which over rows 	

tr 
ows the foliation. However, locally, such grains are penetrated by disharmonious fibrolite 

(see 3.150. Sample 90NK160 (XPL). Gymno seam locality, as in .l5e,d,f. 



porphyroblasts overgrew regional syn-kinematic garnets, whereas later fibrolite grew 

associated with biotite breakdown. Fibrolite clearly overgrew a regional foliation away 

from the steep margin, but there are indications of the existence of syn-kinematic 

fibrolite, probably related to pre-intrusional regional events. Deformation of the aureole 

close to the steep margin was accompanied by retrogression. This event is better 

exemplified by the local development of phyllonites with mylonitic to ultramylonitic 

fabrics and pervasive alteration observed close to the basin boundary fault (Section 3.11). 

3.9. sTOPIN(; AND HYBRIDISATION 

At the Vameno stream section (Area D in fig. 3.5), a zone of stoping is observed 

extending 60-100 in from and around the contact. This is essentially a zone of mixed 

igneous and envelope rocks, recalling the "contact migmatites" of Read (1951). 

The host igneous material is a medium-grained biotite-bearing granitoid, similar to 

the marginal biotite granite described in Section 3.7.1. Xenoliths of envelope lithologies 

of variable size and showing variable degrees of assimilation by the host are observed. 

Identifiable envelope lithologies include a) biotite augen gneisses, with mobilised and 

folded mylonitic foliations (Plate 3.16a), b) amphibolites (Plate 3.16b), c) calcareous 

material (ex-marbles or caic-silicates, Plate 3.16c), d) pelitic material (quite rare), and e) 

biotite- and homblende-bearing quartzofeldspathic material. Leucocratic sheets cross-cut 

the whole stoped contact (Plate 3.16d). The outcrop picture is very similar to what was 

described by Pitcher & Berger (1972) from the contacts of the Fanad and Thorr plutons 

in the Donegal Batholith in Ireland, and also by McRae (1983) in the Adamello mnassif in 

the Italian Alps. 

The various lithologies react in different ways with the host and cause variable, but 

probably always localised, contamination. 

Locally, amphibolite xenoliths have an agmatitic field appearance (in the sense of 

Mehnert, 1968) (Plate 3.16e). In thin section, a nearly granoblastic homfels texture is 

seen (Plate 3.17a) and the assemblage consists of plagioclase, quartz, K-feldspar, 

clinopyroxene, homblende and tremolite. Clinopyroxenes and homblendes alter to 

tremolite (3.17b). Leucocratic pods consisting of plagioclase, quartz with minor K- 

feldspar could represent localised pods of partial melt formed during the assimilation of 

the amphibolitic enclaves, judging from triple-junctions locally developed between the 

quartzofeldspathic material (Plate 3.17c). It is interesting to note that some stoped 

amphibolite fragments have epidote-filled extensional fractures (Plate 3.160, indicating 

the state of the envelope at the instance of stoping. 
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I Sr:J 0i 1: 	 marginal biotite granite. Note the preserved ghost sigraphv. 

\ameno stream. 200 in vest of Rrnl5 of main road to Lailias, around the track leading to Xerotopos 
village and on the stream. b) Angular stoped amphibolite xenoliths in marginal biotite granite. Vameno 
stream (as before). C) Block of calcareous material in the stoped contact. Note the irregular colouring 
due to the development of a variety of calc-silicate assemblages. Vameno stream (as before). 	ci) 
Leucocratic sheets cutting across the granite-and-enclaves stopea contact. Note also fractures which are 
filled with hydrothermal material. Vameno stream (as before). e) Local agmatitic field appearance of 
stoped amphibolite blocks. The angular blocks are clearly intruded by the grey, hybridised, marginal 
granite, but they may have also produced some localised leucocratic material, during locaTised 
assimilation by the hosts. Vameno stream (as before). f) Extensional fractures filled with epidote in 
amphibilotic xenoliths at the stoped contact. These may have developed exactly prior to the intrusion. 
Vameno stream locality. 



The calcareous xenoliths are very distinctive in that they develop irregular 

compositional zoning grading from a carbonate-rich interior, through an epidote- 

dominated caic-silicate zone to a "dioritic", homblende-plagioclase reaction rim in 

contact with the host granitoid (Plate 3.17d). The assimilation of calcareous material can 

have implications for the chemistry of the host, reflected commonly in the modal 

composition. As Hall (1987) describes, calcium contamination adjacent to calcareous 

xenoliths will have the effect of preferentially precipitating anorthite-rich plagioclase 

near the contact and thus depleting the surrounding liquid in Ca and enriching it with 

potassium and silica. This local reaction has been identified in this area in the form of 

the "dioritic" contact facies surrounding the calcareous enclaves and by the presence of a 

very localised syenitic material, consisting of K-feldspar and homblende a few metres 

away from the xenoliths (e.g. sample CK1). 

It is of course speculative, but not improbable, that similar reactions could be 

responsible for the heterogeneous growth of the large K-feldspar megacrysts seen in the 

porphyritic quartz-monzonite near the contact. 

The effects of the assimilation of material of broadly granitoid composition, that is 

quartzofeldspathic gneisses is not as spectacular. In the field such xenoliths can still be 

distinguished and the pre-intrusional structures can still be seen, in the form of a folded 

mylomtic foliation (Plate 3.16a). Where the gneisses contain amphibole an interesting 

reaction is seen to take place. In thin section, the homblende firstly recrystallises to form 

coarse sieve textures (Plate 3.17e) and the relict recrystallised homblende grains are 

progressively isolated and incorporated into the mainly biotite-bearing host. The overall 

texture is granoblastic and the field appearance is heterogeneous depending on the 

relative amount of assimilated gneiss. 

From these various assimilation phenomena it is apparent that the contact at the 

Vameno stream locality is essentially a zone of mixed contact facies with an increasing 

proportion of igneous material towards the north and increasing proportion of in situ 

envelope (aureole proper) towards the south. 

The host biotite granite, under the microscope, has the same high temperature S-C 

fabric that is observed further away from the contact, as described above. Alteration 

around late-stage fractures is pervasive within this contact zone (Plate 3.16d) so that the 

assemblages contain an additional complicating component of hydrothermal origin such 

as epidote and chlorite. 

This stoped contact is localised. Stoping has long ago been discarded as a major 

ascent or emplacement mechanism for large volumes of granitoid magmas because of 

both thermal and mechanical constraints (Marsh, 1981). It is considered to be locally 
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a, Recrystallised ttxt tire,!i:1i. - - .imphiholite xenoliths. Note the '_ 	!leucocratic  pockets of 
recrystallising quartz. K-feldspar uiclplagioclase (top of photo,. Sample 9NK4OtX.PL,, Vameno stream 
locality, as in 3.16e. h) Tremolite overgrowinc clinopyroxene in agmatitic amphibolite. Note the 
abundant leucocratic material. Sample 89NK40 (PPL). Vameno stream (as before). C) Polygonised and 
triple-junction grain boundaries mamly between plagioclase and quartz in the leucocratic pockets of the 
agmatitic amphibolites. Sample 89NK40 (XPL). locality as before. d Clear development of irregular 
compositiona' zoning m ca[careous xenoliths. This grades 

fr

om a carbonate-rich interior (brown-red 
colours on the ri9ht-hand side of the photograph), to epidote-rich caic-silicate zone (irregular light green 
material next to the carbonate) and a diorite external zone, at the contact with the host biotite granite 
(dark greeen-blue material). Vameno stream locality, as before. e) Coarse amphiboles with a distinctive 
recrystallised. sieve texture in gneiss xenoliths. Usually these amphiboles are dispersed in the host biotite 
granite. Sample 89NK42 (PPL). Vameno stream (as before). 



important only in the upper crust. Nonetheless, Oxburgh & McRae (1984) discuss this 

mechanism in terms of the thermo-chemical potential for contamination of a parent 

magma and describe a large scale example of stoping in the emplacement of the 

Adamello batholith in the Italian Alps (also, McRae, 1983). In the case of the Vrondou 

pluton it seems that the localised operation of this mechanism offered only a means for 

initial intrusion and does not represent the dominant overall emplacement mechanism. It 

does however imply that this exposure is quite close to the roof to account for the broad 

zone over which country rock and igneous material compete for dominance. 

3.10. THE MARGINAL DEFORMATION 

The same Vameno stream section where stoping phenomena are observed is the 

locality where the restricted development of a steep component of syn-intrusional 

deformation is also observed. The steep shear zone affects both the granitoid and its 

envelope, south of the contact zone. 

The first change from the zone of stoping towards the contact is a progressive 

stretching out and flattening of the mixed contact facies (Plate 3.18a,b), subparallel to the 

southwestern lineation of the main body to the north. Some clearly discernible 

amphibolitic enclaves are severely stretched and flattened parallel to a 100/2200 

direction. 

The contact zone is thus progressively transformed into banded gneisses, very 

similar in outcrop to what Pitcher & Berger (1972) observed at the contact of the Fanad 

pluton (c.f. fig. 6.2, p. 136), where a deformed migmatitic gneiss was produced by a 

combination of intrusion, metasomatism and marginal deformation in the contact zone of 

a high-level intrusion. A similar picture was described by Simpson (1983) from the core 

of the Maggia nappe. Specifically, Simpson (1983) explained the formation of 

compositionally banded gneisses through the progressive ductile shearing of an originally 

isotropic zone of granite-with-enclaves (c.f. fig. 4, p. 65). The shear strains involved are 

very high, in the order of y ~! 5 for complete obliteration of the original angular 

relationships. 

The Vaineno stream banded mylonitic gneisses are then folded around subhorizontal 

SSW-plunging axes which produce open asymmetrical folds with inclined to steep limbs 

(Plate 3.18c). A significant mesoscopic feature of these folds is the steep attitude of the 

folded foliation and attenuation associated with the long steep limbs of the folds (Plate 

3.18d,e). These features are inconsistent with passive rotation of a flat-lying shear fabric 
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a) flattening and stretching out of the stopd -ontact tacies. Note the heterogeneous field appearance, due to 
the various lithologies. Vameno stream tocality on the track to Xerotopos village. b) Close-up of the 
deformed contact facies, where preserved angular relationships between amphibolite xenoliths and host 
granite give away the original nature. Note also calc-silicate lithologies on the left-hand side of the photo. 
Same locality as in 3.18a. C) First appearance of folding of the deformed contact facies in the steep shear 
zone. Vameno stream locality, on the track to Xerotopos village. d) Attitude of the F, folds, that fold the 
deformed contact facies (and the envelope south of itL They are open, asymmetrical fols. with steep limbs, 
subhorizontal hinges and usually,  attenuated long limbs. Note the intrusion of late leucocratic sheets 
approximately along axial areas. Vameno stream locality, at the stream, 100 m 	south of the track to 
Xerotopos. e) Open asymmetrical F2 folds intruded by the last increments of melt. Vameno stream locality, 
on the track to Xérotopos village. Ii Close-up of the heterogeneous banded mylonitic gneisses. Note the 
presence of leucocratic material either exactly parallel to the banding, or moving towards parallelism. 
Vameno stream locality, at the stream. 



but imply sub-horizontal extension along the margin of an upright fold set formed by 

transpressional deformation of the initial flat-lying fabric. 

The SW-trending lineation formed in the granitoids associated with the flat-lying 

shearing described earlier, is not obviously folded because lineations and fold hinges are 

subparallel, although hinges are significantly more southerly and steeply plunging than 

the lineations (Fig. 3.12). The subparallelism of fold hinges and stretching lineations is a 

feature that can be either attributed to progressive rotation, of the hinges in the direction 

of maximum stretching or a result of the operation of combined flat and steep (wrench) 

shear co-axial systems (Ridley, 1986), in this case much more intense and persisting to 

lower temperatures than is implied by the textures at the eastern end (c.f. Section 3.4). 

The most important observation however, along the Vameno stream section, is that 

the folded banded mylonitic gneisses are intruded by leucocratic sheets and a few 

increments of final magma, most commonly along the axial planes of the folds (Plate 

3.18d,e). This observation implies, not only that the steep zone is a relatively late event 

in the intrusion history of the pluton, but that it started operating during the final stages of 

granitoid emplacement. The intruding leucocratic and granite sheets are also sheared, 

developing mylonitic fabrics and a mineral stretching lineation parallel to the dominant 

SW-plunging subhorizontal one. 

A schematic cross-section along the Vameno stream section summarises the 

observed structures (fig. 3.13). What is important to stress is that along this section, 

towards the south there is a progression through stoping (and sheeting in other areas, such 

as the Profitis Elias stream and the Gymno stream) into the envelope and towards the 

north into the granite. 

The very fine grain-size of the banded gneisses does not allow for easy identification 

of the mineral assemblages associated with the marginal component. The original 

heterogeneity of the deformed contact facies can still be seen in the variability in colours 

and macroscopic textures. Leucocratic sheets in the zone have variable attitudes. They 

either represent the light-coloured quartzofelspathic envelope material and thus, in rock 

surfaces sub-parallel to the lineation, are seen to form intrafolial folds with top to SW 

sense of shear (Plate 3.22e), or they are seen to be cross-cutting but rotated progressively 

towards parallelism with the main gneissic banding (Plate 3.18 t), when their identity as 

intrusive sheets is then clear. Some sheets are clearly intruded substantially parallel to 

the gneissic foliation when their identity is only clear in the field if they can be traced 

into a cross-cutting relationship. 
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Figure 3.12. Equal area stereographic projection of representative lineations and hinges to F, folds 
measured in the granitoids along the Vameno stream section, within the steep shear zone. Note that the 
hinges are more southerly plunging than the locations. 
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Figure 3.13. Schematic cross section along the Vameno stream, showing the sequence of observations 
discussed in the text. 
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The steep shear zone affects both the granite and the envelope away from the 

contact, but it is not necessarily restricted to a specific plane, but as will be shown later, it 

probably comprises coalescing zones of steep fabrics. Intensification of the steep fabric 

and localisation of strain seems to occur under progressively more brittle conditions as 

the Serres basin boundary fault is approached. This lies about 200 m to the south of the 

inferred boundary of the shear zone. 

3.11. RETROGRESSION AND EVOLUTION ALONG THE STEEP MARGIN 

The wrench shearing event at the initial stages of development was clearly shown to 

be syn-intrusional as indicated by the late intrusion of leucocratic sheets. Nevertheless, 

the steep shear zone did not cease to operate after the last increments of intrusion. On the 

contrary, it evolved as a major feature in the area associated with retrogression and 

resulted, through a ductile-brittle to brittle transition, in the development of the Serres 

basin bounding fault. It is this part of the evolution of the system that is particularly well 

developed throughout the area, both in the envelope and marginally, in the pluton itself. 

At the present level of exposure, the steep fault zone can be traced along a generally 

ENE-WSW trending zone adjacent to the basin (fig. 3.14). There are numerous sections 

where the evolution of the steep shear zone can be followed : at km 15th on the main 

road to Lailias, at the Vameno stream, south of the folded and intruded mylonites, at a 

track leading to Xerotopos village and in the Pirghi area to the west and at the 

Diavolorema stream further to the east (Area E in fig. 3.5). 

At km 15 on the road to Lailias, carbonate mylonites to ultramylonites dipping 

steeply to the SE are exposed for about 100 m to the north of the basin boundary fault 

(Plate 3.19a). They are locally intercalated with tremolite-rich amphibolites and are 

folded by inclined open asymmetrical folds with subhorizontal NE-SW trending axes and 

vergence to the NW. Steep dextral extensional shear bands run through the folded 

mylonites, dipping similarly to the SE (660  to 1480). Clasts of quartzofeldspathic and 

amphibolitic material in the marble mylonites reach 15 cm in length (Plate 3.19a) and 

record a previous ductile event in the form of tight to isoclinal folds. 

In thin section only one foliation is observed consisting of an ultra fine-grained (less 

than 20 microns) recrystallised (ultramylonitic) calcite matrix that is deflected locally 

around the clasts (Plate 3.19b). Clasts have a very heterogeneous size, ranging from 40 

microns to cm-size, clearly visible in outcrop. It is interesting to note that the clasts 

themselves have a mylonitic foliation with dynamically recrystallised quartz and 

plastically deformed feldspars (Plate 3.19b). Some clasts consist of caic-silicate and 
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a). Carbonate mylonites to ifltramylonites, containfporphvroclasts or variable sizes, up to l, cm long, 
and from variable litholocies. including amphibolites and quartzofeidspathic material. Km15 on the road 
to Lailias. hi Thin section aspect of carbonate mylonites. Note the ultra fine-grained carbonate matrix, 
containing abundant rounded fine-grained clasts and the large porphyroclast in the centre of the 
photograph, which contains an internal mvlonitic foliation. Te whole aspect of this porphyroclast 
denotes a 6-clast dextral asymmetry. Sample 89NK181 (XPL). Locality as in 3.19a. cI Ultra fine-grained 
matrix of the carbonate mylonites and development of intrafolial folds with dextral sense of asymmetry. 
Sample 89NK181 (XPL). Locality as in 3.19a. d) Phvllonitised and sheared aureole material. Sample 
89N 67b (XPL). Track to Xerotopos village. e) Chlorite growth in sheared aureole at the southern 
Va,rneno stream. Note the occasional preservation of relict fibrolite included in white mica fish. Sample 
89NK 124 (PPL). Vameno stream, about I 00 south of the stoped contact. U) Extensional crenulations in 
severely attenuated and phyllonitised aureole material. Note the development of abundant muscovite fish, 
which propagate along the dextral shear bands. Sample 89NK53 (XPL). Vameno stream, as in 3.19e. 



amphibolitic material, with clinopyroxene, homblende, tremolite and feldspar relics. The 

internal clast foliation is rotated with the same sense of shear as the external rotation, 

which is everywhere dextral (Plate 3.19c). 

Microstructures such as intrafolial folds (Plate 3.19c) and delta clasts indicate very 

high shear strains (Passchier & Simpson, 1986) and consistently record dextral rotational 

deformation. Incipient extensional shear bands show also the same sense of rotation. 

In the Vameno stream section, south of the contact zone, a variety of shear structures 

are developed as a result of the wrench shearing event. Complete alteration of the 

contact facies leads to the development of biotite-muscovite-quartz-feldspar±chlorite 

assemblages in the pelites (Plate 3.19e,d,f) and biotite-epidote-muscovite-chlorite 

assemblages in the quartzofeldspathic rocks. Amphibolites are altered to actinolite and 

epidote. Mylonites s.s. (terminology of Sibson, 1977) and locally ultramylonites are 

developed. 

S-C fabrics commonly develop in the quartz-feldspar-mica rocks with S-C angles 

averaging 250.  Extensional crenulations are the commonest microstructure seen in the 

more pelitic lithologies, where muscovite "fish" (Lister & Snoke, 1984) propagate along 

shear bands, synthetic to the overall shear sense (Plate 3.190. in the same lithologies 

extremely stretched quartz ribbons accompanying the mica fish define the mylonitic 

foliation (Plate 3.190. In thin quartz-rich layers dynamic recrystallisalion produces 

asymmetrical fine-grained ribbons (Plate 3.20a). The dominant shear sense is dextral, 

and can be clearly defined by the asymmetry of quartz ribbons, clasts (Plate 3.20a,b) and 

shear bands. Nevertheless, some incipient conjugate sinistral crenulations are formed as 

well (Plate 3.20b). The formation of conjugate extensional crenulation cleavages are the 

result of either a rotational strain applied oblique to a pre-existing foliation or a non-

rotational strain applied normal to the foliation (Plan & Vissers, 1980). 

Along the ENE-WSW section from Vameno stream to Xerotopos village and Pirghi 

area (progressing from east to west) mylonitised and retrogressed granitoids occur, with 

low-temperature shearing attributed also to deformation associated with the retrograde 

evolution of the steep marginal zone. 

However, there is an obliquity between the NE-SW steep granite margin and the 

ENE-WSW zone of intense retrograde shearing, which is subparallel to the present-day 

Serres basin fault (fig. 3.14). This macroscopic discordance seems to imply that the 

wrench component, operating through the stages from late-intrusional to post-intrusional 

and from ductile to brittle conditions, resulted in progressive dextral rotation and 

partitioning of strain into increasingly localised shear zones. The latest of them was 

adopted by a normal fault and led to basin development. This pattern is essentially that 
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proposed as the ductile to brittle evolution of a typical shear zone by Sibson (1977). 

Dextral rotation is also recorded by the progressive change in orientation of the earlier 

formed, shallow to moderately dipping high-T mylonitic foliation in the granitoid at this 

southern edge. Progressive rotation from NNE to NE to ENE trends and steepening can 

be seen especially well in the foliations of the quartz-monzonite (fig. 3.14). 

There is an abundance of well-developed mylonitic and ultramylonitic fabrics in the 

deformed granitoids. In the marginal biotite granite, angles between S-C planes decrease 

to 250  or even locally to 100  and an overall grain-size reduction is observed (Plate 3.20c). 

Shear planes are defined by very fine-grained recrystallised biotite, new fine muscovite 

and occasional chlorite (Plate 3.20d). Epidote with allanite cores forms along the shear 

planes. Feldspar clasts are well-rounded and plastic deformation features are abundant 

(mechanical twinning, bending, perthitisation) together with intragranular 

microfracturing, especially in K-feldspars. 

Albitisation along the edges of the feldspar clasts has been confirmed with the 

electron probe, further attesting to the retrograde recrystallisation. Albitisation of both 

plagioclase and potassium feldspars in granite mylonites deformed under ductile-brittle 

conditions has been noted also by Hanmer (1982) and Petford (1990). 

Leucocratic sheets deformed together with the host granitoid are very commonly 

fine-grained mylonitic (Plate 3.20e), but some record opposing sense of shear to the 

overall dextral one. It is possible that local inhomogeneities (such as lithological 

boundaries) can cause localised inversion of the shear sense. 

The homblende-bearing porphyritic quartz-monzonite is locally preserved nearly 

undeformed or with its high temperature foliation typical of the deformation away from 

the steep margin, intact (Plate 3.200. However, localised phyllonitisation along steep 

metre-scale shear zones is also seen. These small-scale steep shear zones have a trend 

sub-parallel to the wrench zone. Phyllonitisation of mylonitised granitoids has been 

identified in numerous shear zones around the world (O'Hara, 1988; 1990; Glazner & 

Bartley, 1991). A major side-effect of such processes is intense fluid circulation that 

accompanies metasomatism and induces volume-loss during deformation. 

Large scale alteration of the granitoids along the basin fault is evinced in this area by 

a progressive "bleaching" of the rocks in the field and ultimately kaolinisation. 

Sericitised, albitised and especially kaolinised granitoids delineate in the field the outcrop 

of the basin boundary fault (Plate 3.21a,b). 
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3.11.1. Brittle structures associated with the fault 

The present-day configuration of the area is defied by the ENE-WSW-trending 

steep normal fault bounding the Serres basin, with the Vrondou body and parts of its 

southern envelope at the foot-wall, and the sediments of the basin at the hanging-wall 

(c.f. fig. 3.4). The fault surface can be actually observed on the road to Oreini village and 

on Km 19 of road to Ano Vrondou (Plate 3.21c,d). 

Abundant jointing accompanies brittle deformation of the granitoids along the fault. 

The dominant orientation of joints is NW-SE and sets of steep (circa 60) to subvertical 

joints develop (Plate 3.21e). Jointing of this orientation can be considered either as 

tensile or shear fractures resulting from the movement along the dextral wrench fault 

(Wilcox et at., 1973); or as tensile fractures accompanying NE-SW directed 

subhorizontal extension. Fluid activity accompanying brittle fracturing is marked by sets 

of fractures with bleached walls or epidote/chiorite growth along them. 

Locally, semi-brittle steep shear zones, with (dextral) top-to-SW sense of shear are 

seen cutting across the mylonitised granitoids (Plate 3.210. 

A clear brittle overprint characterises samples collected from the close vicinity of the 

basin fault. In thin section, small scale brittle zones, with normal sense of displacement, 

are observed to cut through mylonitised granitoids and envelope rocks, which have been 

affected by the steep marginal deformation (Plate 3.22a,b,c). 

Three sets of conjugate normal faults were analysed stereographically in order to 

deduce the stress field operating at the time of their formation (Plate 3.22d). The results 

show the operation of subhonzontal NE-SW extension (fig. 3.15). What is important to 

note is that the direction of extension is subparallel to the mineral stretching lineation of 

the ductile granitoid mylonites. This is seen in the Vameno stream as intrafolial folds cut 

by the above measured conjugate normal faults (Plate 3.22e). 

Finally, a spectacular example of fault activity along the Serres fault is seen at Km 

15 on the road to Lailias, and on the road to Oreini village, which runs in a more or less 

subparallel direction with the strike of the basin fault. There, in situ shattering of 

amphibolites is observed underlying the inferred fault plane or sediments (Plate 3.220. 

Space between the fractures is filled with nearly pure hydrothermal calcite or calcite and 

quartz. This phenomenon, called dilatancy, (Nicolas, 1987) has been modelled 

experimentally under low temperatures and high deviatoric stresses in axial deformation 

tests. The volume increase and rupturing is due to the opening and multiplication of 

microfractures and has major implications for the establishment of hydrothermal systems 

in the vicinity of a major fault. 
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3.12. SUMMARY OF OBSERVATIONS 

A variety of internal structures were observed in the Vrondou pluton. More 

specifically, in the east and north, the porphyritic monzonite member is devoid of any 

post-consolidation structures. Incipient pre-full crystallisation fabrics, defined by K- 

feldspar megacrysts, are observed, the planar fabrics generally dipping towards the west, 

and the shallow linear fabrics plunging to the SW. The strike of the planar fabric seems 

to follow the orientation of the contact. 

Southwesterly-dipping planar fabrics and shallow SW-directed linear fabrics are 

observed in the central parts of the pluton, in the granitic and quartz-monzonitic member. 

In these areas these fabrics are high-temperature crystal plastic strain ones. Towards the 

west, the intensity of strain increases, as seen by the progressive development of shallow 

WNW-dipping protomylonitic foliations and locally, S-C mylonites. Top-to-SW sense of 

shear along shallow SW plunging mineral stretching lineations (average 235°), implies 

normal to oblique-normal sense of motion. 

In the south, in the quartz-monzonite, a regionally uniform high-temperature weak 

foliation gives way towards the contact to a penetrative mylonitic foliation which dips 

shallowly to the SE, and is associated with a SW-plunging mineral stretching lineation. 

High-temperature S-C foliations, also with a strong mineral stretching lineation to the 

SW (average 235°) develop in the marginal biotite granite. Sense of shear in this flat 

system is top-to-SW, along the lineation, implying again a normal, oblique normal sense 

of movement. In both southern and western areas, the development of the mylonitic 

fabrics is usually accompanied by progressively cooling conditions, as for example 

shown by the growth of biotite and epidote at the expense of homblende along shear 

surfaces. Discrete low-angle, cm-scale, shear zones become more prominent towards the 

contact. These have lower temperature fabrics. 

In the envelope, the prominent structure is a planar fabric, locally observed as 

mylonitic, with associated isoclinal and intrafolial folds (Fl ) and mineral stretching 

lineation. These are folded by more open, co-axial, asymmetrical folds (F11). In the east 

and north, foliations generally dip to the NNW, and F1' folds plunge to the NE. In the 

east, the regional structures are locally steepened and the F1' folds, tightened, but aureole 

minerals are undeformed. 

In the southern contact area, localised stoping is observed. As a result of the 

development of the steep marginal shear zone, the stoped contact facies, and the envelope 

south of it, is steepened and folded around shallow SSW-plunging asymmetrical folds, 

that are further intruded by the last increments of melt. The addition of the wrench shear 
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marginal component steepens and tightens, and locally refolds the envelope F1' folds and 

deforms andalusite-bearing aureole rocks. 

Granitoids and envelope along the steep marginal zone record consistent dextral 

shear, viewed down clip to the south. The asymmetry of the folds produced at the steep 

margin is inconsistent with passive down-bending of a pre-existing flat fabric. The 

presence of attenuated steep limbs of the folds may instead imply that the flat extensional 

system was also active. Along the steep marginal zone extensional crenulation cleavages, 

mylonitic and ultramylonitic fabrics, associated with retrogression, are observed. 

Localised steep shear zones, along which granitoids are phyllonitised, are also seen. 

Parallel to the present-day exposure of the Serres basin bounding fault, abundant 

brittle extensional structures are observed, especially jointing, normal faults and local 

diiatancy. From the orientation of the normal faults, NE-SW extensional direction is 

deduced. 

3.13. SEQUENCE OF EVENTS 

The series of structures observed within the pluton and at its contact areas are an 

indication that syn- and post-emplacement deformation has affected the pluton. In order 

to establish a sequence of events it is imperative that the notion of progressive 

deformation from ductile through ductile-brittle and finally brittle conditions is put in 

order. The granitoid structures are useful in this respect, as they clearly show diverse 

behaviour. As was discussed in the introductory section, observed granitoid fabrics 

depend on the crystallisation state of the magma at the time of the imposed deformation 

(Hutton, 1988a). 

In the Vrondou pluton pre-full crystallisation fabrics are preserved in the eastern 

areas, in the porphyritic monzonite member and increasingly crystal plastic strain (post-

CMF) structures develop in quartz-monzonites and granites from the central areas, 

towards the southern and western margins. Geochemical evidence (Chapter 7 and 8) 

suggests that the various Vrondou facies were emplaced in a series of batches, the quartz-

monzonites early and porphyritic monzonites last, indicating thus that the "crystallisation 

front" moved from southwest to northeast in the area. Earlier formed batches recorded, 

therefore, deformation at largely post-CMF conditions, although it is not clear from the 

field evidence whether fabrics developed at a purely magmatic state do exist in the 

central and southwestern areas. The final batches recorded only pre-CMF deformation. 

A similar situation was observed by Hutton (1988b) in the Strontian granite in Scotland, 
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where earlier formed granodiorites recorded crystal plastic strains and the last emplaced 

biotite granite recorded emplacement-related deformation in a largely molten state. 

Away from the southern steep margin, the prominent deformation in the granitoids is 

shallow shearing to the SW, with a normal sense of displacement. If the observed high 
and lower T (especially west and south) crystal plastic strain fabrics essentially record the 

movement of the top levels (or roof) of the pluton, then the operation of a shallow 

extensional shear system, with top to the SW sense of shear, can be deduced. The 

porphyritic monzonite at the eastern areas, representing the last batch of magma to be 

emplaced, records only localised forceful movement of the magma against its steeper 

contact. 

The intrusion post-dates the development of the regional F1' folds, as they are locally 

seen to be modified by the pluton margins. For example, close to the eastern contact, 

probably assisted by localised thermal softening, steepening and tightening of the F1' 

folds is observed, accompanied by rotation to orientations subparallel to the contact. 

Penetrative deformation in a steep dextral shear zone is localised to the southern 

margin, and this is further intruded by final increments of magma. The steep margin 

subsequently evolves into a regional retrogressive shear zone. This marginal shear zone 

becomes the locus of a high-level normal fault, the Serres basin boundary fault, which 

leads finally to uplift and subsidence along either side of it. 

It is not clear exactly when a switch from a strike-slip to a dominantly extensional 

movement started along the southern steep granite margin. Karistineos (1984), studying 

the Serres basin, suggested a Middle Miocene age of initial basin development. 

Moreover, Chinnery (1965) discussing theoretical models of vertical displacements 

associated with transcurrent faulting, noted that large-scale dip-slip movements can occur 

over long time intervals leading to progressive uplift and subsidence along a major 
wrench fault. 

3.14. THE EMPLACEMENT MODEL 

The observed structures and sequence of events in the Vrondou pluton and its 

envelope can be combined in a tentative emplacement model for the pluton. This is an 

updated version of the one published in Kolocotroni & Dixon (1991). The proposed 

model is generally one of emplacement in a wrench-shear bounded extensional space. 

Space for the emplacement was created via a shallow-dipping shear zone, with top to 

the SW sense of shear. The early batch of melt in the south, at the initial stages of 

intrusion, stoped and sheeted the sheared envelope, preserving thus the envelope 
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deformation at the instance of stoping (e.g amphibolite xenoliths with extensional 

fractures). The operation of the shallow extensional shear zone, aided the relative 

movement of the envelope blocks, creating a hole behind them, which was being filled by 

magma existing at the time. As the hole "opened" and the initial batches progressively 

cooled, they were themselves deformed by the shallow dominant shear system. 

Continuous influx of magma, or intrusion of further batches, largely passively 

emplaced, was facilitated by the "opening" hole. The magma away from the roof (central 

and eastern areas) absorbed the deformation while being closer to the CMF, recording 

less net post-solidification strain. It may well have remained largely undefornied 

plastically if the locus of shear remained close to the original margins of the space even 

after it began to fill. 

Continuation of defoniiation and the addition or progressive dominance of a, nearly 

co-axial, marginal wrench-shear component in the southern areas, steepened and folded 

the earlier fabrics. Since intrusion was still on-going, the folded mylonites are 

themselves intruded by the final melt increments. 

The steep marginal zone evolved into a regional retrogressive shear zone and finally 

served as the steep basin-bounding fault, standing therefore as a link between the last 

phases of intrusion and initial stages of unroofing. Hence, at the present level of 

exposure, a succession of increasingly brittle and steep structures was developed as 

unroofing proceeded. 

3.15. DISCUSSION 

The emplacement model proposed above essentially implies that the Vrondou 

magmas were "permitted" in an extensional space, which was bounded at the last stages 

of intrusion by a wrench shear-zone boundary. Figure 3.16 is a diagram showing the 

combination of an idealised extensional space with wrench margins. 

Furthermore, there are a series of observations that are strongly reminiscent of the 

"granite sheeted complexes" of Hutton (1991). More specifically, from both the 

geochemical characteristics (Chapters 7 and 8) and the structural succession described in 

this chapter, it is obvious that the Vrondou magmas were emplaced in distinct "batches", 

with earlier batches preserving more net post-solidification, but still ductile, strain than 

the later ones, that only record strain at a largely magmatic state. The presence of 

country-rock blocks with recognisable "ghost stratigraphy" close to inferred internal 

contacts (as seen in this case in the quartz-monzomte to monzonite inferred internal 

contact, and also internal zones of skams, reported by Coucoulis, 1982) is considered by 
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Hutton (1991) and McCaffrey (1992) as the best evidence for the operation of a sheeting 

mechanism. 

Such an ascent mechanism has been described from a variety of settings, where final 

space for granite emplacement developed as a response of active regional tectonics, for 

example, in extensional (Hutton et al., 1990), and transpressional (Reavy, 1989; 

McCaffrey, 1992) regimes. Jones et al. (1991) implied that a similar process was 

responsible for the emplacement of the large Skaloti-Elatia pluton in the Central 

Rhodope, further to the east of the Vrondou pluton, under an extensional régime. 

The absence of concentric internal structures rules out a late stage ballooning model 

(Holder, 1979). Furthermore, the final internal patterns, after the activation of the steep 

southern margin, are similar to a combination of the "thrust" and "transcurrent" shear 

patterns described by Brun & Pons (1981). 

In the case of the Vrondou pluton the identification of the shallow extensional shear 

system, with a top-to-SW sense of movement, has a series of implications for the regional 

evolution of the Western Rhodope massif. 

The pre-Oligocene regional evolution of the Western Rhodope massif is supposed to 

be dominated by a ductile syn-metamorphic thrusting event with top-to-SW sense of 

movement (Burg et al., 1990; Kilias & Mountrakis, 1990; Stavropoulou et al., 1991). 

Oligocene NE-SW subhorizontal extension resulted in normal faulting, as was reported 

by Koukouvelas & Doutsos (1990) from the Central Rhodope Massif, and interpreted as 

a progressive extensional collapse of an overthickened pile of crustal nappes. 

Furthermore, SW-directed PFC mineral lineations were observed by Koukouvelas & Pe-

Piper (1989) in the Xanthi pluton, which was emplaced in an extensional ramp space, 

under SW-directed extension in the Oligocene. 

In contractional zones, a subparallel direction of local extension with 

contemporaneous compression is a mechanical contradiction although it has in fact been 

observed during Miocene compression in the High Himalayas (Royden & Burchfiel, 

1987). However, post-thickening spreading of an overthickened crust has been observed 

to lead to extension parallel to the earlier direction of compression (Dalmayrac & 

Molnar, 1981, Malavieille & Taboada, 1991). 

The geometry of the extensional space in which the Vrondou magmas were 

emplaced is not immediately obvious. Two alternative scenarios can be tentatively 

proposed. On the one hand, the extensional space may represent a discontinuity 

established during the late stages of compressional deformation. For example, Guard 

(1991) and Madore & Sawyer (1991) suggested that macro- to megascopic extensional 

shear bands can develop penecontemporaneously with thrust-shear fabrics in a 
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compressional ductile shear zone. These bands can be considered as map-scale structures 

driven by along-the-shear crustal extension. Kilias & Mountrakis (1990) pointed out that 

the evolution of the D1  and 131t, associated with the ductile thrusting, is followed by 

localised extension also to the SW in the form of extensional shear bands. 

It is therefore possible that a similar large scale structure, was exploited by the 

Vrondou magmas, during the progressive uplift stage and extensional collapse of the 

regional evolution. The overall shear sense is, thus, still dominantly controlled by the 

regional SW shearing and the shallow structures observed in the granitoid are of similar 

style with the pre-extensional envelope structures. 

On the other hand, there is the recent observation of Miocene SW-directed 

extensional shearing associated with the evolution of the adjacent Strymon basin. More 

specifically, Dinter (1991) proposed that extensional deformation in the footwall of the 

Strymon "detachment" has resulted in shearing and the formation of a pervasive NE-SW 

trending stretching lineation, observed for example in the Kavala mylonitic granitoid. 

This event has been attributed to Miocene, the inferred age of initiation of the Strymon 

basin. If the extensional shearing observed in the Vrondou pluton is in fact connected 

with this event, then the "extensional space" problem would be resolved (c.f. Hutton et 

al., 1990), but because the deformation in this case is clearly syn-intrusional, then it has 

to be attributed to the Oligocene. 

From the above it is clear that the characterisation of plutons as post- or syn-tectonic 

is not possible without careful analysis of the full structural evolution. Gapais (1989), 

discussing the evolution of internal granitoid structures in deformed plutons, devised a 

diagram that summarises the controls on textural development in relation to regional 

tectonic events (fig. 3.17). The main idea is that syn-emplacement deformation will be 

recorded in progressively retrograde structures, that range from high-temperature uniform 

foliations through, during cooling, S-C fabrics to localised deformation bands, as is 

observed especially well in the southwestern areas of the Vrondou pluton. By contrast, 

post-emplacement or late-emplacement deformation will induce discrete deformation 

zones that anastomose around low-strain domains (Gapais, 1989). Late- to post-

emplacement structures observed in the southern areas of the Vrondou pluton are 

connected with the operation of the steep dextral shear zone, serving as a boundary of the 

extensional space. 

One other implication of the proposed emplacement model is relevant to the 

observed development of this steep margin that bounded the extensional space. 
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The spatial association of granitoid emplacement and unroofing with major linear 

features is a very commonly reported one (e.g. among others, Hutton, 1982; Castro, 

1986; Guineberteau etal., 1987; Reavy, 1989; Petford & Atherton, 1992). 

The location of the sedimentary basin adjacent to the pluton is not coincidental. 

Evolution of the steep margin, via continuing extension and unroofing, into a basin 

boundary must have been aided by strain softening induced at the evolving weakened 

steep structure. White et al. (1986) and Etheridge (1986) discussed the various controls 

that favour preferential location of new fault zones along the trace of old ones, essentially 

along re-activated structures. 

The case here does not involve re-activation, but rather evolution through ductile and 

ductile-brittle to brittle conditions of the same, approximately linear, feature and its 

activation finally as a brittle normal fault, similar to the case Petford & Atherton (1992) 

observed in the Cordillera Blanca batholith in the Peruvian Andes. Furthermore, 

unroofing induced by density instabilities established during the emplacement of the light 

granitoid material, could be further accelerated by the localisation along an active linear 

feature. It is probable that the high-level evolution and unroofing of the Vrondou pluton 

is also connected with activity along the Struma-Strymon fault (c.f. Dinter, 1991), and its 

transverse WNW-ESE striking steep faults (e.g. the Mesta fault), as was suggested by 
Zagorcev (1992). 

Regionally, the evolution of this structure seems to imply continuing NE-SW 

extension from late Oligocene (emplacement age of Vrondou pluton) to Miocene 

(initiation of Serres basin). Table 3.1 summarises the observations and events identified 

in this chapter. The structural development of the down-faulted area will be described in 

the next chapter in association with the Elaion granitoid body. 
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Table 3.1 
Sequence of events 

DEFORMATION EVENT 
	

UCTURES 

GRANITE 	 ENVELOPE 

1 .Regional ductile 
shear to SW 
(shearing/compression) 

2.Progression of Dl 
with extension to SW 

- Granite intrusion 
in an extensional space 
(?mega shear band) 
(sequence of intrusion 
from SW to NE) 

3.Marginal wrench 
dextral shear zone 
(at the south) 

Fmal increments 
of intrusion 

Pre-CMF and 
post-CMF 
high-T shallow 
foliations and 
lineations to SW 

Steepening and folding 
of high-T fabrics 
Progressive 
retrogression 
Shear bands 

Shear fabric S1 
Isocinals F1 
Asymmetrical folds 
F1 (co-axial) 

Extensional crenulation 
cleavage to the SW 
(locally) 

Steepening and 
tightening of regional 
folds at contact 

Asymmetrical F2 
folding F1  
or tightening of 
regional folds F1  
at the margin 

4.Unroofmg by activation 	 COMMON FOR BOTH 
of steep margin as basins 	 Steep phyllonitic shear zones 
fault. 	 Retrogression 

Brittle normal faults 
Jointing 
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CHAPTER 4 

The Elaion granitoid 

4.1. INTRODUCTION 

The structural evolution of the roof of the pluton cannot be followed in the Vrondou 

body where uplift and erosion has largely removed the record. Nevertheless, it can be 

examined in the topographically lower ground (south of the Serres basin fault) where 

down-faulting has preserved the roof of the part of the pluton, referred to here as the 

Elaion granitoid. 

This is located in the area of the Elaion village, 8 km north of Serres town and crops 

out about 10 km south of the main Vrondou body (fig. 4.1). It occupies an area of 

approximately 22 km2. It is intruded into the thick marbles, with minor schist 

alternations, that compose the Menikio mountain, and represent the stratigraphically and 

structurally higher units of the envelope. Geophysical evidence (Memou, 1983) indicates 

that the Elaion granitoid represents either one body with two apophyses or two different 

bodies. 

Close to the basin, in the south, the area has subdued topography (Plate 4.1a), with 

elevations around 300 in rising to 1900 in towards the north. The topography is distinctly 

more extreme in the enveloping marbles, creating treacherous high cliffs, such as 

observed in the Mom Timiou Prodromou area (Plate 4.1b). 

There is very little published work on the Elaion granitoid, petrological or otherwise. 

Its overall deformed nature led to its early classification as an older, pre-Tertiary 

granitoid, syn-kinematic with respect to the main regional compressional deformation 

phase (Lundberg, 1978; Bitzios etal., 1981). However, in the IGM1E 1:50,000 geological 
map (Serres sheet) it is considered to be a detached part of the main Vrondou body. 

In a study of the geology of the Menikio mountains by De Boer (1970), the dominant 

structure is defined by a series of mesoscopic medium and large scale synforms and 

antiforms of NE-SW trend (fig. 4.2). The granite itself is deformed, containing a 

penetrative flat-lying foliation and a consistent shallow NE-SW trending lineation and is 

also folded by open, domal, synforms and antiforms. 
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Figure 4.1. Location of the Elaion granitoid with respect to the Vrondou pluton and the Serres basin. 
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In this study, however, a number of observations have been made that assign a quite 

different significance to the Elaion body. It will be shown in the following sections that 

this body was affected by an extensional ductile-through-brittle shearing event, parallel to 

the emplacement-related deformation observed in the Vrondou area. More importantly, 

it continued to experience brittle extensional deformation in the same orientation, related 

to theevolution of the adjacent Strymon-Serres basin. 

The continuity of the extensional deformation through ductile-to-brittle conditions 

has to be stressed, therefore the division into ductile/brittle and brittle deformation is only 

serving presentation purposes in this chapter. 

4.2. DUCTILE/BRITTLE DEFORMATION 

The main Elaion body is a medium- to coarse-grained S-C (proto)mylonitic granitoid 

consisting of quartz, K-feldspar, plagioclase, hornblende and variable amounts of biotite, 

titanite, apatite, opaque oxides and epidote. It intrudes in a sheet-like fashion the 

surrounding marbles. 

Completely undeformed granitoid is not found in the Elaion area. The only 

undeformed magmatic facies are small sheets or pods in the enveloping marbles. Rare 

leucocratic sheets are subparallel to the granitoid foliation and are themselves deformed. 

The intensity of foliation development fades away from the SW of the area, towards a 

thicker cover and away from the basin. 

In the Rahovitsa and Mont Prodromou areas, north of Elaion village and under a 

thicker marble cover, it is a medium- to coarse-grained protomylonite (Plate 4.1 c) with a 

matrix (10% to 20% modally) consisting mainly of recrystallised quartz and biotite, 

whereas feldspars and hornblende stand out as porphyroclasts. 

The foliation is an S-C mylomtic one, defined by the alignment of mafic minerals 

and quartz that anastomose around feldspar and homblende porphyroclasts (Plate 4.1d). 

In the protomylonites the S-C angle is still high (40-45°) and the spacing of the C 

foliation is variable, usually between 1-2 mm (Plate 4.1d). Crystal-plastic processes were 

responsible for fabric development and in areas of low strain, the rock composition i.e. 

the dominance of "strong" minerals (feldspars and hornblende) probably influenced the 

final strain distribution (c.f. Vernon & Flood, 1987; Gapais, 1989). 

Quartz in the matrix is mainly recovered and dynamically recrystallised 

asymmetrical ribbons of average 62 p. size, that defme the S foliation (Plate 4.1e). 

However, within a thin section, the existence of areas where annealed, polygonised 

quartz (Plate 4.1fl and also, grain-boundary migration in quartz is observed (Plate 4.2a), 
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PLATE 4.1 

a 	 b 

Serres—Strymon basin 

a) Subdued topography in the Elaion area close to the Serres-Strymon basin, which can be seen in the 
background. View towards southwest from the track leading to the Rahovitsa village. b) High altitudes 
and steep morpholoev characterising the northeastern parts of the area, which are mainly occupied by the 
nassive marbles ofMenikio. View towards north from Moni Timiou Prodromou area. ci FieLd aspect of 

the protomylonitic Elaion ranitoid. as it occurs in the Moni Timiou Prodramou area. Note the coarse 
grain-size of the porphyrocasts. d S-C protomylonitic fabric, Note the aligned hornblende and titanite 
porphvroclasts in the S foliation and fractured titanite. Note also that the C surfaces are characterised by 
abundant growth fine-grained biotite, that the C-S angle is high and that the C spacing is variable, but 
usually between 1-2mm. Sample 90NK 103 (PPL), section normal to the foliation and parallel to the 
lineation. Track to Rahovitsa village, 700 m south of the village. e) Same section under XPL, showing 
the high proportion of porphyroclasts relative to a mainly quartz-dominated matrix, the combination of 
crystal-plastic and more brittle deformation behaviour of the rigid porphyroclasts (e.g. the bent 
plagioclase porphyroclast in the centre of the photograph and the fractured utanite on the upper side of 
11 the photograph). Sample 90NK103 (XPL), as before. 1) Relict high-temperature fabric indicated by 
pockets' of annealed quartz. Sample 90NK80 (XPL). Track to Rahovitsa, about 1000 m. south of the 

village. 



indicates a relict higher temperature deformation event, possibly related to the 

emplacement of the grarntoid. 

Feldspars have variable sizes (0.5 to 1 cm) and represent the majority of the 

porphyroclasts. They are mainly deformed by a combination of crystal-plastic and brittle 

processes, as indicated by bending (Plate 4.2b and 4.1e), with undulose extinction and 

deformation twinning, that are also affected by intragrain microfracturing. The main 

grain-size reduction processes in K-feldspars is microfracturing (Plate 4.2c). Flame 

perthites are observed at the edges of the microfractures (Plate 4.2c). Minor 

recrystallisation of the feldspars has taken place around grain margins in the "pockets" 

where annealed quartz is observed, producing core-mantle structures (Plate 4.2a). 

However, more intense grain size reduction of feldspars accompanies the development of 

the C foliation. 

Plagioclases in the protomylonites commonly retain igneous zoning features. Cores 

have calcic oligoclase to andesine compositions (An344) and rims have sodic oligoclase 

compositions (average An15). 	Recrystallised rims have also sodic oligoclase 

compositions (An 14.5).  K-feldspars have compositions of 0r9281. 

Homblende behaves relatively rigidly and stands out as porphyroclasts, usually 

fractured (Plate 4.2d). The amphiboles are edenites and edenitic homblendes and their 

compositions overlap with the amphiboles of the quartz-monzonites and granodiorites of 

the Vrondou pluton (c.f. Chapter 6). However the most distinctive feature is the 

transformation of hornblende to a biotite-epidote-titanite aggregate along the C planes 

(Plate 4.2e). This reaction has also been observed in the Vrondou body (Chapter 3) and 

seems to be central to the subsequent evolution of the rock's rheology and behaviour 

during deformation. 

Biotite also occurs in the rock as an independent phase, where it is medium-grained 

and visibly strained (shadowy extinction and bending), with recrystallisation at the edges 

(Plate 4.20. The C foliation is clearly marked by the recrystallised biotite "strings", 

together with fine-grained feldspar and quartz (Plate 4.1d). Biotite compositions fall in 

the Annite-Siderophyllite range, with Mg/(Mg+Fe) ratios ranging between 0.55-0.58. 

Epidote, forming as a product of the homblende transformation, is also preferentially 

concentrated along the C planes (Plate 4.2e,f). Epidote usually consists of a Fe-rich 

allanitic core and a more irregular epidote rim. Epidote compositions are intermediate 

between epidote-clinozoisite with Fe3  between 0.85 - 1.7 and Al between 4 - 2.15. 

Epidote grows also as a result of plagioclase alteration, locally overgrowing the whole 

feldspar grain. 
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a) Relics of coarser annealed/me quartz grains showing evidence of arain boundary migration. Note also 
the thin recrystallised edges of R-feldspar porphyroclasts. Sample 9dNK88 (XPL). Rahovitsa village, 10 
m from the contact with marbles. W TBent K-feldspar also showing hints of incipient microclinisation. 
Sample 90NK81 (XPL). Track to Rahovitsa village, 1000 m south of the village. C) Combination of 
plastic and brittle deformation, indicated by both fractured K-feldspars and plagioclase(centre and lower 
side of photograph) and also, bent feldspars, with irregular twinning and extinction (upper right part of 
the photograpli). Note the abundant flame perthites forming at the edees of fractured K-feldspars and the 
dynamically recrystallised quartz-dominated matrix. Sample 90NK163 (XPLi, as in 4.1e. d) Fractured 
hornblende. Note that it is generally breaking down to biotite along the edges. Sample 90NK103 (XPL), 
as in 4.2c. e) Clear example of the hombiende to biotite and ej:ndote reaction, accentuated especially 
along the C surfaces. Sample 90NK103 (PPL), as in 4.2d. f) Primary biotite which is deformed and 
recrystallising along the edges, especially along planes of shear, where together with hornblende, it is 
overgrown by fine micaceous material. 9ONK 103 (PPL), as in 4.2e. 



Titanite is usually fractured parallel to the S planes (Plate 4.1d) and opaque oxides 

(magnetite) are scattered. Calcite grows locally (Plate 4.2d) and is probably relatively 

late, since no deformation was seen. 

The sense of movement in the protomylonitic rocks can be more easily determined 

by the asymmetry of the S-C fabric, rather than from the porphyroclasts because of the 

relative heterogeneity of porphyroclast grain size and low abundance of matrix. From 

macroscopic observations, especially the asymmetry of S-C structures, a shear sense of 

top to the SW, along the stretching lineation can be deduced. This is interpreted here as 

the tectonic transport direction and it implies a normal sense of movement (top to the 

SW). 

The protomylonites are locally cut by later low-angle zones of higher strain that form 

at low angles to the C foliation and cause bending of the foliations. Retrogression of the 

ferromagnesian minerals, especially homblende, to chlorite, epidote or actinolite can be 

seen along these shear bands. Localised small-scale low angle discrete shear zones are 

also seen, associated with pervasive alteration. In the field the protomylonites are also 

seen to be cut by two sets of high angle brittle fractures, that deform in a brittle fashion 

the ductile fabric. Cataclastic processes related to the joint system (microfracturing with 

shear fractures both antithetic and synthetic to the overall ductile fabric) have resulted in 

a heterogeneous grain size reduction of the fabric. 

Proper intrusive contacts are observed towards the NE part of the area, where the 

cover is thicker and the granitoid less deformed. Close to the Rahovitsa village, the 

contact of the main granitoid body with a thick marble cover is observed. Caic-silicates 

usually form irregular pods along the contacts (Plate 4.3a) and consist of a garnet-

epidote-quartz-calcite assemblage, with variable amounts of diopside, actinolite and 

opaques. Metasomatism of the granitoid close to the contact is accompanied by diopside 

growth at the expense of hornblende. The contact calc-silicates also show mylonitic 

deformation next to the contacts, usually observed as garnet porphyroclasts in an 

epidote/quartz matrix (Plate 4.3b,c). 

The marbles of the thick cover record complex refolded patterns (Plate 4.3d). More 

specifically, a series of isoclinal folds F1  are refolded by a set of nearly co-axial F1' 

(following the regional interpretation of Kilias & Mountrakis, 1990). The second fold 

system is characterised by shallow-plunging fold hinges, of ENE-WSW and NE-SW 

orientations and have mostly asymmetrical attitudes. The axial planes have variable 

attitudes. The granitoid either cross-cuts the folded marbles or intrudes parallel to the 

marble foliations, in which case flattening of the folds is observed (Plate 4.3e). 
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a) Contact between the Elaion granitoid and maijles. Note the development of irrecular. mainly garnet-rich 
caic-silicates around the contact, as demarked by the brown colouring. Rahovitsa village. h Metasomatised 
granitoid at the contact with the marbles. Note higher temperature deformation style (e.g. coarser 
annealed/inc quartz and incipient core-mantle structures in feldspars) in this sample, probably indicating 
relict intrusion-related ductile deformation. Sample 90NK88 (XPL). Rahovitsa village, as in 4.2a. C) 

Sheared caic-silicate material (garnet-epidote porphvroclast), formed near the contact with marbles. This 
overprints the higher temperature fabric. Sample 90NK91 (XPL). Rahovitsa village, as in 4.2a. dl Complex 
refolded patterns in envelope marbles. Rahovitsa village, 50 rn over the contact, towards the north. e) 
Flattened refolded folds in marbles observed when the granitoid intrudes subparallel to the marble foliations. 
Track to Rahovitsa, 600 m south of the village. 



The intensity of deformation increases towards the SW of the area (Elaion village), 

and close to the contacts with isolated marble blocks, where well-developed S-C 

mylonites crop out. Grain-sizes are much fmer than the protomylonitic rocks described 

earlier and micas (especially biotite) dominate over homblende. Progressive deformation 

hence gives to the granitoid a mylonitic gneiss appearance. The lineation intensifies with 

increasing deformation intensity. 

More specifically, the matrix to porphyroclast proportion increases to approximately 

40%, average porphyroclast grain-size is reduced to less than 1mm, the angle between 

the S-C planes reduced to 25°-30, and near complete obliteration of homblende and syn-

kinematic white mica growth parallel to C planes is observed. The rock is thus 

transformed to an S-C mylonite with the assemblage quartz-K-feldspar-plagioclase-

biotite-epidote-white mica-titanite-opaque±chlorite (Plate 4.4a,b). 

The S foliation is defmed again by the quartz ribbon matrix where recovery and 

recrystallisation have produced a strongly asymmetrical shape preferred orientation 

(Plate 4.4c). 	Within the quartz-dominated foliation occasional fine feldspar 

porphyroclasts occur. The shear surface C is defined mainly by very fine-grained strings 

of recrystallised biotite and white mica. Micaceous foliae wrap around the feldspar 

porphyroclasts and recrystallised biotite is also found in their recrystallised tails (Plate 

4.4d). Where C surfaces meet the S foliation slight thinning out and bending of the 

quartz ribbons and recrystallisation is observed (Plate 4.4b,c). 

Whereas the white mica is syn-kinematic, the biotite recrystallisation could be pre-

to syn-kinematic with respect to the C surface. As observed above in the less deformed 

protomylomtes, biotite is forming as a result of homblende breakdown parallel to the 

shear surfaces and is also a primary, igneous phase. Thus a prominent feature of the area 

is a progression of increasing mylonitic deformation intensity with concomitant syn-

kinematic transformation of homblende to biotite to minor chlorite and white mica 

forming at the expense of feldspars, approaching the contacts with the marble blocks in 

the SW areas. Biotite compositions in the more deformed rocks have lower Mg/(Mg+Fe) 

ratios (0.51-0.54) and slightly lower Si/(Si+Al) ratios (0.64-0.68) than biotites from the 

less deformed rocks. Lower Ti/Fe ratios were also observed (0.06-0.09). However, some 

relict coarse grains have similar compositions to the biotites from the less deformed 

rocks. 

Feldspar porphyroclasts show a predominance of crystal-plastic processes but 

microfracturing is common as a grain-refmement process. Bent twins and deformation 

twinning is common in plagioclases, which occasionally seem to remember their 

previous igneous nature and show a relict magmatic zoning (Plate 4.4b). However, 



microfractures healed with recrystallised quartz or "dry", with sliding of plagioclase 

twins along them are ubiquitous (Plate 4.4b). 

The cores of the plagioclase porphyroclasts have calcic oligoclase to andesine 

compositions (An28936), as in the less deformed rocks. Rims have oligoclase 

compositions (An215195) and recrystallised tails have slightly less calcic compositions 

(An18517). Recrystallised tails of K-feldspar porphyroclasts have an increased albitic 

component (0r69 1Ab302) but clast cores have similar compositions to the K-feldspars 

from the less deformed rocks (Or92952). 

Finally, epidote (with alla.nite core) is syn-kinematic, growing due to the reaction 

involving biotite, titanite, epidote, opaque oxide. Occasionally, chlorite is growing at the 

expense of biotite. 

The foliation is everywhere shallow to moderate (less than 300)  (fig. 4.3), but has a 

distinctly domal attitude. It forms thus irregular domal antiforms and synforms, with 

axes commonly in both a NE-SW and NW-SE direction. The tabular low-angle foliated 

granitoid contains a prominent and systematic mineral stretching lineation, defined 

especially by stretched quartz and biotite/mafics. The lineation is consistently shallow 

plunging (less than 10), to the SW, although some NE-plunging measurements were 

taken as well, in the areas of NW-SE "domes" (flg.4.3). 

Summarising, the features of the Elaion mylonitic quartz-monzonite are: 

- Relict high-temperature ductile fabric, as denoted by the preservation of isolated areas 

with annealed quartz and recrystallised feldspars. 

- S-C protomylonites to mylonites near the envelope contact in the NE parts of the area 

and S-C fabrics better developed in the SW. 

- Decrease of S-C angle, clast grain-size and abundance towards the contacts with marble 

blocks and also towards the basin. 

- Deformation processes are mainly crystal-plastic but microfracturing also important. 

- The major mineralogical transformation is the reaction of homblende to biotite + 

epidote + titarnte + opaque with increasing deformation, occurring parallel to the shear 

surfaces. White mica grows parallel to the shear surfaces in southwestern areas, forming 

probably after feldspars. 

4.3. BRITTLE/DUCTILE DEFORMATION IN GRANITOID SHEETS 

Granitoid sheets of variable size are found all around the Elaion area in the marble 

envelope. They range from small "pods" in marble (Plate 4.4e) to large mappable bodies, 

lOs of metres long and wide bodies, e.g. in the Korfoula area. 
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PLATE 4.4 

aj Well developed S-C fabric in mylonitic Elaion grariitoid at the southwestern areas. Note the lower 
ancle between S-C surfaces, generally finer grain-sizes compared with the S-C protomylonite (c.f. 4.1d). 
an8 the more regular and narrow spacing of the C surfaces. Sense of shear is the same as in the 
protomylonites. indicating top-to-SW sense of movement. Sample 89NK1 (PPL), 300 m north of Elaion 
village. Section normal to the foliation and parallel to the lineation. hI Same section under XPL. Note 
the increase of fine-crained matrix compared with the protomvlonites, decrease of clast grain-size and 
clear development o the C surfaces, defined by fine-grained recrystallised micaceous foliae. Feldspars 
are deformed by a combination of plastic and cataclastic mechanisms (fractures and bending). Sample 
89NK1 (XPL), as in 4.4a. C) S surfaces defined by elongated fine quartz-ribbons, which are deflected and 
recrystallised along the C surfaces. Sample NKB24 	PL). 300 in northwest of Elaion village, in the 
Valtas stream. di Micaceous foliae wrapping around feldspar porhyroclasts, and growing at their 
reciystallised tails. Sample 89NK 100 (PPL). Valtas stream, 300 m northwest of Elaion village. e) Small 
(about 30 cm long) gran.itoid pod in marble. Korfoula area, 750-800 in south of Elaion village. f) Large 
granitoid sheet with clear development of an L>S fabric. Korfoula area, as in 4.4e. Note the irregufar 
levelopment of calc-silicate material along the contact. 



N 

/ 
RAHOVTSA 

o 

4 
Ob 

0 Stretching Lineations 

as 	 of I 
lr~ 

U Poles to foliations 
00 

04 
 

' Teation 

Foliation 

: ELAION 	
32

06 
' 	Contact 

5a 5 y3r 
1 	04 

Sediments 

0 	m 500 

.••/' 	
— 

Granitoid 

Marbles 

: • •. - 	•• 
MONt 

TIMIOUI 	F • 
KORFOULA 	 .- 	: PRODROMOU 

Figure 4.3. Geological map of the Llaion area showing time attitude of the niylonitic foliation and 
stretching lineation in the granitoid. An equal area stereographic projection of poles to foliations and of 
lineat ions sununarises time structural data and highlights funhcr their suhhorizonlal attitudes. 



Foliation and lineation development in the sheets seems to be related to their size. 

Large sheets contain an intense mylonitic fabric (Plate 4.40,  that fades away from the 

contacts with the enclosing marbles. By contrast, small sheets do not seem to record any 

deformation. 

The sheets are of quartz-monzonitic composition and consist of K-feldspar, 

homblende, plagioclase(oligoclase), quartz, with minor biotite, titanite, epidote, apatite 

and opaque. When undeformed they are usually medium- to coarse-grained and slightly 

porphyritic, with large K-feldspar crystals, 2-3 cm long (Plate 4.5a). 

In the undeformed sheets the K feldspars occur both as megacrysts and as smaller 

grains (Plate 4.5b). Microperthites are very common. The K-feldspars contain 

inclusions of plagioclase, homblende, biotite and titanite, that are commonly arranged in 

an epitaxial form around growth zones of K-feldspar crystals (Plate 4.5a). When in 

contact with plagioclase, prominent myrmekites form (Plate 4a,b). 	K-feldspar 

compositions range between Or85946. 

Plagioclase is euhedral to subhedral medium-grained, twinned by Albite and 

Pericline laws and exhibits zoning. Corroded cores are not uncommon (Plate 4.5a,c). 

Plagioclase contains inclusions of biotite and opaques and alters to epidote and sericite, 

especially towards the cores. No homblende inclusions were seen, but some apatite is 

present. In the least deformed samples, deformation is usually observed by bending or by 

fracturing that displaces the fragments and eventually contributes to grain-size reduction. 

Minor normal zoning in the plagioclases range from An23 2..14  cores to Ali202137  rims. 

However, much more calcic cores (An461) were also identified. 

Quartz is always interstitial and exhibits undulose extinction and deformation bands 

(Plate 4.5b,c). Recovery and minor recrystallisation are concentrated in rather restricted 

zones where granulation of feldspars can also be observed (Plate 4.5d). 

Hornblende is the major mafic mineral and occurs in medium to coarse subhedral to 

euhedral grains (Plate 4.5a,c,d) that are generally altering. It is commonly twinned, with 

a green-yellow/brown pleochroic scheme. It includes biotite, opaque, titanite, plagioclase 

and allanite. Homblendes in the sheets have Mg-homblende compositions (classification 

after Leake, 1978). Consistent core to rim compositional zoning was traced. More 

specifically, from core to rim there is an decrease of Si, NaM4, APn1,  MgI(Mg+F 2), and a 

concomitant increase in APV,  Ca, FO, Ti and (Na+K)A.  It seems therefore, that the 

edenite and tschermakite substitutions were dominant. 

Biotite is a minor phase and occurs either as inclusions in homblende and 

plagioclase or as minor individual grains (Plate 4.5c). It is commonly strained (shadow 

extinction and bending). It also grows after homblende parallel to cleavages or edges. It 
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a) Porphvritic texture of the undeformed quartz-monzonite sheets. characterised by coarse K-feldspar 
megacrysts and a medium- to coarse-grainecf matrix. The K-feldspar megacrysts show growth zoning and 
epitaxial inclusions. Mynnekites are forming at the edges of the megacrysts that are in contact with 
plagioclase. Sample NKBI (XPL. Korfoula area, 800 m south of Elaion village. h) Matrix of the 
undefomied sheets consisting of K-feldspar, plagioclase, homblende and interstitial quartz. Note 
roicroperthitic K-feldspars (in upper left corner of photograph), euhedral hornblende with apatite 
inclusion, euhedral titanite, and mvrmelcites at the edges between K-feldspar and plagioclase. Sample 
NKB1 (XPL), as in 4.5a. C) Similar aspect as in 4.5b, highlighting the zoning patterns in plagioclase. 
Note the patchily zoned plagioclase grain in the upper left corner of the photograph, and the oscillatory 
zoning just below it. Note also minor primary biotite and interstitial quartz. Sample NKB 1 (XPL), as in 
4.5a.b. d) Incipient deformation in sheets indicated by recrystallised matrix quartz and bent plagioclases. 
Sample NKB2 (XPL). Korfoula area, as in 4.5a-c. e) Cataclastic failure of K-feldspar causing 
remarkable grain-size reduction. Note the fine flame perthites at the edges of the fine clasts. Sample 
89NK120 PL). Korfoula area, as in 4.5a-d. f) Cataclastic failure of K-feldspars and the development 
of a very fine-grained matrix, close to the contact with the marbles. Note the incipient tartan twinning in 
the coarse K-feldspar grains. Sample 89NK120 (XIPL), same as in 4.5e. 



includes titanite and opaque oxides and alters to chlorite parallel to cleavages. All 

biotites range within the annite-siderophyllite field, but generally show more Si(pfu) than 

biotites of the deformed Elaion and Vrondou quartz-rnonzonites. Independent coarse 

biotites have higher Mg/(Mg+Fe) ratios, Si/S i+Al ratios and lower K and Ti/Fe ratios 

from the inclusions in hornblendes. 

Epidote grows secondarily either in the plagioclase cores or after honiblende 

together with the biotite. There is an increase of epidote with increasing strain. 

Titanite is a very important and abundant accessory. It is especially associated with 

hornblende and opaque. It is included in nearly all the primary phases and with 

increasing deformation gets increasingly bent and fractured. 

Progressive intensification of fabric development seems to be controlled by two 

factors, first the size of the sheets and within the deformed sheets, the distance from the 

contact with the enveloping marble. A prime example of this association can be 

observed in the Korfoula area, about 1 km south of the Elaion village. There, a granitoid 

sheet, 200 m long, has been transformed into a "paper mylonite" (Plate 4.3f) that contains 

a strong subhorizontal stretching lineation to the SW, developed on a less-well developed 

flat-lying mylonitic foliation. The orientation of the foliation defines an upright, shallow 

plunging antiform with NE-SW trend. In the surrounding marbles abundant small (20cm 

to im across) granitoid inclusions are found (fig.4.4, Plate 4.3e), that record less intense 

deformation, judging from the overall coarser grain-sizes and non-orientated fabrics. 

They were thus passive elements in the overall deformation, the marble hosts having 

therefore absorbed the majority of the strain. Nonetheless, the smaller sheets are more 

susceptible to metasomatic reaction with the host marble, and is not uncommon to 

observe small sheets wholly or partly transformed into caic-silicates. Away from the 

margins of the sheets the deformation is mainly cataclastic, although macroscopically a 

foliation and especially a lineation, can be distinguished. However, severe fracturing 

causes grain-size refinement in the "brittle" minerals i.e. feldspars and homblende. 

Feldspars fail in a cataclastic manner, and they are shattered especially by shear fractures 

oblique to the incipient "foliation" (Plate 4.5e,f). Flame perthites have formed at the 

edges of the K-feldspar fragments. Ilomblende also fails in a brittle fashion and is 

mantled by fine actinolite (Plate 4.6a). An irregular matrix of ultra-fme-grained quartz 

and feldspar becomes increasingly orientated parallel the marble contact (Plate 4.6b). 

The attitude of the fractured rigid hornblende and feldspar porphyroclasts resembles 

domino-style normal faulting (Plate 4.6c). Therefore, conditions close to the brittle-

ductile transition, where deformation mechanisms are more cataclastic than crystal-

plastic can be inferred. 
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Extreme attenuation and flattening of quartz grains produces well-developed ribbon 

quartz and therefore a foliation, close to the contact (Plate 4.6b). At the marble contacts, 

the granitoid is transformed to foliated ultramyloriite, consisting of fine-grained matrix 

and strongly extended hornblende and titanite porphyroclasts, parallel to the foliation and 

lineation (Plate 4.6d). Some strongly attenuated intrafolial folds with sharp hinges are 

seen in the plane of the foliation (Plate 4.6e). 

The ultrarnylonitic foliation around the edges of the sheets-boudins, is locally cut by 

normal high-angle faultiets (Plate 4.6d) and also some oblique incipient shear bands have 

mildly bent the foliation (Plate 4.60.  Along the incipient shear planes some chlorite is 

fonning. 

The nature of the marble-sheets contacts are obviously intrusive, as revealed by the 

presence of calc-silicates that fonn around the sheets (Plate 4.40.  The contact rocks 

consist mainly of garnet and epidote, although diopside was also found by XRD analysis 

in one contact rock. The caic-silicates that form around the big sheet also show 

deformation, implying that the contact was activated during the fabric-producing event. 

This event started, or at least continued, after emplacement. 

The marbles that surround the larger sheets show two types of plastic deformation. 

Firstly, extreme attenuation and tightening of the regional ENE-WSW folds and their 

rotation into progressive sub-parallelism with the granite lineation is observed (Plate 

4.7a,b). And secondly, brittle-ductile structures, in the form of brittle-ductile normal 

faults that are orientated normal to the stretching lineation are abundant (Plate 4.7c). 

Tension gashes filled with calcite form at the edges of the brittle-ductile "micro-blocks", 

conjugate to the microfaults and normal to the lineation (Plate 4.7d), further attesting to a 

NE-SW directed extension. 

Where intimate interweaving of granitoid sheets and enveloping marble is seen on a 

mesoscopic scale, and in sections normal to the stretching lineation, a mesoscopic 

boudinage structure can be inferred. More specifically, ductile marbles flow around the 

more competent sheets (Plate 4.7e), when the latter have sizes of 4-10 m across. In these 

cases, deformation in the sheets is localised around the contacts (as in the Korfoula area), 

with ultramylonitic foliations restricted to the immediate contacts. The marbles on the 

other hand, deform in a more ductile fashion, developing nearly upright folds at the 

"necks" of the granite boudins. Small (cm size) caic-silicate pods in the marbles behave 

as cY- and ö-porphyroclasts indicating top to the SW sense of movement and high strain 

rates (Plate 4.70. The axes of the boudins are forming normal to the stretching lineation, 

in a NW-SE direction. 

102 



PLATE 4.6 

b 

1.00 mm 

A? 

a 

: 
..- 	:---- 

..-,. - 

100  

e 

1-, L 

.r' 

L.#: .. — 
-- - '-• 	

::-- - -. 	- 

- 	-v.— - 

-j 1.08 ilhimi 

- 	- - 

:— -- 

Li°±i  
a) Brittle failure of hornblende accommodated along fractures, oblique to the dominant layering. Note 
the heterogeneous grain-size reduction and the development of light green actinolite along the fractures 
Sample NkB3 (PPL). Korfoula area, 800 m south of Elaion viiratze. b) Strong attenuation of quartz 
accompanying the cataclastic failure of K-feldspars. Sample NKB3 (XPL). Korfoula area, in large sheet, 
about 7 m away from the contact. C) Domino-style micro-fractures in fine homblende poiphvroclasts. 
with associated actinolite. Note also the attenuated and fractured titanites. Sample NKBi3 (PPL). as in 
4.6a. d) Ultramylonitic foliation developed adjacent to the sheet-marble contacts. Note the ultra fine 
grain-size of the matrix with a small number of fine_porphyroclasts. Normal brittle fractures cut across the 
ultramylonitc foliation. Sample 90NKI00 (PPL). Track to Rahovitsa, 1400 in south of the village. e) 
Intrafolial folds in the ultramylonitic foliation, cut by later shear bands.Sale 90NK100 (PPL), as in 
4.6d. f) Shear bands in ultrarnylonites. Sample 90NKI01 (PPL), as in 4.6e. 
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4.6. are cut normal to the foliation and parallel to the lineation. 
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a)Tightened and attenuated regional folds in marbles overlying the large sheets. The field of view is 
NW-SE, approximately normal to the orientation of the stretching lineation in the granitoid. Korfoula 
area, 750 m south of the Elaion villace. b) Close-up of the flattened regional folds over the granitoid 
sheet, in Korfoula area, locality as in 4.7a. C) Brittle-ductile structures in marbles. Note the doimno-style 
microfaults, which indicate a NE-SW direction of extension and the ductile flow of the surrounding 
marbles. Note also calcite-filled extensional fractures formed conjugate to the microfaults. Korfoula area, 
850 in south-southeast of Elaion village. d) Brittle-ductile microfaults in marbles exactly overlying the 
large granitoid sheet in Korfoula area (locality as in 4.7a.b). e) Mesoscopic boudinace structure, where 
more plastic marbles flow around rigid oranitoid sheets. Field of view is NNE-SW, approximatel 
parallel to the orientation of the stretching lineation in the grartitoids. Boudin axis is normal to that. Trac 
to Rahovitsa, 150 m south of the village. f) Rotated calc-sihcate -porphyroclast in marble, indicating 
top-to-SW sense of shear. Locality as in 4.7e. 



The above microstructures, observed mainly in the macroscopic boudinage system of 

ductile marble and competent granitoid sheets, indicate extreme layer-parallel extension. 

Locally, the linear fabrics are better developed than the planar fabrics, thus towards the 

centre of the boudins more constriction than flattening is inferred. The predominance of 

rigid minerals in the mineralogy of the sheets is a further factor affecting their rheology. 

It was seen that the undeformed sheets have a mainly feldspar-homblende supported 

framework, with relatively less important quartz. This would result in the dominance of 

microcataclastic mechanisms, because of the rigid behaviour of feldspars and homblende 

in low temperature deformation (Brodie & Rutter, 1985). 

The deformation in the sheets seems to have had a mainly pure shear extensional 

component, as denoted by boudinage, domino-style niicrofractures in rigid minerals, 

although the presence of rotational features, such as rotated porphyroclasts, is also 

apparent. Such observations imply either that high strains resulted in parallelism of the 

maximum extension direction with the shear direction or the addition of a pure shear 

component of deformation, probably under more brittle conditions than that observed in 

the main Elaion body. 

In general, in the whole of the area, competence heterogeneities between the 

marbles, enclosed granitoid sheets and the main granitoid body, further complicated by 

calc-silicate development, resulted in a complex picture of mesoscopic structures (c.f. 

Ramsay, 1982). It seems that the final structures in each component were dictated by the 

size and proximity of a component with different competence, that underwent the same 

stress history. 

4.4. BRITTLE DEFORMATION 

As can be readily observed from the geological map (fig.4.5), the SW parts of the 

area, close to the Serres sedimentary basin, are characterised by the existence of isolated 

marble blocks, seemingly scattered around the area and lying above the deformed 

granitoid. The marble blocks seem to follow a general NE-SW trend, parallel to the 

stretching lineation. Moreover, abundant brittle extensional structures (shear zones and 

joints), normal to the stretching lineation are observed in the granite itself. 

In the field, the mylonitic granitoid is pervaded by subvertical joints, with variable 

spacing and constant NW-SE trend (140-320). Bleaching of the granitoid is locally 
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observed along these fractures (Plate 4.8a). A second system of NE-SW trending 

fractures, subvertical or high-angle (Plate 4.8b) is also developed, but is relatively rare. 

This system cuts obliquely or is subparallel to the stretching lineation. The high-angle 

fractures seem to be associated with shearing but in the cases where they were observed, 

it was not possible to deduce an unequivocal sense of movement. 

The pervasive NW-SE trending system of subvertical joints is well-developed in the 

marbles as well. The fractures develop parallel to ductile boudinage axes, also normal to 

the stretching lineation (Plate 4.8c). Usually, when observed in juxtaposition, joint 

spacing in marbles is larger than in the granitoid (Plate 4.8c), implying a control of 

competence differences and relative abundance of inhomogeneities. 

Brittle (or brittle-ductile) high-angle ultracataclastic shear zones are observed in the 

granitoid. They are usually narrow (1-2 cm), but broader zones (up to 10 cm) are also 

seen (Plate 4.8d). They are marked by dark and extremely fine-grained cataclastic 

material, resembling pseudotachylite, although the lack of injected features suggests that 

they are ultracataclasites, not glass. These "shear zones" are better developed in the SW 

part of the area and have the same trend as the aforementioned joints, generally 145-

325. They are either subvertical or dip to the SW. 

Low-angle faults have also been observed in the mylonitic granitoid. In one 

particular case, in the Valtas stream north of the Elaion village, a low-angle surface with 

slickensides was observed (Plate 4.8e). The inferred sense of movement was top-to-

WSW, dip-slip, oblique to the prominent lineation. 

High-angle normal faults of larger scale are by far the commonest feature, especially 

well-developed in the marbles. The faults have a consistent NW-SE orientation and 60-

50 dips and normal sense of movement (Plate 4.80. 

These mesoscopic extensional structures are generally seen in both the granitoid and 

the marbles. However, the marble-granite contacts in the SW part of the area appears to 

be a major detachment surface related to the regional scale extension. 

The marble cover thins from circa 400 metres, in the NE part of the area, around 5-7 

km NE of the Elaion village, to isolated blocks and eventually to zero, next to the basin 

boundaries. Blocks of variable sizes are seen as isolated "caps" overlying the mylonitic 

granitoid in topographical highs. The contacts are represented by low-angle faults, where 

extreme brecciation and alteration affects the marbles and granite on either side (Plate 

4.9a). When the blocks are large, the ductile structures are well-preserved, although 

severely affected by the aforementioned fractures and normal faults. Pervasive alteration 

is concentrated at the contacts, with the transformation of the granitoid into a brecciated, 

bleached or coloured massive rock (Plate 4.9a). 
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In the extreme case, under the basin's sediments, the marble cover has been reduced 

to zero thickness, and the sediments directly overlie a detachment surface over the 

mylonitic granitoid. This prime example is located in a stream section, 700 m west of the 

Elaion village, under the main road leading to Mo Vrondou (flg.4.6). 

In the locality where the marble roof has been stretched to nearly zero, a small-scale 

"metamorphic core complex" (c.f. Coney, 1980) has formed. The marble-granite system 

there consists of a series of distinct elements, namely, from top to bottom marble 

blocks, fault gouge, detachment surface, ultracataclastic granitoid, cataclastic mylonitic 

granitoid and finally, the mylonitic granitoid. 

The marble blocks range in size down to 2 m. They are cut by a system of high-

angle normal faults, dipping to the SW, consistent with the extensional structures 

described above (Plate 4.9b). Their size is directly proportional to the degree to which 

the record of ductile deformation is preserved. In the type locality, marbles are 

brecciated to microbrecciated, and massive with no orientated fabric. They consist of 

marble porphyroclasts (Plate 4.9c) (nearly pure calcite, see fig. 4.7), in an ultra fine-

grained matrix. The size of the porphyroclasts varies, but the larger of them show relics 

of ductile deformation in the form of bent calcite twins and progressive annealing to a 

granular texture (Plate 4.9d). Approaching the marble-granite contact, a decrease in clast 

grain-size and proportion and increase in alteration is observed. Late fractures filled with 

calcite cut across the microbrecciated marble. 

At the base of the blocks, towards the contact with the underlying granitoid, an 

unconsolidated fault-gouge is developed (Plate 4.9e). The gouge varies in thickness from 

60 cm to zero towards the NE. It consists of fine-grained material with occasional 

marble or quartzofeldspathic fragments (Plate 4.9f). The gouge locally develops a 

system of spaced conjugate cleavages that dip 45 and trend NW-SE. Under the 

microscope, it consists of ultra fine-grained material, in which coarser-grained fragments 

of calcite, quartz and feldspars can be sometimes seen. Due to the extremely fine grain-

size of this loose material, an XRD study was undertaken to identify its main 

mineralogical composition (see Appendix Vifi for analytical details). From the XRD 

results (Table 4.1 and fig. 4.7) it can be seen that the fault gouge consists of finely 

"milled" quarlzofeldspathic and carbonate material. It should also be noted that feldspars 

have pure end member compositions (orthoclase and albite) and also that kaolinite is also 

abundant. 

The gouge, (or where blocks are absent, the sedimentary fill) lies on a subhorizontal 

tabular surface that is here named the detachment surface (Plate 4. lOa,b). This consists 

of a 10-20 cm thick "sheet" of carbonate ultracataclasite. 
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developed metamorphic core complex-type of associations. lOOm west of Elaion village, on the 
southern continuation of Valtas stream, under Km8 of the main road to Ano Vrondou. Note the distinct 
elements : marble blocks, fault gouce, detachment surface, and finally, altered and fractured rnylonitic 
cramtoid. Field of view is NNE-SSW and about 20 in wide. Note hich-angle normal faults in the marble 
blocks. C) Thin section of brecciated marble in the marble blocks close to the detachment surface. 
Sample 89NK79 (XPL), collected at the base of marble blocks in 4.9b. dl Relict ductile deformation in 
microbrecciated marbles, denoted by bent twins of coarse calcite. Sample 89NK79 (XPL), as in 4.9c. e) 
Unconsolidated fault-gouge developed at the base of the marble blocks, overlying the detachment surface. 
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It is subhorizontal, with maximum angle of dip 18 and a general NE-SW strike. 

Locally, upright sheath folds are developed (Plate 4.10c), with subhorizontal hinges that 

change from S to SW trends, into parallelism to the overall NE-SW extensional direction. 

The distinct planar zone of inferred movement consists of ultra fine-grained carbonate 

material. It is thus an unfoliated ultracataclasite. Some sense of a planar fabric is 

indicated by stylolites that have formed parallel to the planar surface (Plate 4.10d). 

Extensional fractures filled with calcite and high-angle normal faultiets cut the stylolites, 

normally or obliquely (Plate 4.10e). In samples with a coarse grain-size, some relict 

microbrecciated texture is seen (Plate 4.100. The detachment zone thus exhibits severe 

stretching parallel to the foliation and flattening normal to it. 

Table 4.1 
XRD Results 

SAMPLE 	DESCRIPTION 	MINERALOGY 

89NK9 Marble block Calcite 
89NK10 Marble block Calcite ± Quartz, Dolomite, Kaolinite 
89NK 103 Marble block Calcite + Dolomite + Quartz 
89NK80 Gouge Orthoclase + Quartz + Calcite 
89NK82 Gouge Orthoclase + Quartz + Calcite 
89NK83 Gouge Orthoclase + Quartz + Calcite ± Albite 
89NK95 Gouge Quartz + Calcite + Dolomite 
89NK96 Gouge Quartz + Calcite + Dolomite 
89NK97 Gouge Quartz + Calcite ± Kaolinite, Dolomite 
89NK98 Gouge Quartz + Calcite + Albite ± Dolomite 
89NK81 Fragment in gouge Calcite ± Quartz, Dolomite 
89NK99 Fragment in gouge Quartz + Albite ± Orthoclase, Calcite 
89NK2 Altered granite Quartz + Kaolinite + Orthoclase ± Opaque 
89NK3 Altered granite Orthoclase + Albite + Quartz 
89NK1 1 Altered granite Quartz + Calcite ± Orthoclase, Kaolinite 
89NK85 Altered granite Quartz + Albite + Orthoclase 
89NK86 Altered granite Orthoclase + Albite + Quartz 
89NK87 Altered granite Calcite + Quartz ± Albite, Orthoclase 
89NK88 Altered granite Quartz + Orthoclase ± Albite, Calcite 
89NK 102 Altered granite Quartz + Albite + Orthoclase 
89NK 105 Altered granite Quartz + Calcite + Orthoclase + Albite 
89NK 106 Altered granite Quartz + Orthoclase + Albite ± Calcite 
89NK 107 Altered granite Quartz + Orthoclase + Albite ± Calcite 
89NK108 Altered granite Orthoclase + Quartz + Albite 
89NK109 Altered granite Quartz + Orthoclase + Albite 

Where the marble blocks are absent, the sedimentary fill lies directly on the 

detachment surface. The sediments are sands and conglomerates with granite 
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porphyroclasts (Plate 4.11 a). They are also cleaved by a conjugate set of cleavages, of 

the same orientation to the gouge cleavage (NW-SE trend). 

Immediately underlying the detachment surface is a pervasively modified granitoid. 

Ultracataclastic and altered granitoid is usually present at this position, and is indurated, 

structureless and extremely fine-grained with grey-green colours in the field (Plate 

4.11 b). It resembles macroscopically the "chlorite breccias" of metamorphic core 

complexes (e.g. Coney, 1980; Davis, 1987 among others). The original nature of the 

brecciated material cannot be discerned in the field, but microstructural study indicates 

that it is a pervasively altered cataclastic granitoid. From the XRD study of this material 

it was shown that the material is an altered quartz-orthoclase-albite assemblage "flushed" 

with carbonate material and clays, locally masking completely the original nature (Plate 

4.11 c). Calcite veining is not uncommon. 

Locally, "fresher" samples reveal the original nature. 	Some relict fine 

porphyroclasts of microgranulated quartz and plastically deformed feldspar gives away 

the ex-ductile parent (Plate 4.11 d). The most common assemblage is quartz, orthoclase, 

albite, epidote, white mica, titanite, opaque. Fine sericite, epidote and titanite relics are 

scattered around the matrix. Calcite, white mica and chlorite veinlets are cutting through 

the rock. 

The ultracataclasite grades downwards to a cataclastic granite mylomte, whose 

original nature is immediately obvious. Towards the detachment zone, granite mylomte 

becomes increasingly overprinted by cataclastic deformation. 	Generally, brittle 

deformation away from the contact is accommodated on a number of discrete planes of 

intense cataclasis, having quite sharp boundaries (Plate 4.111). Towards the contact a 

substantial increase in the quartzofeldspathic matrix is observed where individual 

ultracataclasite zones coalesce and broaden, covering thus the majority of the rock (Plate 

4.1 le). The ductile fabric becomes obliterated. 

The ductile fabric re-appears at 5 to 7 m away from the contact. Pervasive fractures, 

along which alteration is concentrated, cut through the mylonitic granitoid and have a 

NW-SE trend. The ductile fabric is similar to that described above as the S-C mylonite. 

The main assemblage is quartz (in matrix), K-feldspar and plagioclase as porphyroclasts, 

and minor micaceous foliae (biotite and white mica), epidote (with allanite core), titanite 

and opaque oxides. K-feldspars show irregular perthitic exsolution and microcline 

twinning. Some plagioclases preserve ductile deformation features (bent twins). Igneous 

zoning is occasionally preserved. Usually the plagioclase shows alteration to sericite or 

carbonate. Brittle failure of the feldspars is marked by fractures, displacing twin 

lamellae. 
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a) Cleaved basin fill carrying granitoid fragments, as seen over the detachment surface. Locality as in 
Plate 4.10. b) Pervasively altered and brecciated granitoid beneath the detachment surface. Note the 
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deformation cover the volume of the rock. Sample 9)NK77 (XPL). Locality as before, but collected 5 rn 
from the detachment. f) Discrete zone of intense cataclasis with sharp boundaries, against a mylonitic 
granitoid which still retains the more ductile style. Sample 90NK77 (XPL), as in 4.11 e. 
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Away from the contact, the spacing of the fractures and alteration decrease and the more 

ductile mylonitic foliation and SW-plunging stretching lineation are clearly obvious. 

In summary, it was shown that abundant brittle extensional structures can be 

observed in the Elaion area, and is important to stress again that the inferred NE-SW 

direction of brittle extension is parallel to both the stretching lineation trend of the Elaion 

mylonitic granitoid and the orientation of emplacement-related extensional shear 

observed previously in the Vrondou pluton. Brittle extension is manifested by normal 

faults and fracturing, and results in the "pull-apart" of the marble cover. Close to the 

Serres basin boundary, isolated marble blocks and deformed basin fill overly a cataclastic 

mylonitic granitoid along a low-angle detachment surface. 

4.5. THE SERRES BASIN 

The development and evolution of the Serres basin is closely related to the structures 

observed in the adjacent basement in Elaion area, so some details about it are described at 

this point. 

The Serres basin is a NE-SW trending rhombohedral basin, that forms a part of the 

NW-SE trending Strymon basin, which according to Zagorcev (1992) formed as a result 

the extensional activity of the major Struma-Strymon during Lower-Middle Miocene to 

Recent times (c.f. Chapter 2). 

The peripheral Serres basin developed as a rhombohedral "off-shoot" at the 

northeastern side of the main Strymon basin, adjacent to the Vrondou and Menikio 

mountainous areas (fig. 4.8). Deposition in the Serres basin started in the Middle 

Miocene in a continental lacustrine environment (Karistineos, 1984; Psiovikos & 

Karistineos, 1986). A marine transgression occurred in the Pliocene but did not last long, 

and subsequently, continental and lacustrine sedimentation dominated (Karistineos, 1984; 

Psiovikos & Karistineos, 1986). The maximum thickness of Neogene and Quaternary 

sediments is 3500 metres (Karistineos, 1984). 

Thermal spring activity in the Serres basin is indicated by sinter deposits that are 

preferentially located near faults which juxtapose basement and basin fill (Karistineos & 

Sotiriadis, 1987). 

Two main groups of normal faults occur in the Serres basin; one with dominantly 

NW-SE (130°-140) trends and a second, trending NE-SW (050°-060) (fig. 4.8). The 

two groups appear contemporary (Karistineos, 1984). The NW-SE group exhibits also a 

strike-slip component and is better developed in the sedimentary cover. The second set 
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of faults is commonly observed in the basin-basement boundary areas (Karistineos, 

1984). 

The strike of the sedimentary bedding in the Serres basin is generally NW-SE and 

the sediments dip generally towards the basement. The basin is monoclinally uplifted 

towards the basement along the NW-SE faults and the whole geometry resembles 

differentially uplifted and subsided blocks. 

Karistineos (1984) and Karistineos & Sotiriadis (1987) suggested that the Serres 

basin is a pull-apart basin formed at the extensional "tip" of a major smistral transcurrent 

fault-zone, the Strymon lineament. This theory was disputed by Zagorcev (1992) who 

suggested that basin development along the Stnima-Strymon lineament is the result of 

extension, accommodated along major NW-SE trending faults during Oligocene-

Miocene, and also along ENE-WSW transverse faults during the neotectonic stage. 

The most interesting feature is the predominance of the NW-SE trends, observed 

also in the Elaion area in this study. Therefore a cogenetic relationship between 

basement extensional structures and basin development can be inferred. Moreover, the 

NW-SE trend is the one that characterises all of the following : the main faults in the 

broad Strymon basin (Struma-Strymon fault zone, Zagorcev, 1992), the zone of the 

highest expected earthquake magnitudes (Drakopoulos & Makropoulos, 1983), the loci of 

deepest areas in the Strymon basin (Memou, 1983) and the overall trend of the 

geothermal field (Erki et al., 1986). It also has to be noted that this trend is normal to the 

ductile-brittle stretching lineation in the Elaion mylonitic granitoid. 

Therefore NE-SW "rifting" features are unmistakable and a NE-SW extension 

direction has been apparently dominant in the evolution of the Serres and Strymon basin. 

More importantly, the main extension direction seems to be co-axial with extensional 

directions inferred from Oligocene Vrondou emplacement, ?Miocene Elaion unroofing 

and later evolution. 

4.6. SUMMARY OF OBSERVATIONS AND EVENTS 

The Elaion area consists of two "elements": a ductile system consisting of the 

mylonitised granitoid and the plastically deformed thick marble envelope, that are 

separated by intrusive contacts, and a brittle system comprising cataclastically deformed 

mylonitic granite and pulled-apart marble blocks that are separated from the granitoid by 

low-angle faults. 

The "ductile system" in the granitoid results in mylonitic fabrics, S-C foliations and 

mineral stretching lineations. Relict high-temperature fabrics indicate possibly intrusion- 
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related deformation. Fabrics are intensified towards the basin in approximately 

decreasing temperature conditions, indicated by the progressive transfonnation of a 

hornblende-biotite-epidote-feldspar...quartz S-C protomylonite to a biotite-white mica-

epidote-chlorite-feldspar-quartz S-C mylonite. Deformation mechanisms are crystal-

plastic with intragranular microfracturing also important. 

Increasingly brittle deformation conditions are implied by the structures observed in 

granitoid sheets enclosed in marble. Deformation in the sheets is intensified in the 

vicinity of the enclosing marbles, leading to the development of L>S fabrics, 

characterised by a strong SW-plunging subhorizontal stretching lineation. Attenuation of 

quartz and domino-style extensional intragranular microfractures in the rigid minerals 

characterise the fabric. Locally, strongly deformed ultramylonites are formed on a cm-

scale, at the contacts with the enclosing marbles. Brittle-ductile normal faults in the 

marbles and boudinage of enclosed sheets accompanied this system. 

The "brittle system" brings in contact, allochthonous relics of marble cover with 

underlying cataclastically deformed mylomtic granitoid. 	Abundance of brittle 

extensional structures in the "cover" marbles accompanies this system. At the extreme 

case, the granitoid is in contact with deformed basin fill. Deformation mechanisms are 

cataclastic. Intergrariular microfracturing along increasingly coalescing zones in 

mylonitic granitoid, indicate brittle conditions. 

Approximate direction of extension under all deformation conditions is parallel, 

indicated by NE-SW stretching lineations, brittle-ductile normal faults, necks of granitoid 

sheet boudins, NW-SE extensional brittle faults and brittle fractures. This direction is 

parallel to the main extension direction in the adjacent Serres basin. 

The observation of deformed Lower-Middle Miocene basin fill, bearing granitoid 

fragments, overlying the detachment zone seems to imply that continuous deformation 

had stretched out the pluton's cover to zero thickness and that this deformation had 

continued after the pluton had become completely unroofed here, and elsewhere, 

undeformed granite was unroofed and exposed and then transported to this location. 

So, the overall picture is of an extending system under increasingly brittle 

conditions, from NE to SW. In the same orientation, progressive unroofing of the granite 

by stretching-out of the marble cover is observed. Figure 4.9 is a simplified section 

through the Elaion area. 
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4.7. DISCUSSION AND CONCLUSIONS 

The structural features encountered in the Elaion area show clear parallels of style, if 

not scale, with structures of other highly extended terrains, such as the Metamorphic 

Core Complexes of the Western U.S.A.. 

Coney (1980) summarised the main structural features of such associations. Three 

elements compose the core complexes (fig. 4.10): first, a ductile core which is 

characterised by shallow extensional mylonitic foliations and systematic stretching 

lineations developed in a variety of protoliths, including young granitoids and their 

metamorphic envelopes. The mylonitic foliations show an overall domal or archlike 

shape. Overlying the ductile core there is the detachment surface or décollement, a low-

angle younger-on-older fault that separates the core from the cover. Brecciation and 

cataclasis is intense in the core approaching the detachment, a major discontinuity that 

develops sub-parallel to the low-angle mylonitic foliation of the core. Rocks near the 

detachment are fractured and altered, forming the typical "chlorite breccias". The 

detachment surface is usually better developed only on one side of a particular complex, 

on the less steeply dipping flank of the dome. Finally, overlying the detachment, is a 

sequence of unmetamorphosed cover rocks that record brittle extensional features occur. 

Brittle extensional structures of the cover are subparallel to the ductile extension in the 

core, the stretching lineation direction. Extreme attenuation is indicated by the cover 

rocks that are commonly preserved as tilted blocks with strikes normal to the ductile 

stretching lineation of the cores. 

The severe extension of the cover rocks was immediately recognised by all workers 

in the area, but the nature and significance of the core mylomtes is still controversial. 

Some of the subjects of debate include firstly, the connection between Mesozoic-Early 

Tertiary overthrusting and Late Tertiary mylonitisation in the cores, secondly, whether 

the ductile event is a lower level manifestation of the cover extension i.e. whether they 

are co-genetic and thirdly, what is the nature of the strain, ie pure shear or simple shear? 

It is generally agreed that the deformation in the core rocks is extensional and 

succeeded the Laramide compression (Davis, 1980; 1987; Reynolds & Rehrig, 1980, 

Reynolds et al., 1986, among others). Two major models have been proposed for the 

association of core and cover. One model suggests the existence of a low-angle rooted 

normal fault (Wemicke, 1981) or a rotating normal shear zone (Davis, 1983; 1987) that 

juxtaposes different extensional styles across the detachment faults, with associated large 

translations (thus simple shear). The second model introduces the notion of deformation 

across the brittle-ductile transition, and thus deformation style dependent on crustal 
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depth. Here, detachments do not imply large translations (thus mainly pure shear) but 

transitions in deformation style (Rehrig & Reynolds, 1980; Gans et al., 1985a; Jackson, 

1987a). 

Metamorphic core complexes of Late Oligocene-Miocene age have been recognised 

in the Aegean area. Lister et al. (1984) suggested the existence of a major low-angle 

ductile shear zone, connected with low-angle detachments at brittle levels, and deforming 

non co-axially the rocks at depths, from the islands of Naxos and los. Large 

displacements are suggested during the exhumation of a "paired metamorphic belt" type 

of terrain. 

The Elaion area shares many of the features described from typical core complexes 

(Crittenden et al., 1980). More specifically, common features are the mylonitic granitoid 

with shallow, domal foliations, the systematic mineral stretching lineation, ductile 

boudinage and ductile-brittle normal faults in the "core"; also, progressively increasing 

cataclastic deformation and decreasing thermal gradients towards the detachment surface 

are observed in the Elaion area. The detachment surface itself is a low-angle younger-

on-older (envelope cover on intruded granitoid) fault. The "cover", however, does not 

necessarily signify a steep metamorphic gradient (Coney, 1980) but the marble blocks are 

allochthonous pieces of envelope on the underlying granitoid. Abundant brittle 

extensional structures characterise the blocks. The sedimentary fill of the basin also 

represents "cover" element. 

The nature of deformation in the cover rocks is similar to that observed in MCC 

cover sequences. In the "core", S-C mylonitic fabrics and rotated porphyroclasts indicate 

simple shear deformation. However, pure shear ductile-brittle boudinage and normal 

faults are also present. The presence of both co-axial and non co-axial deformation in the 

cores of MCCs has been recognised by Lee et al., 1987 in the northern Snake Range of 

eastern central Nevada, who suggested that early, low-strain pure shear, probably assisted 

by thermal softening due to pluton emplacement, was progressively overprinted by 

younger simple shear, especially in areas of higher strain. However, Malavieille & 

Taboada (1991), studying the Albion-Raft River-Grouse Creek core complex, proposed 

that both strain types can develop simultaneously, by the combination of vertical thinning 

(pure shear) and increasingly directed non-coaxial strain, in this case from east to west 

(fig. 4.11). 

If a similar model is to be applied in the case of the Elaion granitoid, then the 

progressively intensifying non-coaxial fabrics observed towards the SW could be 

explained. The boudinage and ductile-brittle faults in marbles associated with the 

granitoid sheets could signify areas where vertical thinning overtook non-coaxial flow, 
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pure shear, resulting from the combination of deformation in both along-the-shear direction (simple shear) 
and across-the -shear direction (vertical shortening) 
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the final strain pattern further influenced by the rheology of the dominant material. 

Generally, however, on a large scale, the ultimate result is pure shear, that is extending 

the crust in the horizontal by thinning it in the vertical (Jackson, 1987a), and hence 

progressive unroofmg of the granitoid. Moreover, the mineralogical and textural 

evolution in the granitoid seem to dictate a progressive cooling of the system, movement 

down thermal gradient towards higher structural levels and towards the detachment. 

Approximate conditions of mylonitic deformation of the protornylonitic rocks 

(homblende, epidote, biotite, oligoclase, quartz, K-feldspar assemblage, with 

recrystallised quartz and mainly intragranular microfracturing of feldspars) cannot have 

exceeded middle greenschist facies (T=450C). Towards the detachment, the 

assemblage changes into a biotite, epidote, oligoclase, chlorite, white mica, quartz, K-

feldspar assemblage, and the microstructures are more cataclastic, thus probably in lower 

greenschist facies conditions. Finally, near the detachment surface, alteration is nearly 

pervasive and deformation is mainly cataclastic and intergranular (Mitra, 1984). Pure 

shear extension accommodated in domino-type rotating normal faults is the style of the 

"cover" and the sedimentary fill of the basin. 

Finally, it is important to try to speculate on the large scale regional processes that 

are implied from the evolution of the broad Vrondou-Elaion system. In Chapter 3 a 

tentative model for the emplacement of the Vrondou body was proposed. It was 

suggested that the body was emplaced in a shallow-dipping extensional shear zone that 

was bounded by a dextral wrench fault. The Elaion granitoid is considered to be a roof 

apophysis of the Vrondou body for the following reasons: i) it is emplaced in the 

southern stratigraphically and structurally higher marbles of the Menikio, ii) relict high 

temperature ductile fabrics imply intrusion-related deformation, as in southern Vrondou, 

iii) same NE-SW stretching lineation and sense of shear as in Vrondou southwestern 

areas, and iv) similar composition (Chapter 7). 

The Elaion body was separated from the main body during the progressive 

development of the Vrondou pluton's steep boundary to a feature accommodating vertical 

displacements. The footwall block was uplifted and the Vrondou granitoids starting 

unroofing. The hanging wall comprised the Elaion body and its cover. Continuing NE-

SW extension from ductile-brittle through brittle conditions led to the unroofing of the 

down-faulted Elaion body and further subsidence in the Serres basin. Figure 4.12 is a 

schematic block diagram depicting the proposed evolution of the area. 

The timing of the events described in both Chapter 3 and here are poorly 

constrained, but are bounded by two main "dates". First, is the Oligocene age of 

emplacement of the Vrondou pluton and second is the inferred Lower to Middle Miocene 
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age of initiation of the Serres-Strymon basins. The observation of granitoid fragments in 

the Lower Miocene fanglomerates of the Serres basin indicates that the Vrondou pluton 

was already exposed to erosion during Miocene time. The Vrondou initial unroofing 

may have been directed by its steep margin, as was also the location of the Serres basin's 

steep boundary fault. In the down-faulted Elaion area, the observation of the detachment 

surface overlain by the deformed Lower Miocene basin fill, carrying granitoid fragments, 

probably indicates that the Elaion ductile-through-brittle extension can be attributed to 

Lower Miocene, or later events. Dinter (1991) attributes the earliest NE-SW extensional 

structures associated with the "Strymon detachment", as probably observed in the area of 

the Kavala pluton, to extensional activity in a period between 17 to 11 Ma. 

The main conclusion of this study, however, is that extension of the same NE-SW 

direction facilitated also the emplacement of the Vrondou pluton, which took place 

during the Oligocene (30 Ma, see Marakis, 1969 and Chapter 8), and then carried on to 

aid the progressive unroofmg of the Vrondou-Elaion area, probably during early 

Miocene. It has to be stressed, nonetheless, that the timing of these events, needs better 

constraints, from both geoclironological and sedimentological evidence. 
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Figure 4.12. Schematic block diagram illustrating the envisaged evolution of the Vrondou-Elaion area 
during the Oligocene-Miocene. 1. Oligocene. Intrusion of the Vrondou magmas in an extensional space, 
with the addition of a wrench-shear marginal component. 2. ? Miocene. Activation of the steep margin of 
the pluton as a basin boundary fault. Differential uplift and initial unroofing of Vrondou body. Tectonic 
unroofing of the Elaion body due to the stretching of its cover, occurring/continuing after solidification and 
initial unroofing of the Vrondou body to the north. 
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CHAPTER 5 

Depth of emplacement 

5.1. INTRODUCTION 

It was shown in Chapter 3 that the Vrondou pluton was emplaced in an extensional 

space bounded to the south by a steep, wrench-type margin. In order to approximately 

locate this space in depth, a knowledge of the environmental conditions during the 

intrusion was desired. This study focussed mainly on estimating the depth of 

emplacement and two methods were used. 

Recent studies have suggested that the total aluminium content of homblendes from 

caic-alkaline granitoids with a fixed assemblage, are linearly dependent on pressure of 

solidification (Hammarstrom & Zen, 1986; blister et al., 1987). As a result, a number 

of empirical and more recently, experimental calibrations have been proposed for the 

determination of the emplacement depth. Critics of this geobarometer (Blundy & 

Holland, 1990) stress that the equations proposed above are probably the "disguised" 

temperature-sensitive A1"-substitution governing the compositions of homblendes that 

coexist with plagioclase. So, alternatively, they proposed a geotheimometer based on the 

A1V content of homblendes coexisting with plagioclase in silica-saturated rocks. 

Such theimobarometric studies can be very important since they potentially provide 

powerful tools for the estimation of environmental conditions during granitoid 

solidification. However, the two opposing theories also make it clear that factors 

controlling Al substitutions in natural amphiboles are not yet satisfactorily known. In 

this study, both approaches were tested on a small number of samples from the 

undefoimed Vrondou and Elaion bodies and from the mildly deformed Vrondou areas. 

To complement this approach, an "orthodox" examination of the contact 

metamorphism of pelitic rocks in the Vrondou envelope to the east was also carried out. 

The purpose of this study was to use P-T estimates from the the aureole assemblages to 

estimate the depth of emplacement. 

As was described in Chapter 3, the southern aureole of the Vrondou body was 

strongly affected by post-emplacement deformation and retrogression that resulted in 

alteration of the contact assemblages. This area was thus excluded from the study of the 

contact metamorphism. 
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5.2. ALUMINIUM IN HORNBLENDE AS A GEOTHERMOBAROMETER 

5.2.1. Rationale 

In general, the composition of amphiboles has been shown, from studies of both 

natural and experimental samples, to depend on bulk rock composition, oxygen fugacity, 

water activity, pressure and temperature. Laird & Albee (1981), Wones & Gilbert (1982) 

and HeIz (1982) among others, have emphasised the controls on amphibole compositions 

in metamorphic rocks, igneous rocks and experimentally produced igneous amphiboles, 

respectively. As a result of such detailed studies general statistical statements have been 

ventured regarding the correlation of some aspects of amphibole chernistiy with intensive 

variables. A chemical system defined by a crystallising magma however, has more than 

one thermodynamic degree of freedom. Therefore, it is difficult to assign the variability 

of igneous amphibole chemistry exclusively to any one of the above intensive 

parameters. 

According to Hammarstrom & Zen (1986) and Hollister et al. (1987), a chemical 

system representing a solidifying calc-alkaline granitoid magma can be determined by 

the 10 major oxides (components) Si02, A1203, Ti02, Fe203, FeO, MgO, CaO, Na20, 
K20 and H20 that describe the 7 most common solid phases quartz, plagioclase, K-

feldspar, homblende, biotite, titanite and magnetite/ilmenite. Assuming that melt and a 

1120-bearing vapour (any CO2  acts as a dilutant) are also present at the end of 

crystallisation, the system has a total of 9 phases and therefore, according to the phase 

rule ( P + F = C + 2 ) it has 3 degrees of freedom : temperature, pressure and a 

compositional parameter. Oxygen fugacity is considered to be buffered by the 

assemblage, especially by the Fe-Ti oxides. The system would be univariant to pressure, 

only if the two other parameters can be satisfactorily constrained. 

1-blister et al. (1987) suggested that a compositional constraint can be safely 

assumed, since plagioclase rim compositions are fairly uniform in intermediate caic-

alkaline magmas (the range they dealt with is An25-An35). 

The effect of temperature is more difficult to constrain but both Hammarstrom & 

Zen (1986) and Hollister et al. (1987) pointed out that the temperature range of 

amphibole crystallisation in intermediate calk-alkaline rocks is fairly small 

(approximately 750-650'C, according to Helz, 1982). More importantly, the solidi of 

homblende-bearing calk-alkaline magmas can be considered approximately isothermal 

for pressures over 2 kbar and become temperature-sensitive only below that pressure (see 

fig. 5.1). 
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Figure 5.1. Redrawn from Hollister et al. (1987), fig.2, p.232. Schematic phase relations for caic-alkaline 
magmas after Clemens & Wall (1981) and Kenab & Hollister (1983). Each reaction is labelled for the 
phase not involved in the reaction. Point I is the pseudo-invariant poini 
It is shown that the solidi are relatively insensitive to pressure and vary c.100*C for pressures above 2 
kbars. The pseudo-invariant point I is fixed at the pressure of solidification. 

In short, the reasoning behind the geobarometer is that at the last stages of 

solidification, caic-alkaline granitoids have enough thermodynamic constraints to allow 

for the total Al content of crystallising amphiboles to be primarily controlled by pressure. 

Hollister et al. (1987) and Johnson & Rutherford (1989) who tested experimentally 

the geobarometer, noted a consistently positive correlation between both AIIV  and Al" 

with pressure. They therefore suggested that the pressure-sensitive exchange vector in 

amphiboles is the tschermakite substitution AVvAlv1si1Mg1.  This is corroborated by the 

general observations of Helz (1982) who noted that the tschennakite component 

generally increases with increasing temperature and pressure and that the Al" content of 

synthetic homblendes is pressure-dependent. Hollister et al. (1987) suggested that a 

reaction that governs the tschermakite exchange in caic-alkaline magmas has the form: 

2 Quartz + 2 Anorthite + Biotite = Tschermakite + Orthoclase. 
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If this is true, then in order to reliably apply the geobarometer, the assemblage must 

be fixed and plagioclase composition must be uniform. 

Blundy & Holland (1990) criticised the above line of thinking because their data 

from a large number of natural and synthetic amphiboles indicated that there is a strong 

positive correlation between AP" and temperature that masks any pressure effect. They 

also stressed that the Al", which accounts for the majority of the total Al in the 

homblende structure, is controlled dominantly by the edenite substitution, described as 

the NaAAP%'Si1  exchange vector. The tschermakite substitution although in operation, 

assumed a secondary role in the studied dataset. 

The edenite exchange in a silica-saturated system, where homblende coexists with 

plagioclase, can be described in terms of two reactions, involving a sub-assemblage 

(quartz, plagioclase, amphibole) of the prerequisite pressure-sensitive assemblage 

proposed above: 

Edenite +4 Quartz = Tremolite + Albite 

Pargasite +4 Quartz = Hornblende + Albite 

Blundy & Holland used these two reactions to thermodynamically fonnulate a 

geothermometer that involves pressure, the Al" content of homblende and plagioclase 

composition (b) 

By recasting their thermometer equilibrium for pressure, Blundy & Holland noted 

that the resulting barometer is similar to the ones proposed above, but it is temperature-

dependent. They thus re-emphasised that the geobarometers can only give meaningful 

results if the assumption for a polybaric but isothermal granitoid solidus is close to reality 

and if the equilibrium, implicit in the barometric calculations, is "frozen in" at the solidus 

temperature and is not subject to sub-solidus equilibration. 

5.2.2. Calibrations 

The Al-in-homblende geobarometer was originally quantified empirically by 

regressing the observed linear correlation between pressure estimates from aureole 

assemblages and measured total Al content of hornblendes from the intruded granitoids 

or from synthetic data. 

Hammarstrom & Zen (1986) who originally proposed the geobarometer, used a data 

base containing homblende analyses from 5 caic-alkaline grarntoid intrusive complexes 

of NW USA and published analyses of homblendes from natural and synthetic rocks of 

similar mineralogy and compositions. They calibrated the geobarometer empirically 

using pressure estimates from contact metamorphic studies. This original calibration is 
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applicable to granitoids solidified at pressures 1.5-3 kbar and 7-10 kbar (the equations 

from all calibrations for both the geobarometer and the geothermometer can be found in 

Table 5.1.). 
Hollister et al. (1987) also following the empirical approach, refined and recalibrated 

the geobarometer including the intermediate pressures 4-6 kbar, using data from several 

caic-alkaline plutons in British Columbia. They also rationalised the thermodynamics 

and set the constraints for its application. Their best fit linear equation is a considerable 

improvement on the original calibration. It is stressed however that the geobarometer is 

not applicable to pressures lower than 2 kbar because of the non-isothermal behaviour of 

the solidi below 2 kbar. 

More recently, the need for experimental testing of the geobarometer was 

recognised. Rutter et al. (1989) performed unreversed, vapour-absent experiments on 

newly crystallised near-solidus amphiboles in a partially melted garnet tonalite at 10 kbar 

with unbuffered f)2. Their results provide some experimental support for the empirical 

calibrations. However, these experiments also demonstrate the control that the 

compositional parameter exercises on the geobarometer, because the addition of garnet in 

the assemblage resulted in significant variation of the total Al content of the homblendes. 

Johnson & Rutherford (1989) performed reversed, f02-buffered, vapour-present 

experiments on samples from natural plutonic and volcanic rocks, over the pressure range 

of 2 to 8 kbars at temperatures 740°-780C. Having the assemblage constraint 

maintained, they recalibrated the geobarometer and managed to reduce considerably the 

uncertainty of the empirical calibrations. Although this equation is very similar to the 

empirical lines, it differs, especially above 5 kbars, in that the total Al content of 

homblendes in equilibrium with the specified assemblage is greater than what was 

originally proposed (see fig. 5.2). 

Finally, Thomas & Ernst (1990) calibrated the geobarometer experimentally for 

pressures up to 12 kbars. They performed partial melting experiments on a natural 

hornblende-bearing tonalite, to which they added a set of homblende crystals of similar 

composition but more aluminous than the tonalitic homblendes. The experiments were 

conducted unbuffered with regard to 102  and at 750C. f02  imposed by the 

experimental assembly lay between the NNO and HM buffers, conditions that according 

to Rutherford & Johnson (1989) should minimally affect the resulting compositions. 

After partial melting, hornblende rims from both populations were in equilibrium with 

the required assemblage quartz, K-feldspar, plagioclase, biotite, titanite, Fe-Ti oxide, 

epidote and melt + fluid. Both populations of homblendes, irrespective of the original 

compositions, developed rim compositions that converged around a line describing the 
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relationship of pressure with Altotal. This calibration is comparable to the Johnson & 

Rutherford experimental equation but extrapolation to pressures lower than 5-6 kbar 
show considerable deviations. This calibration is restricted to pressures over 6 kbar and 

up to 12 kbar. 

Figure 5.2 shows all the linear regressions calculated from the empirical and 

experimental calibrations for comparison. The curves are shown only for the pressure 

range from which each particular calibration is derived. 
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Figure 5.2. Total aluminium in hornblende geobarometer calibrations. 1 and 2 are empirical calibrations. 
3 and 4 are experimental calibrations. 

The Al-in-homblende coexisting with plagioclase thermometer was quantified in a 

semi-thennodynamical way by Blundy & Holland (1990). Using a large dataset 

containing published analyses from experimentally produced amphiboles and samples 

from the Adamello massif, they suggested that the reactions describing the dominant 

edenitic substitution in homblendes that coexist with plagioclase and quartz are in the 
form of: 

Edenite +4 Quartz = Tremolite + Albite 

Pargasite +4 Quartz = Homblende + Albite 

In order to calculate the equilibrium constants for these reactions some modelling of 

the activity-composition relation in amphiboles was required. The preferred activity 

model was that of mixing-on-sites with A-site occupancy being fixed by Ali'. 
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Furthermore, the imal equilibrium proposed by Blundy & Holland incorporated the non-

ideality of plagioclase with compositions more calcic than Ab50, because the 
thermometer would yield abnormally high calculated temperatures if the non-ideality 

were ignored. The resulting geothermometer has homblende Al" contents, albite 

contents and pressure as variables (the detailed equilibrium can be found in Table 5.1). 

Table 5.1 
Calibrations for geobarometers and geothermometer 

Geobarometers 

Calibration 	Standard Coefficient Pressure Range 
Error of Determination 

P= -3.92+5.03A1 	+3.0 kb r2=0.80 1.5-3 kb, 7-10kb 
Harnmarstmm & Zen (1986) 

P= -4.76+5.64A1 	±1.0 kb r2=0.97 2-8 kb 
Hollister et a! (1987) 

P= -3.46--4.23A1 	±0.5 kb r2=0.99 2-8 kb 
Johnson & Rutherford (1989) 

P= -6.23+5.34A11 	±1.0 kb r=O.94 6-12 kb 
Thomas & Ernst (1990) 

Geothemiometer 

T = 	0.677P - 48.98 + "i' K = 	(XAb) 
- 0.0429 - 0.008314 InK 8-Si 

for Xab>  0.5 Y =0 Blundy & Holland (1990) 
for XZb <0.5 Y = -8.06 + 25.5 (1-X,)2  

In the present study the Johnson & Rutherford (1989) calibration of the 

geobarometer was accepted as the most reliable, because it is based on reversed 

experiments with the lowest absolute uncertainty (± 0.5 kbars). Furthermore, it is 

calibrated for a range of pressures (2 to 8 kbars), applicable to this study. The Blundy & 

Holland (1990) exchange thermometer was used to calculate the temperature of 

hornblende equilibration, in order to test whether there is any temperature effect on the 

barometric estimates. 
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5.2.3. Conditions for application 

Hollister et al. (1987) discussed in more detail the thermodynamic basis of the 

geobarometer and set the conditions for its application. Therefore, a screening out of the 

samples from the present study was based on the following conditions: 

Quartz, plagioclase, K-feldspar, homblende, biotite, titanite and 

magnetite/ilmenite must have crystallised together from the melt. 

The compositions of plagioclase rims should be uniform (strictly of one 

composition, but Hollister et al. and Johnson & Rutherford both dealt instead with a 

restricted range of oligoclase to sodic andesine rim compositions). 

These two conditions must be met in order to ensure a tight constraint on the 

compositional parameter that could affect the system and otherwise invalidate the 

assumption of a univariant system. 

Only the rim compositions of euhedral homblende in equilibrium with quartz 

should be used, since they are candidates for crystallisation from the last melt. 

The solidification pressure should be at or above 2 kbar. 

These two conditions should be met in order to ensure an isothermal behaviour at the 

final stages of crystallisation. 

Blundy & Holland (1990) specified the conditions for application of the hornblende-

plagioclase geothermometer. The geothermometer is applicable to silica-saturated rocks 

with coexisting homblende and plagioclase, in the temperature range 500°-I 100°C, for 

Siamph  < 7.8 and X <0.92. These restrictions are imposed because the uncertainty of 

the thermometer increases in proportion to the square of the temperature, with increasing 

amphibole silica content and increasing anorthite content of the plagioclase. 

5.2.4. Analytical methods and materials 

As will be described in detail in Chapter 6, the Vrondou pluton consists of a variety 

of granitoid types, namely, quartz-monzonite, granodiorite, granite, porphyritic 

monzonite and monzonite. The chemistry of the amphiboles from the monzonitic 

members (Chapter 6) indicate that they were not formed as part of the equilibrium 

assemblage, but they were rather formed by sub-liquidus, if not sub-solidus, alteration of 

clinopyroxenes. As a result, no samples from the monzonite were included in the present 

analysis because they violated the conditions 1 and 3. 

The remaining petrographical types seem to fulfil all the requirements for both 

geobarometry and geothermometry (see Chapter 6 for the detailed textural and 
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mineralogical analyses). The quartz-monzonite however, although it represents the 

volumetrically more widespread facies, towards the southwestern areas is to a greater or 

lesser degree deformed. Three samples of the more mildly deformed quartz-monzonite, 

away from the retrogressed southern margin, were included in the study. The samples 

recorded texturally a high-temperature deformation (see Chapter 3) and at first inspection 

seemed to fulfil all conditions. Homblendes appear undeformed and fine-grained biotite, 

epidote and titanite grow locally at their edges along the incipient foliation. Nonetheless, 

as will be described later in this chapter, a considerable disturbance is recorded in the 

chemistry of the amphiboles. Because the effect of deformation on the chemistry of 

granitoid rocks is a subject that has started attracting much attention recently (e.g. 

Tobisch et al., 1991), the results from the deformed samples (NKL8, NKL1O, NKW6) 

are also discussed in this chapter. Apart from these, two granodiorite samples (CK75, 

CK76), one granite (NKW3) and one completely undeformed quartz-monzonite sample 

(NKL6) were analysed for the geothermobarornetric calculations. 

Finally, two samples from the Elaion body (Chapter 4) were also analysed. The 

samples come from the least deformed quartz-monzonitic main Elaion body (90NK8 1) 

and from an undeformed quartz-monzonitic sheet (NKB 1). Figure 5.3 is a map showing 

the location of the samples. 

The analytical procedure followed in this study was that applied by Peters (1984) 

and Hollister et al. (1987). More specifically, in each sample, two euhedral homblende 

grains were analysed. Six rim analyses were performed for each grain and the averages 

were used for the calculation of pressure. Four analyses of the apparent centres (cores, as 

seen in thin section) of the grains were also performed and averaged for comparison. In 

some samples, more than two grains were analysed and there, only two analyses per grain 

(one for rim-one for core) were performed and the results were averaged for the whole 

thin section. All analyses are listed in Appendix ifib. 

The electron microprobe analyses were performed using the Cambridge Instruments 

Microscan V in Edinburgh. The analytical conditions and microprobe settings can be 

found in Appendix H. Amphiboles were analysed for Si, Al, Fe (total as FeO), Mg, Mn, 

Ti, Ca, Na and K. Recalculation of the anhydrous amphibole formulae to 23 oxygens, for 

the estimation of Fe3+'  was carried out using the programme RECAMP (Spear & 

Kimball, 1984), available on the Edinburgh University Mainframe Computer (EMAS). 

The average Fe3+  option was used, which gives Fe3+ contents intermediate between the 

value calculated by assuming a total of 13 cations excluding Ca, Na and K and that 

obtained assuming a total of 15 cations excluding Na and K. 

130 



It is here imperative to stress a point of caution regarding the inability of the electron 

microprobe to discriminate between oxygen and hydroxyl, or ferrous and ferric iron, 

which dictates the need for stoichiometrical recalculation schemes in amphiboles. 

Robinson et al. (1982) described the various normalisation options based on chemical 

and crystal chemical criteria and discussed their limitations. Nevertheless, most electron 

probe analyses of amphiboles are recalculated according to those schemes, based on 

structural formulae of 23 oxygens and a stoichiometrical estimation of Fe3 . This 

approach was followed in this study as well. 

5.3. AMPHIBOLE CHEMISTRY AND ASSESSMENT OF APPLICABILITY 

From Chapter 6 some general conclusions regarding the amphibole chemistry of the 

whole pluton can be drawn. 

Calcic amphiboles (Ca > 1.34 atoms pfu, Leake, 1978) are present in all 

petrographical types, gabbro, monzonites and the quartz-bearing granitoids (quartz-

monzonite, granodiorite and granite). In general, amphiboles from the gabbro are 

classified as hastingsites, those from monzonites as magnesio-homblendes and the 

amphiboles from the quartz-bearing granitoids as edenites and magnesio-homblendes. 

There is therefore a bulk compositional control on the amphibole compositions 

within the entire pluton. Three groups can be identified: i) amphiboles from gabbro that 

have the highest Ti contents, Mg/(Mg+Fe2) ratios and the lowest Si contents, ii) 

amphiboles from the monzonitic rocks that have the highest Si contents, together with 

high Mg/(Mg+F 2) ratios, and iii) amphiboles from the quartz-bearing granitoids that 

have intermediate compositions. No bulk compositional control was identified within the 

third group of quartz-bearing granitoids. 

There is a connection between this apparent compositional control and amphibole 

chemistry. A fractionation trend of decreasing Mg/(Mg+F) ratios with increasing Si 

contents ties the amphiboles of the gabbros with those of the granitoids. A 

cooling/oxidation trend of increasing Mg/(Mg+F62) ratios with increasing Si contents ties 

the amphiboles from the quartz-bearing granitoids to those from the monzonites. 

The amphiboles from the monzonites were found to represent sub-liquidus 

compositions, they are therefore not primary, but were probably formed by the alteration 

of primary clinopyroxenes (or primary amphibole) under oxidising conditions at a late 

magmatic stage. 
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Figure 53. Map of the Vrondou-Elaion area showing the location of the analysed samples QMz = Quartz-
nionzonite, (Mr = Granodiorite, Gr = Granite, Mz = Mouzomie, PMz = Porphyntic monzonite, Gb = 
Gabbro, dQMz = Deformed quartz-monzonite. 
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The main coupled substitutions operating in all three groups of amphiboles are 

edenite, tschermakite and a linear combination of the two, the hastingsite/pargasite 

substitution. The tschermakite substitution was observed to be more important in the 

quartz-bearing granitoids. 

For the purposes of the geothennobarometry, a different approach was followed 

only amphiboles from quartz-bearing rocks were examined to comply with the 

application conditions, and core-rim variations within the samples were also examined. 

In general, the samples are classified as undeformed Vrondou samples, Elaion samples 

and deformed Vrondou samples. In the following discussion the variations observed in 

the deformed quartz-monzonite samples are also discussed for comparison. 

In order to test what coupled substitutions are important in the examined hornblende 

samples a plot of APV  vs. A-site occupancy was created (fig. 5.4), for both deformed and 

undeformed samples. End-members for the various substitutions are indicated. A linear 

combination of the edenite and tschermakite substitutions, the hastingsite/pargasite 

substitution is seen to be dominant. Fe3  is invariably the dominant trivalent cation in 

the octahedral sites in all the analysed homblendes, implying that the hastingsitic, rather 

than the pargasitic, component is dominant in the analysed samples. 

In figure 5.4, the analysed compositions are displaced from the ideal I 1 relationship, 

if edenite exchange were to be the only APV  controlling scheme. Figure 5.5 verifies that 

tschermakite-type substitutions are indeed in operation, between tetrahedral Al and the 

octahedral cations. 

Simple cation substitutions are also operating in the octahedral sites, especially 

between (F 2+Mn) and Mg as is obvious from fig. 5.6. The regression line that passes 

through the undeformed samples has a correlation coefficient r=0.85, which indicates 

some substantial simple coupling of the divalent cations in the octahedral sites, although 

not the ideal 1:1. This would seem to indicate again that tschermakite-type substitutions 

are in operation in order to maintain charge balance. 

In the same plot (fig. 5.6.) it can also be seen that the values from the deformed 

samples fall off the regression line through the undeformed samples, displaced towards 

higher F+Mn and lower Mg values. This observation is a first indication of local 

disequilibrium in the homblendes from the deformed samples, which can possibly be 

attributed to the effect of deformation and severely affects the geothermobarometric 

results. 
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Figure 5.6. Plot illustrating simple substitutions of 2+  and Mn2  for Mg in the octahedral sites. Points 
represent averaged analyses for each grain. Rim and core analyses are not distinguished. 

Having shown that the dominant substitutions governing the chemistry of the 

examined samples is probably hastingsite, tschermakite, with simple coupling operating 

also in the octahedral sites, some further consideration of the required conditions for the 

application of the geothermobarometers should be discussed. 

According to the conditions for application of the geobarometers discussed in 

Hollister et al. (1987), quartz, plagioclase (oligoclase to sodic andesine), K-feldspar, 

hornblende, biotite, titanite, magnetite/ilmenite must represent an equilibrium magmatic 

assemblage. In all the analysed samples all the above minerals were present. 

In Chapter 6 the textures of the quartz-bearing rocks are described in detail. 

Homblendes in quartz-monzonites, granodiorites and granites occur as euhedral or 

subhedral grains, commonly including plagioclase and coexisting with subhedral biotite. 

Quartz and K-feldspars are always the last phases to crystallise. 	Plagioclase 

crystallisation was initiated at early stages, but at the final stages of solidification, 

plagioclase rims competed with K-feldspars and quartz for space. 

Plagioclase rim compositions in the quartz-bearing rocks fall in a quite restricted 

range of oligoclase to sodic andesine compositions (An20  25-An3 1.5'  from Chapter 6), 

fulfilling thus the requirement for a constant composition at the end of crystallisation 

(blister et al., 1987). 
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Furthermore, titanite and magnetite were present from the early stages of 

crystallisation, thus indicating a buffering of the f02  during crystallisation under 

relatively oxidising conditions (between the NNO and HIM buffers, according to 

Hammarstrom & Zen, 1986). 

Additional evidence for equilibrium in the system, comes from the distribution of Na 

and Ca between plagioclase and homblende, also the critical phases for the 

thermobarometric calculations. Spear (1980) suggested that in order to assume 

equilibrium between amphibole and coexisting plagioclase, the Na/Ca ratio (atoms per 

formula unit) in the M4 sites of homblende rims must correlate with the Na/Ca ratio in 

coexisting plagioclase rims. 

In this study, as it is shown in figure 5.7, there is an excellent correlation in the 

Na/Ca distribution between coexisting homblende and plagioclase rims of the 

undeformed samples. The correlation coefficient is r=0.94, indicating that the 

assumption of attainment of homblende-plagioclase equilibrium is probably true for this 

case. 
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Figure 5.7. Plot illustrating the distribution of Na and Ca between coexisting hornblende and plagioclase 
rims. Hornblende values represent averaged analyses for each grain. 
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The deformed Vmndou samples however, are clearly displaced towards higher 

Na/Ca in plagioclase, d ioting again local disequilibrium. The common observation of 

progressive albitisation of igneous plagioclase with progressive deformation under 

decreasing temperature conditions (e.g. 1-lanmer, 1982; Petford & Atherton, 1992; in this 

study noted in Chapter 3) or generally, alteration of plagioclase chemistry due to 

deformation-related reactions (e.g. Anderson, 1983; Tobisch et al., 1991), is clearly 

relevant here. It has to be noted though that deformation in these samples is by no means 

pervasive, the original igneous framework being in the main intact. Nonetheless, it is 

obvious that local disequilibrium of the igneous system was subtly induced, as is clearly 

shown in figures 5.6 and 5.7. 

In order to test whether there is any bulk composition control on the Al content of 

homblendes, the A1203  %wt of hornblende was plotted against A1203  %wt of the 
respective bulk rock, following Peters (1984) (fig. 5.8). Three points emerge from figure 
5.8. 

Firstly, it is clear that there is no bulk compositional control on the Al contents of the 

analysed homblendes. A1203  %wt especially of homblende rims from the undeformed 

samples are fairly uniform, irrespective of host composition. 

Secondly, an approximately consistent zoning from more aluminous cores to less 

aluminous rims is observed in the undeformed samples. This feature is not altogether 

unexpected, however. As Cawthorn (1976) pointed out, the A1203  %wt of igneous 
hornblende is affected by the activity of Si02  in the melt. The Si02  activity in the melt is 

fixed to 1 once quartz starts crystallising. It is thus plausible to assume that the analysed 

cores in the present study started crystallising earlier, in the absence of quartz, and as 

corroborated by the textures, the Si02-activity was fixed at the final stages of 

solidification, when the hornblende rims crystallised in equilibrium with quartz. 

This observation therefore offers independent evidence for equilibrium in the system 

at the final stages of crystallisation. 

Finally, from fig. 5.8 it can also be seen that homblendes from the deformed samples 

have altogether higher A1203  %wt and show reverse zoning, with rims being more 

aluminous than the respective cores. This disequilibrium has been noted also in other 

cases of deformed granitoids, by Vyhnai et al. (199 1) in the Butterwood Creek pluton of 

the southern Appalachians and by Anderson (1983) from the Eastern Peninsular Ranges 

mylomte zone of southern California. The latter author attributed the production of the 

more aluminous homblende rims to a deformation-related reaction of the original igneous 

hornblende under conditions of low-pressure amphibolite facies. 
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In any case, the main point is that judging from the textural evidence, coupled with 

the chemical evidence depicted in figures 5.7 and 5.8, it is probably safe to suggest that 

the condition for equilibrium in the system from which the analysed undeformed 

Vrondou and Elaion homblendes crystallised is met. Furthermore, there is evidence to 

suggest that deformation-related processes were responsible for altering the chemistry of 

the deformed Vrondou homblendes. 
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Figure 5.8. Plot illustrating that the A1203  %wt contents in homblendes are independent of bulk rock 
composition. Note that cores from the undefomied Vrondou and Elaion samples have higher A1203  %wt 
contents than respective was and that the A1203  %wt contents of deformed Vrondou samples are 
altogether higher, irrespective of bulk rock composition. 
Points represent averaged analyses for each grain. 
Open symbols = rims, Filled symbols = cores. 

There are some aspects of amphibole chemistry that have been correlated with a 

temperature effect. More specifically, Ti contents in amphiboles are known to correlate 

positively with temperature (Helz, 1982). Figure 5.9, a plot of Ti vs. total Al Contents in 

the analysed samples, reveals two points. Firstly, it is obvious that the Ti contents of 

undefonned homblende rims and cores, are fairly uniform and do not show any 
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correlation with total Al contents. Secondly, the deformed cores have Ti values similar 

to the undeformed ones, but the deformed rims show a decrease in Ti. 
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Figure 5.10. Plot of Ti vs. Al,tai•  Note the lack of correlation in the undeformed samples and the lower Ti 
contents of rims from the deformed samples. Points represent averaged analyses for each grain. 
Open symbols = rims, Filled symbols = cores. 

These observations would seem to suggest that there is no temperature effect on the 

undeformed samples, their Ti contents being buffered by the assemblage, titanite in 

particular. Moreover, the deformed rims either re-equilibrated at lower temperature or 

some other important Ti-bearing phase was produced from a deformation-related 

reaction. Probably, both factors are interconnected since, as was described in Chapter 3, 

t-itanite and new biotite grow at the edges of hornblende along the incipient foliation seen 

in the samples with a high-temperature, but sub-solidus, shear fabric. 

Finally, the same deviant trends are also noted in the Mg/(Mg+Fe2 ) ratios of the 

analysed samples. Figure 5.10 is a plot of the Mg/(Mg+Fe2 ) ratio vs. total Al. No real 

correlation is observed within the undeformed samples, but a decrease in Mg/(Mg+Fe2 ) 

ratio towards the rims of the deformed rims is observed. It is interesting to note that this 

decrease does not comply with any "fractionation" or straightforward "cooling/oxidation" 

trend (cf. general amphibole trends above and in Chapter 6), since it correlates with a 

general increase in Al contents. 
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Figure 5.10. Plot of Mg/(Mg+Fe2 ) vs. Alt0tai.  Points represent averaged analyses for each grain. 
Open symbols = runs, Filled symbols = cores. 

Combining the evidence from figures 5.9 and 5.10 and considering similar 

observations of Anderson (1983), it is likely that a deformation-related reaction is 

responsible for these deviations as well. As described in Chapter 3, homblende grains, 

from the samples that texturally seem to record a high-temperature shearing deformation, 

although themselves unstrained, were observed to alter to a biotite-epidote-titanite 

assemblage along the incipient foliation. It is therefore possible, although tentative at 

this stage, that the general increase in Al and Fe and concomitant decrease in Mg, Ti 

observed especially towards the rims of these homblende grains, do in fact represent a 

sub-solidus continuous reaction accompanying fabric development. 

To summarise, it was demonstrated that homblendes from all the undeformed 

samples used in this study were in equilibrium with the coexisting assemblage, their 

chemistry not being obviously related to bulk compositional variations. Some "cooling" 

effect cannot be wholly ruled out. The major coupled substitutions in operation are 

hastingsitic/pargasitic and tschermakitic, with simple substitutions of the divalent cations 

in the octahedral sites assuming a secondary role. The chemistry of the homblendes from 

the deformed samples is disturbed, recording probably a sub-solidus syn-tectonic 

reaction. 
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5.4. THERMOBAROMETRIC RESULTS AND DISCUSSION 

In Table 5.2 the results from the pressure estimates calculated for the undeformed 

samples, according to the calibration of Johnson & Rutherford (1989), are presented. 

This calibration was considered to be more reliable because it is based on reversed 

experiments, under controlled conditions, and also because it carries the lowest absolute 

error (± 0.5 kbars) and is calibrated for a range of pressures (2-8 kbars) applicable to this 

study. 

It is encouraging to note that all the pressure results lie in a rather restricted range, 

2.22 to 2.76 kbars, within experimental error. The average pressure for the Vrondou 

samples is 2.43 kbars and that for the Elaion samples, 2.49 kbars. From the previous 

section it was clear that any compositional controls on the homblende compositions, that 

would affect itie pressure estimates, were not significant. Furthermore, the pressure-

sensitive MAlwMg..1Si 1  substitution was found to be in operation. Therefore, it can be 

accepted that in these samples, pressure does in fact correlate with the total Al content of 

the homblend rims, the pressure estimates thus representing realistic solidification 

values. 

The temperature effect on amphibole composition, however, is more difficult to 

decouple from that of the pressure, because the solidus temperature is generally 

controlled by pressure. The pressure estimates would be correct only if the rocks 

equilibrated at similar temperatures. 

Theodorikas (1982), in his study of the petrology of the Vrondou pluton, suggested, 

based on the c perimental phase equilibrium study of Piwinski (1968, in Theodorikas, 

1982), that the solidus temperatures of the granitoid rocks of this pluton (quartz-

monzonite, granodiorite, granite, monzonite) are similar, approximately 700°C (minimum 

temperature of the solidus surface). 

The Blundy & Holland (1990) geothemiometer essentially describes an exchange 

equilibrium between hornblende and plagioclase, represented by the NaAP"Si exchange 

vector. If the magmatic system remains closed after solidification, then the calculated 

temperatures would actually represent minimum solidus, equlilibration temperatures. The 

temperature estimates using the above geothermometer on the same samples used to 

calculate pressure are found also in Table 5.2. These values fall in a restricted range of 

745.80 to 714.57°C for the Vrondou and 736.20 to 701.09 °C for the Elaion samples, 

clearly within the reported uncertainty (± 75°C). They are also very close to the 

approximate minimum solidus temperature reported by Theodorikas (1984) for the same 

rock-types. 
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Table 5.2 
Results from the geothermobarornetric calculations on the undefomied samples. A1(total) represents 
hornblende rim compositions. For each sample. averaged results from each individual grain analysed are 
presented. Values for samples NKB1. 90NK81 represent individual grain results. Results are subsequently 
averaged for each sample. 

SAMPLE Al (total) Pressure 
(+1- 0.5kb) 

Si Xab Temperature 
(+1- 75 C) 

CK75 1.34 2.20 6.82 0.68 736.90 
Gianodiorite 1.44 2.64 6.78 0.69 745.29 

1.39 2.42 6.80 0.68 741.10 

CK76 1.34 2.22 6.82 0.66 740.70 
Granodiorite 1.44 2.62 6.77 0.66 750.89 

1.39 2.42 6.80 0.66 745.80 

NKW3 1.46 2.69 6.72 0.79 730.88 
Granite 1.29 1.98 6.87 0.79 699.54 

1.37 2.34 6.79 0.79 715.25 

NKL6 1.39 2.40 6.82 0.77 712.21 
Qtz-monzonite 1.45 2.66 6.80 0.77 716.93 

1.42 2.53 6.81 0.77 714.57 

NKBI 1.32 2.12 6.85 0.83 696.33 
Qtz-monzonite 1.33 2.18 6.81 0.83 705.56 
(Elaion) 1.38 2.37 6.83 0.83 701.35 

1.34 2.22 6.83 0.83 701.09 

90NK81 1.43 2.59 6.71 0.79 726.71 
Qtz-monzonite 1.53 2.99 6.62 0.79 744.08 
(Elaion) 1.45 2.69 6.65 0.79 737.81 

1.47 2.76 6.66 0.79 736.20 
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The important point that emerges from the above thermometric calculations is that 

the assumption for nearly isothermal conditions during solidification, and therefore little 

temperature-effect on amphibole composition, may be valid for this case. 

Figure 5.11 shows the calculated pressure and temperature values in a P-T space. By 

comparison with fig. 5. 1, the schematic diagram showing phase relations in caic-alkaline 

magmas, it is probable that the conditions recorded from the thermobarometric 

calculations are close to the "pseudo-invariant point". According to Hollister et al. 

(1987), the pseudo-invariant point will change position along each of the phase-absent 

curves (see fig. 5.1). The composition of the phase, and thus the position of the point, 

will change until it is fixed at the pressure of solidification. 
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Figure 5.11. Geothermobarometric results on the P-T space. Error bars represent the absolute 
uncertainties originally reported for each individual calibration : Pressure ± 0.5 kbars (Johnson & 
Rutherford, 1989), Temperature ± 75 C (Blundy & Holland, 1990). 

It has to be stressed, however, that the apparently consistent results gathered from 

this study are not, by no means, ubiquitous in similar cases. Vyhnal et al. (1991), 

suggested that the simple reactions used by blister et al. (1987) and Blundy & Holland 

(1990) to calibrate the geobarometer and geothermometer, respectively, must be part of a 

general reaction involving the crystallising calc-alkaline magma. Such a reaction can be 

described as: 
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liquid1  + amphibole + ilmenite = biotite + quartz + anorthite + K-feldspar + titanite + magnetite + liquid2, 

where the interstitial melt is both the source of liquid1  and the sink of liquid2. 

Liquid-amphibole equilibria can assume an odd-even nature, restricting the operation 

of sub-reactions, such as those proposed to govern the pressure- and temperature-

sensitive Al exchange vectors, at particular stages of the crystallisation path. If one of 

these stages can be described by the reaction proposed by Hollister a al. (1987), then 

according to Vyhnal et al. (1991), it would not be unexpected that the geobarometer be 

actually applicable, and decoupled from any temperature-effect. 

Similar thermobarometric calculations were performed on the deformed Vrondou 

samples, using both core and rim analyses (Table 5.3). It was clearly demonstrated that 

although apparently unstrained, the amphiboles are indeed disturbed chemically, 

compared to their undeformed "cousins". Any geobarometric results therefore, do not 

have any geological meaning because the system involved, is no longer the equilibrium, 

magmatic one. The cores of these homblendes could still "remember" the magmatic 

equilibria, but although pressures estimated form the cores are somewhat lower, they are 

nonetheless, uniformly higher than the values obtained from the undefornied samples. It 

is doubtful whether hornblende cores would anyway represent equilibrium conditions at 

the last stages of solidification (blister et al., 1987). 

On the other hand, the geothermometer is not prone to such constraints, since it 

should effectively record the "blocking temperature" for the edenite exchange between 

coexisting plagioclase and homblende in silica-saturated rocks. As is obvious from 

Table 5.3 the calculated temperatures are high, higher than what would be expected from 

the textural evidence. 

It was seen that fine-grained biotite, epidote and titanite grow at the edges of 

homblende, along the incipient foliation. Moreover, a general increase in albite 

component of plagioclase and quartz, accompanies increasing deformation. 

Qualitatively, therefore, a complex continuous reaction can be proposed, involving loss 

of Si, Ti and Mg and gain of Al, Fe, K and Na of the original igneous amphibole. Similar 

changes have been described by Anderson (1983) from the Eastern Peninsular Ranges 

mylonite zone of California, as: 

Hbll + Bil + Sphl + Or! = Hb12 + Bi2 + 0r2 + P12 + Ep + Sph2 + Q2 + excess (Na2O + K20). 

(1 refers to original compositions, 2 refers to products). Deformation conditions in this 

area were estimated to be at intermediate-low pressure amphibolite conditions, T < 650C 

and P <5 kbars. 

Furthermore, if deformation is fluid-enhanced, there is a great possibility of 

metasomatism, leading to localised and chaotic mobility of components (see Tobisch a 
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al., 1991), violating all assumptions for equilibrium in exchange reactions, such as those 

defining the geothermometric calibration of Blundy & Holland (1990). 

Table 53 
Results from the geothermobaromeinc calculations on the deformed samples. Results from both core and 
rim analyses are shown for comparison. Values for samples NKLIO, NKW6 represent averaged results 
from each individual gram. Values for sample NKL8 represent individual grain results. Results are 
subsequently averaged for each sample. 

SAMPLE A1(total) Pressure Si Xab Temperature 
(+1-03 kb) (+/- 75 C) 

CORES 

NKLIO 1.74 3.88 6.46 0.72 782.62 
Deformed 1.68 3.63 6.52 0.72 769.(0 
qtz-monzonite 
(south) 1.71 3.76 6.49 0.72 775.80 

NKLS 1.51 2.91 6.69 0.72 733.73 
Deformed 1.61 3.36 6.63 0.72 747.33 
qtz.monzon.iitc 1.88 4.48 6.42 0.72 791.54 
(south) 1.70 3.71 636 0.72 761.60 

1.67 3.62 637 0.72 758.55 

NKW6 1.83 4.27 6.50 0.69 779.05 
Deformed 1.68 3.64 6.62 0.69 753.82 
qtz-monzooite 
(west) 1.75 3.96 636 0.69 766.40 

NKLIO 1.95 4.78 

RIMS 

6.36 0.72 787.85 
Deformed 1.96 4.84 635 0.72 789.96 
qtz-rnonzonite 
(south) 1.96 4.81 635 0.72 788.90 

NKL8 1.82 4.23 6.43 0.72 779.36 
Deformed 2.11 5.48 6.29 0.72 789.43 
qt-monzonhte 1.98 4.92 6.39 0.72 777.65 
(south) 1.68 3.66 6.62 0.72 747.56 

1.90 4.57 6.43 0.72 773.50 

NKW6 1.85 4.37 6.42 0.69 789.05 
Deformed 1.68 3.63 6.62 0.69 757.93 
qu-monzoite 
(west) 1.76 4.00 6.52 0.69 773.47 

In the next section, the thermal aureole that developed at the northeastern contacts of 

the Vrondou pluton, where the porphyritic monzonite crops out, will be examined. As a 

forerunner, it is interesting to note that pressures estimated from the pelitic hornifelses are 

in close accordance to those calculated above from the Al-in-homblende geobarometer. 
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5.5. CONTACT METAMORPHISM 

5.5.1. Introduction and field aspects 

As was mentioned in Chapter 3, at the eastern edge of the Vrondou pluton, where the 

porphyritic monzonite crops out, a more or less static thermal aureole developed. Since 

pelitic lithologies are more abundant in the envelope at those eastern areas and also since 

no post-emplacement deformation has occurred, a preliminary study of the pelitic 

homfelses was undertaken. The main aim was to identify assemblages that could offer a 

first estimate of the environmental conditions during aureole development. Quantitative 

geothermobarornetric calculations were found inapplicable to these assemblages, 

therefore the study concentrated on locating critical assemblages/reactions in the grids for 

pelitic homfelses devised by Pattison & Harte (1985). Comparison with other aureoles 

was also a useful indicator of approximate conditions (e.g. see Pattison & Tracy, 1991, 

for a recent review). 

The aureole and generally the NE border zone of the pluton is a densely forested area 

and the exposure is poor, with severe alteration and weathering, which makes detailed 

observations difficult. This circumstance, and consequent restrictions on systematic 

sampling, inhibited the detailed monitoring of the evolution of the pelitic assemblages 

from the regional to the aureole environment. 

No detailed mapping of the aureole was attempted. Sampling aimed at the collection 

of suitable lithologies (pelites/semipelites) along and across the strike of the contact. The 

main sections that were sampled are: a) a N-S trending section along a track from Kato 

Vrondou to Perithori, along the strike of the contact, and b) sections across the strike of 

the contact into the envelope, along tracks away from granite to NE. Figure 5.12 shows 

the sampling localities with the main assemblages of interest and approximate extent of 

the aureole, where it could be estimated. 

The envelope at the northeastern border zone of the Vrondou pluton comprises 

mainly alternations of pelites with thin (30 to 40 cm thick) psammitic intercalations, 

leucocratic muscovite gneisses and biotite gneisses. A few leucocratic sheets are seen to 

be deformed together with the other lithologies; they are thus of regional provenance and 

not related to the intrusion of the pluton. These northeastern parts of the pluton are 

occupied by the porphyritic monzonite member (see Chapter 3 and Chapter 6). There is a 

notable scarcity of leucocratic sheets in both the envelope and the monzonite itself in this 

area. 
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Figure 5.12. Map of the northeastern contact of the Vrondou monzonite, showing the approximate extent 
of the aureole and the main assemblages of interest, further discussed in the text. 
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The structure of the envelope was described in Chapter 3 (section 3.4.3). The 

general structural picture is one of isoclinally folded (Fl) and intrafolial planar fabric S1 

that is refolded around subparallel subhorizontal axes by a second set of open 

asymmetrical folds (F1'). According to Kilias & Mountrakis (1990) the two fold sets are 

the result of the progressive development of a main D1  ductile thrusting event (their D1  

and D1' events). The emplacement of the pluton largely post-dated the D1' event, which 

was attributed by Kilias & Mountrakis (1990) to the progressive uplift of the area. 

Locally, in the area where the higher grade aureole assemblages were collected, a 

tightening and steepening of the F1' asymmetrical folds was observed, resulting in tight 

crenulations with steep hinges. This observation in Chapter 3 was attributed to a steep 

(wrench) shear zone that locally develops in order to accommodate the way the shear 

strain partitions. 

The localised ductile deformation in the high grade aureole assemblages implies 

increasing ductility of the rocks with increasing temperature, which can also be 

connected with minor partial melting in the aureole. This would perhaps be expected to 

induce localised disruption of the partially melted lithologies. However, no severely 

disrupted foliations were identified, such as seen for example, in the aureole of the 

Ballachulish granite in Scotland (Pattison & Harte, 1988; Linldater, 1991) and the 

aureole of the Laramie anorthosite at Morton Pass, Wyoming (Grant & Frost, 1990). 

Hand specimens of samples with the highest grade quartz-absent assemblages, 

nonetheless, have distinctively sinuous foliation attitudes. 

Only in one location, next to the exposed contact, was clearer evidence for partial 

melting seen. There, amongst severely weathered pelitic material, a massive, 

structureless leucocratic body with fine, aplite-like texture and coarse andalusite 

porphyroblasts, represents a good candidate for a leucosome. 

The approximate areal extent of the aureole at the present level of exposure does not 

exceed 500 to 700 metres from the contact or its inferred position. Highest-grade 

assemblages are restricted to 30-50 m from the contact. The small extent of the aureole 

can related to a low intrusion temperature, the steep attitude of the contact surface or 

even the nature of the envelope. 

In the following sections, the thin-section characteristics of the collected samples 

will be described, followed by the mineral chemistry. Rationalisation of the observations 

leads to the approximate location of the studied assemblages in the published 

petrogenetic grid of Pattison & Harte (1985). 

In Table 5.4 abbreviations of the mineral phases and components that are used 

throughout the following section can be found. 
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Table 5.4 
Mineral phase and component abbreviations 

Bi Biotite P1 Plagioclase 

Gt Garnet Ab Albite 

Aim Almandine An Anorthite 

Py Pyrope Kf K-feldspar 

Sp Spessaitine Or Orthoclase 

Gr Grossular As Alum inosilicate 

Cd Cordierite And Andalusite 

Mu Muscovite Sill Sillirnanite 

Chi Chlorite Cor Corundum 

Jim ilinenite Sp Spinet 

Opx OiThopyroxene 

5.6. PETROGRAPHY 

The collected samples fall in five broad categories : 1) Regional assemblages, 

unaffected by the intrusion 2) Thermally overprinted regional assemblages, as indicated 

by textural and mineralogical modifications 3) Aureole rocks with assemblages below the 

muscovite-quartz breakdown reaction, 4) Aureole rocks with high-grade (post-muscovite 

breakdown) quartz-absent assemblages and 5) Aureole rocks with high-grade (post-

muscovite breakdown) quartz-present assemblages. As was noted before, the non-

systematic sampling hampered a detailed recording of the exact progression of the 

regional to contact conditions, therefore more attention is paid to the high-grade 

assemblages. Moreover, it has to be noted that the scale of assemblage development, 

especially in the high-grade rocks, is very small. Even at thin-section scale, the 

coexistence of quartz-bearing with quartz-absent assemblages is indicative of very 

localised equilibrium. 

5.6.1. Regional assemblages 

Lithologies in the envelope at the eastern edge of the Vrondou pluton comprise 

pelites/semipelites that alternate with psamrnite layers, biotite-epidote schists and 

leucocratic muscovite schists/gneisses. 
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Pelitic/Sernipelitic rocks away from the contact consist of golden-brown biotite, 

muscovite, quartz, plagioclase, opaques and variable amounts of garnet and chlorite 

(Plate 5.1 a). The general grain-size of the matrix minerals reaches 1 mm, but occasional 

garnet porhyroblasts reach 1.5 mm in size. A shear (S-C) fabric (Plate 5.1 b) is defined by 

biotite and muscovite laths that anastomose around plagioclase and rare garnet 

porphyroblasts. Chlorite is concentrated along the C surfaces, intergrown with biotite 

and muscovite (Plate 5.1a,b). 

Garnet occurs as rare subhedral porphyroblasts of maximum 1.5 mm size, with 

rotated inclusion trails of very fine-grained material (Plate 5.1c). This seems to indicate 

the syn-S growth of garnet. In the majority, however, garnets are to a more or less extent 

chloritised. Muscovite and quartz also grow around the rims of the garnets, leaving 

usually anhedral relics of garnet in a micaceous matrix (Plate 5.1d). Biotite usually 

overgrows chlorite at the edges of the altered garnets (Plate 5.1d). 

Plagioclase porphyroblasts are abundant. They are usually full of quartz, muscovite, 

biotite, chlorite and garnet fine inclusions (Plate 5. le). A distinct irregular zoning is seen 

in the plagioclase porphyroblasts (Plate 5.1e), denoting overgrowth of one plagioclase on 

another. 

Quartz occurs in distinct layers along the S foliation. Quartz-quartz grain boundaries 

are straight and the general grain size is about 0.75 mm (Plate 5.1e). Quartz inclusions 

are also abundant in plagioclase porhyroblasts, with a more rounded nature. Biotite and 

muscovite are closely intergrown and define the foliation(s) (Plate 5. la,b). 

Rare tourmaline crystals are also seen. Tourmaline is zoned with clear euhedral light 

green core, surrounded by anhedral, darker rims with irregular outlines (Plate 5.10. 

Quartz inclusions are seen in the tourmaline. 

Pelites are intercalated with psammitic layers. The psammitic intercalations consist 

of quartz, muscovite, garnet with less abundant plagioclase and K-feldspar. Away from 

the contact, psammites have a fine-grained quartz-dominated foliation, with subordinate 

muscovite and feldspars. Characteristic atoll garnet textures are developed (Plate 5.2a). 

Specifically, fine-grained euhedral garnet rims contain coarse muscovite, and fewer 

biotite inclusions. Atoll textures are controversial as to whether they represent pro- or 

retrograde textures. Here, garnet outlines usually grow over coarse muscovite grains that 

are continuous with the muscovite foliation (Plate 5.2b). Biotite inclusions are also 

coarse, with a grain-size comparable to that of the matrix, suggesting that the atoll 

textures is probably a garnet-breakdown reaction, from the core to rim (see Yardley et 

al., 1990). 
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a) Regional pelitic assemblage consisting of biotite, muscovite, quartz. plagioclase (usually as 
porphyroblasts), opaques and variable amounts of garnet (seen here as fine relics) and chlorite. Sample 
89NK236 (PPL), collected about 1200 m from the inferred contact, 3 km WNW of Perithori vilage. bI 
Well developed S-C fabric in r:ionaI pelite. Note that chlorite seems to be concentrated along the C 
surfaces. Sample 89NK236 (PPL), locality as in 5.1a. C) Subhedral garnet porphyroblast with rotated 
inclusion trails. It is breaking down to chlorite and biotite. Sample 89NK236 (PPL), as before. d) 
Aniiedral garnet relic in regional pelite. Note that biotite overgrows chlorite at the edges of the garnet, 
and some cross-cutting biotite and muscovite grains are also seen. Sample 89NK236 (PPL), as before. e) 
Plagioclase porphyroblast containing, here, quartz, muscovite and opaque inclusions. Note the irregular 
internal boundaries and also, fine plagioclase in the matrix. Sample 89NK236 (XPL), as before. f) 
Subhedral to aithedral tourmaline porphyroblast, exhibiting zoning from a light green core to dark green 
rim. Sample 89NK236 (PPL), as before. 



Finally, a further lithology that was collected from northern areas is biotite-epidote 

schist (samples N4, N6). These schists are characterised by a strong foliation and a 

lineation, defined by alignment of the abundant biotite. They consist of green biotite, 

zoisite, epidote/clinozoisite, quartz, plagioclase, K-feldspar and titanite. Minor 

muscovite occurs as inhiers in quartz layers. 

The fabric is characterised by a biotite-dominated layering anastomosing around 

attenuated "augen" of recrystallised plagioclase and K-feldspar. Locally, biotite 

segregations occur (Plate 5.2c). Epidote/clinozoisite is concentrated in the micaceous 

layers, usually ocurring as as zoned grains with subhedral dark cores and anhedral 

irregular rims. Zoisite forms fine subhedral high relief grains that are dispersed in biotite 

layers but occur in quartzofeldspathic layers as well (Plate 5.2c). Titanite occurs 

occasionally as coarse porphyroblasts in the quartz-plagioclase rich layers. 

5.6.2. Thermally overprinted regional assemblages 

Pelites closer to the contact record a thermal overprinting (samples 89NK235, 

89NK237, 90NK160, 90NK171). They consist of biotite, muscovite, plagioclase and 

quartz with only few fine garnet relics, occurring usually as inclusions in biotite and 

plagioclase. Locally, rare chlorite and contact-related cordierite are also seen. 

Biotite is red-brown and either defines the foliation or occurs as coarser tabular 

grains that cross-cut it (Plate 5.2d). Incipient shear bands, associated with chlorite, cut 

the foliation. Biotite always overgrows chlorite (Plate 5.2e) and in general, chlorite is 

nearly completely absent in these samples. Coarse tabular red-brown biotites are also 

seen to overgrow the folded foliation (Plate 5.20. 

Plagioclase porphyroblasts contain fine-grained biotite, muscovite, quartz and 

rounded garnet inclusions. The plagioclase blasts are generally recrystallised to finer-

grained equigranular aggregates. 

The overall fabric of these thermally overprinted pelitic/seniipelitic samples is 

distinctly different from that observed away from the contact. Although the foliation is 

stifi intact, the texture is nearly equigranular and finer-grained (Plate 5.3a). Garnet is 

scarce, restricted to rounded inclusions in plagioclase and biotite or rare anhedral 

unstable grains (Plate 5.3b). 

Diffuse areas of cordierite develop locally, overgrowing the foliation (Plate 5.3c). 

Cordierite occurs as fine-grained, subhedral to rounded clear aggregates. Incipient 

pinitisation along cracks at the edges of the grains is a good indication of the presence of 

cordierite. 
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PLATE 5.2 

a) Psammitic intercalation with well-developed atoll textures in garnets. Sample 90NK171 (PPL), 
collected about 1200 m from the inferred contact and about 3 km WNW of Perithori village. b) XPL 
view of the atoll garnets showing that garnet outlines both completely include muscovite (right and centre 
of the photo) and grow on muscovite which is continuous with the foliation. Sample 90NK 172 (XPL), 
locality as in 5.2a, C) Biotite-epidote schist, with alternating layers of biotite, epidote, zoisite-rich 
material and quartz, plagioclase, K-feldspar-rich material. Note the coarse biotite segregations, irregular 
epidote and high relief zoisite. Sample N4 (PPL), Kykia area, collected at about 700 m from the inferred 
contact, approximately 4 km south of Vathytopos village, on the track leading to the Mavro Vouno area. 
d) Red brown biotite porphyroblasts in thermally overprinted reaional pelites. Note the general 
recrystallisation, compared with the regional sample 89NK236. Sample9NK237 (PPL). Collected at 600 
m from the inferred contact, about 2 km west of Penthon village. e) Incipient shear bands affecting the 
foliation. Biotite overgrows chlorite along them. Sample 89NK237 (PPL), as in 5.2d. f) Biotite 
porphyroblasts growing across folded foliation. The folded foliation shows recrystallisation. Sample 
90NK170(PPL). Locality as in Plate 3.4a,b, on the Kato Vrondou-Perithori track, 1.5 km west of 
Perithori village. 



From the above, it can be concluded that apart from the textural modification, the 

mineralogical changes indicating the thermal effect are i) the consumption of chlorite and 

instability of garnet, ii) recrystallisation of biotite to the red-brown thermally-related 

variety, and growth of coarse biotite blasts, and iii) the local growth of cordierite. 

With proximity to the contact, textural modifications in the psammites accompany 

those of the intercalated pelites. No mineralogical modification was identified, possibly 

because of the high variance of the muscovite-quartz assemblage. A considerable 

textural modification of the psammites, however, accompanies that of the intercalated 

pelites. Recrystallisation leads to equigranular but also intergrown grain boundaries, 

especially among the quartzofelspathic matrix (Plate 5.3d). 

Considerable textural modification was detected in the biotite-epidote schists related 

to the proximity of the contact. Sample N6 was collected around 300 in from the 

northern contact. The overall attitude of the foliation is retained but the texture is 

equigranular, approaching granoblastic and the grain-sizes are generally finer, circa 150 

p. (Plate 5.3e). Considerably smaller amounts of epidote/cl inozoi site are observed and 

titanite is virtually absent. Plagioclase occurs as subhedral zoned grains and occasional 

polygonal triple junctions are seen among the quartzofeldspathic minerals. Biotite, 

occurring in fine tabular grains is concentrated along the edges of biotite-plagioclase-

zoisite areas, distinct from quartz-dominated layers. 

No further attention is given to these lithologies, because only a few high-grade 

homfelses representing this lithology were collected (e.g. Plate 5.3fT). Additionally, the 

importance of Ca-Fe-rich components indicates that they cannot be adequately 

represented by the KFMASH pelitic system, chosen in this study for the description of 

the pelitic/semipelitic assemblages. 

5.6.3. Low-grade aureole assemblages 

Within the aureole, cordierite abundance increases dramatically. In the thermally 

affected regional pelites described in the previous section, cordierite has a very limited 

occurrence. On the contrary, samples collected within 100 in from the contact, have 

assemblages dominated by quartz-biotite-cordierite-plagioclase with variable amounts of 

muscovite and K-feldspar. 

One "complication" that arises from the abundant presence of cordierite is the 

variable growth of retrogressive, alteration-related white mica at the expense of 

cordierite. It is common to observe, apart from the widespread yellowish isotropic pinite, 

white micaceous aggregates or even coarse white mica (with biotite) overgrowing 
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aj Recrystallised texture in thermally overprinted pelites, which are more equigranular and fine-grained 
than regional pelites. Sample 89NK235 (XPL). Collected at 600m from the contact, about 2 km WNW of 
Perithori village. b) Anhedral fine-grained garnet relic, in recrystallised biotite. Sample 89NK235 PPL), 
as in 5.3a. C) Localised growth of corclierite, probably at the expense of biotite, in thermally overprinted 
samples. Sample 90NK169 (PPL. Locality as in Plate 5.2f, on the Kato Vrondou-Perithori track. 1.5 km 
west of Perithori village. d) Recrystallised equigranular and locally cranoblastic matrix in thermally 
overprinted psammite intercalated with pelite. Sample 89NK237 (XP]). Collected at 600m from the 
contact, about 2 km WNW of Perithori village. e) fextural modification in biotite-epidote schists with 
proximity of the contact. Note the overall finer grain-size compared with sample N4 (Plate 5.2c). Sample 
N6 (PPL). Collected 300 in from the inferred contact, in Kykla area. f) Granoblastic polygonal texture in 
hornfelsed envelope block with ghost stratigraphy, close to the contacts of central mozonite with the 
quartz-monzonite. The original ghost stratigraphy shows similar structures with those in biotite-epidote 
schists. Sample AV3 (XPL), collected 3 km north of Ano Vrondou village, on the main road. 



cordierite-rich areas (Plate 5.4a). Therefore the recognition of the "prograde" muscovite 

is quite tricky, especially in the more pervasively altered samples, which are not the 

minority in this area. Usually layer-parallel white mica, associated with clearly 

"prograde" biotite is taken to represent "progiade" muscovite. Growths resembling 

sericite (e.g. see Plate 5.41)) or coarse white mica cutting across the layering in random 

orientations are considered to be of retrograde origin. 

The lower-grade cordierite-bearing assemblages consist of biotite-quartz-cordierite-

muscovite-plagioclase. The attitude of the layering is more disrupted than that of the 

thermally overprinted regional samples 89NK235, 89NK237, and is characterised by the 

growth of large cordierite and plagioclase poikiloblasts containing biotite and quartz 

inclusions (Plate 5.4b). Cordierite is also intergrown with biotite (Plate 5.4c). Within the 

quartz-dominated layers muscovite is intergrown with biotite parallel to the layering 

(Plate 5.4d). 

Increase of grade is denoted by the appearance of K-feldspar. The assemblage is 

characterised by biotite-quartzcordieriteplagioclaseiçfelclspar, as seen in sample 

90NK19. This is medium-grained, with the overall texture characterised by plagioclase 

poikiloblasts and micaceous areas interlayered with quartz-rich layers (Plate 5.4e). 

Cordierite occurs as usually pinitised porpyroblasts, commonly including fine biotite 

laths and in contact with quartz (Plate 5.5a). Alteration proceeds from edge to core (Plate 
5.5a). Biotite occurs either as fine 100 [t tabular grains, usually included in cordierite or 

feldspars or as coarse grains growing around altered cordierite, probably of alteration 

origin (Plate 5.4e, 5.5a). Plagioclase occurs in the matrix as fine polygonal grains (Plate 

5.5d) or as porphyroblasts with irregular outlines and full of inclusions of quartz and 

biotite (Plate 5.4e). Interstitial plagioclase is present in the cordierite-biotite areas. 

By comparison with the muscovite-bearing lower grade rocks, it is inferred that K-

feldspar was produced by a muscovite consuming reaction such as: Mu + Bi + Q = KS + 

Cd + H20, proposed by Pattison & Harte (1985). It is poikiloblastic and crypto- to 

microperthitic and encloses cordierite and biotite in quartz-dominated areas (Plate 5.5c). 

Locally triple junctions have formed between quartz, plagioclase and K-feldspar (Plate 

5.5d). In contrast to the Ballachulish aureole (Pattison & Harte, 1985), at the equivalent 
reaction, no aluminosilicate forms. 

A Mu-Kf-Cd-Q-Bi assemblage was not clearly identified among the collected 

samples. The most common is the Bi-Cd-Kf-Q assemblage that also persists as inliers in 

quartz layers even at the highest grades. 
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a) Retrograde muscovite growmg in abundance after cordierite, cutting across the layering. This sample 
is from a higher grade hornfels than that discussed in the text but shows the same associatiations. Sample 
CK82 (XPL), collected within 30 m from the contact, Kato Vrondou-Perithori track, about 3.5 north of 
Kato Vrondou. b) Disrupted foliation associated with the abundant growth of cordierite (commonly 
pinitised and altered to yellowish-green sericite) and recrystallisation of biotite. Sample 90NK14 (PPL), 
collected within 100 m from the inferred contact, 200 m east of the Kato Vrondou-Perithori track. C) 
Close-up of association of biorite with pinitised cordierite in quartz- and plathoc lase- matrix. Sample 
90NK14 (XPL), as in 5.4b. d) Layer-parallel intergrowth of white mica with biotite. Sample 90NK14 
(XPL), locality as in 5.4b. e) Texture of low grade hornfels with localised development of K-feldspar. 
The main texture is characterised by plagioclasepoiluloblasts and cordierite-biotite rich layers, which 
alternate with quartz-rich layers. Sample 90NK19 (XPL). Collected at about 70 m from the inferred 
contact, 150 m east of the Kato Vrondou-Perithori track, in a side stream. 



5.6.4. High grade quartz-absent assemblages 

The majority of the collected samples from within 30 in from the eastern contact 

contain the highest grade assemblages seen in the aureole. The hand specimens have a 

violet-grey/black colour, very fine grain-sizes and are indurated hard rocks. Foliation is 

extremely disrupted on a fine scale and sinuous, complicated folded attitudes are 

common (Plate 5.5e). Distinct ovoid to irregular dark grey areas are distinct from 

interlayerd more leucocratic areas. However, no brecciation or relative movement of 

micro-blocks is seen. The regional fissility is generally lost, but in some samples the 

regional foliation is retained in the form of alternating leucocratic-melanocratic areas. 

Generally, quartz is less abundant in these highest-grade hornfelses, although as thin 

section inspection shows, compositional layering controls the evolution of the 

assemblages. The fine grain size makes hand specimen identification of minerals 

extremely difficult. Furthermore, weathering and alteration give the rocks a brown-red 

tint and relative weathering of minerals can be identified. 

In thin section, 3 sub-areas are distinguished in these homfelses, further attesting to 

the fine scale of local equilibrium : 1) quartz-absent areas, irregular outlines and 

cordierite-dominated, with development of the highest grade minerals, spinel and 

corundum, 2) quartz-bearing areas that represent the leucocratic layers, and 3) leucocratic 

areas with K-feldspar poikiloblasts and textures indicating localised partial melting. Sub-

areas 2 and 3 will be described in the following section (5.6.5). 

The quartz-absent areas usually have ovoidal shapes but irregular shapes are also 

common, developing as a progressive connection of the ovoidal areas, similar to the 

cordierite "networks" of Pattison & Haile (1988) and Linklater (1991) (Plate 5.50. These 

areas are clearly shielded against the surrounding quartz-dominated leucocratic material 

by biotite, cordierite and K-feldspar selvages (Plate 5.6a). In the ovoids the main 

assemblage is cordierite-K-feldspar-pl agioclase-biotite-andalusite-corundum-spinel. 

Opaques are ubiquitous (ilmenite from probe analyses), apatite and zircon occur as 

accessories and local muscovite is here interpreted to be of retrograde origin rather than 

relict from a prograde aureole reaction. 

Cordiente is one of the most abundant minerals, usually occurring as oikocrystic 

coarse grains characterised by complicated polysynthetic twinning and complex 

extinction patterns (Plate 5.6b). Cordierite growing in the periphery of the ovoids, occurs 

however as short prismatic, stubby, usually pinitised, grains intergrown with biotite 

(Plate 5.6a). The oikocrystic cordierite contains inclusions with pleochroic haloes and is 
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a) Pinitised cordierite poikiloblast, with biotite inclusions, and in contact with quartz. Coarse cross-
cutting biotite may well be of retrograde oriein. Sample 90NK19 (PPL). Locality as in 5.4e. b) K-
feldsparenclosing a cordierite-biotite assembrage. It is in contact with quartz. The isotropic high relief 
material is pinitised cordierite. Sample 90NK19 (XPL), as in 5.4a. C) Recrystallised quartz, plagioclase, 
K-feldspar matrix, locally exhibiting po1yonal textures. Sample 90NK19 (XPL), as in 5.5a,b. d) 
General view of samples with the high rae quartz-absent assemblages. Note the sinuous folding, the 
ovoidal shape of cordierite-rich, quanz-bsent areas, which are separated from the quartz-rich layers by 
biotite-rich selvages. Sample 90NK16 (PPL). Collected withm 30 m from the contact, 20 m east of Km 
3.5 of Kato Vrondou-Perithori tack. e) Similar sample which shows the progressive connection of the 
individual quartz-absent areas. Sample CK87 (PPL). Collected on the Kato Vrondou-Perithori track, 
about 3.5 km north of Kato Vrondou village. 



the host of the high-grade minerals, corundum and spine! (Plate 5.6c). In the ovoids it is 

also intergrown with plagioclase and K-feldspar, which makes identification difficult. 

Plagioclase is ubiquitous within the quartz-absent areas, its composition, as shown 

later, differs from sample to sample but generally has calcic oligoclase to sodic andesine 

compositions. 

Biotite in the quartz-absent areas is still abundant although, qualitatively, a general 

decrease of biotite laths with increasing abundance of corundum and spinel can be noted. 

It is of prograde, thermal origin, and occurs as short, fine tabular red-brown laths (Plate 

5.6b,c). It is included in aluminosiicate, cordierite and K-feldspar. Biotite is abundant 

in the selvages that protect the corundum-spinel areas from quartz, where it is coarser and 

intergrown with stubby cordierite and K-feldspar (Plate 5.6a). 

Andalusite occurs always within these areas in cordierite oikocrysts. As was 

previously stated, no lower grade anadalusite was found. The association of andalusite 

with K-feldspar in these samples implies that they had passed through a quartz-muscovite 

breakdown reaction, that resulted in muscovite and locally, quartz deficiency. It varies in 

abundance from a few drop-like skeletal grains (Plate 5.6d), to larger elongated skeletal, 

ragged series of grains and to subhedral grains (Plate 5.6e,f). All forms are enclosed in 

cordierite-K-feldspar hosted ovoids. Andalusite is always in contact with cordierite, K-

feldspar and plagioclase and includes opaques and biotite tabular laths (Plate 5.6e,f). No 

andalusite is seen in contact with quartz. 

The ubiquitous presence of andalusite is important for two reasons, fistly because it 

is the only aluminosilicate polymorph found in abundance, at least at this stage. Fibrolite 

sprays have been identified in only one sample in these quartz-absent assemblages. 

Fibrolite, again at limited quantity, will be described later in the quartz-present rocks. It 

would seem to imply that conditions were close to or just crossed the And-Sill curve. 

Secondly, because it is seen both being rimmed by, and enclosing, spinel, it gives some 

specific indications of possible high-grade reactions. 

K-feldspar is very abundant in these samples. It either represents selvages, where it 

is microperthitic and cloudy or is intergrown in the ovoidal matrix with cordierite. In 

these central areas it is clear. 

Corundum is ubiquitous in these areas but grows in relatively small amounts. It is 

common as anhedral, high relief, stubby grains usually as aggregates (Plate 5.7a,b). It 

commonly shows straight boundaries against spinel (Plate 5.7c), where it has the 

maximum sizes 400 p. but is much finer when growing in the andalusite edges. An 

interesting association is that of fine muscovite grains next to corundum (Plate 5.7d). 

Muscovite is gene ally absent in these areas, restricted to altered areas. Pattison & Harte 
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a) Close-up of selvages surrounding the quartz-absent assemblages. The selvaes consist of biotite, 
cordierite arid K-feldspar, which is usually the oikocrvstic phase. Note that corãerite in the selvages 
usually has a fine-grained prismatic form. sample 90NR21 (XPL). Collected from within 30 m form the 
inferred contact, ITO m east of the Km3.5 of the Kato Vrondou-Perithori track. b) Characteristic 
appearance of the oikocrystic cordierite in the quartz-absent areas. The light grey-yellow oikocr st to 
mainly andalusite, opaque and biotite inclusions, is one cordierite grain with complex extinction. A 
second cordierite poikiloblast appears in the lower left part of the photograph. Note also the presence of 
K-feldspar poikiloblasts with irregular boundaries with cordierite, and the subhedral to anhedral 
andalusite inclusions in cordierite. Sample 90NK21 (XPL), as in 5.6a. c) Inclusions with pleochroic 
haloes in cordierite poikiloblast. Note also the tabular fine thermal biotite laths included in the cordierite. 
Sample 90NK21 (PPL), same as 5.6b. d) Drop-like skeletal andalusite in quartz-absent area. Sample 
90NK22 (PPL), collected from the same locality as in 5.6a,b,c. e) Large, ragged, somewhat elongated 
andalusite grains, containing biotite and opaque inclusions, which grow in cordierite-rich, quartz-absent 
areas. Sample CK87 (PPL), same locality as in 5.6a-d, within 30 in from the inferred contact. fi  Large 
andalusite grain with typical ragged outlines, which are full of spinel and corundum ultra fine-rained 
inclusions. Sample CK87 (PPL). as before. 



(1985) suggested a: Mu = Cor + Kf + H20 reaction for the appearance of corundum in 

the Ballachulish quartz-absent assemblages. Muscovite in the Vrondou eastern aureole is 

often rimming the corundum or even the spine!, probably attesting to the retrograde 

operation of a similar reaction but not to the prograde equivalent. 

Spinel is the highest grade mineral found in these areas. Spinel growth is commonly 

associated with partial melting conditions in aureole pelites (Pattison & Harte, 1985; 

Grant & Frost, 1990; Frost, 1991). It is more abundant than corundum itself, locally 

present without corundum. It is dark green, with high-relief, forming usually anhedral to 

subhedral grains with maximum grain sizes reaching 200 ji. (Plate 5.7c,d). It is always 

found in the cordierite-K-feldspar ovoids, usually closely associated with andalusite. It 

either nucleates at andalusite edges, together with corundum or it is included in 

andalusite (Plate 5.7e,f). Corundum rims are forming locally around spine! (Plate 5.7g). 

Muscovite (light green-high phengitic contents) overgrows spinel, probably after 

corundum in a retrograde operation of the prograde reactions. 

The equilibrium assemblage judging from minerals in contact is Cd-Kf-As-Cor-Sp-

Bi, although higher variance associations are common as well. It is always possible of 

course, that as Grant & Frost (1990) have pointed out, the textures observed are those of 

cooling of the aureole, thus representing retrograde operation of the main prograde 

reactions. 

5.6.5. High-grade quartz-present assemblages 

In the samples characterised by the highest grade quartz-absent assemblages, there 

exist quartz-rich layers, relics of the regional layering, which commonly include inliers 

consisting of K-feldspar, cordierite and biotite. This association is the same as was 

observed in the lower grade samples, before the onset of K-feldspar-aluminosilicate 

coexistence. It is thought that they result from quartz and muscovite consumption and 

cordierite, K-feldspar development, as described before. The textural association is 

characterised by stubby, usually pinitised cordierite grains overgrowing a central biotite 

core. Cordierite is in contact and rimmed by K-feldspar. In general, these quartz-rich 

layers are separated by the quartz-absent ovoidal conmdum-spinel-bearing areas, by clear 

selvages consisting of biotite and K-feldspar (Plate 5.6a). 

Furthermore, localised leucocratic associations, irregularly dispersed outside the 

areas containing quartz-absent assemblages are probable candidates for partial melt 

leucosomes. They consist of quartz, K-feldspar, plagioclase and cordierite. Usually 

large areas of microperthitic oikociystic K-feldspar contain biotite, cordierite, plagioclase 
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a) High relief, anhedral, stubby corundum grains, typical of the q,uartz-absent assemblages. Sample 
CK82 (XPL), collected within 30 m from the inferred contact. Km.5 of the Kato Vrondou-Perithori 
track. hI Scattered fine-grained corundum aggregates in cordierite poikiloblastic areas. Note also s_pine!-
corundum association in the upper right corner of the photograph. Sample CK82 (PPL), as in 5. ia. C) 
Straight boundaries between corundum and spine!. Sample CK82 (PPL), as in 5.7a.b. dl Spinel-
corundum association. Corundum shows subhedral outline. In the surrounding area there are abundant 
fine-grained laths of muscovite, which are supposed to signify a retrograde operation of a corundum-
forming reaction. Sample 90NK20 (PPL). Collected within 30 m from the inferred contact, 10 m east of 
the Kato Vrondou-Penthori track. e) Spine! aggregates forming at the ragged edges of andalusite. 
Sample CK83 (PPL), same locality as 5.7a. f) Fine-grained spinel found as inclusions in andalusite. 
Sample CK87 (PPL), locality as in 5.6e,f. g Corundum aggregate surrounding spinel. Sample 90NK20 
(PPL), as in 5.7d. 



and quartz inclusions (Plate 5.8a). Some granoblastic polygonal textures are associated 

with these leucosomes (Plate 5.8b) but K-feldspar is usually including biotite-cordierite 

and locally, skeletal aluminosilicate (Plate 5.8c). The difference between these 

leucocratic areas and the quartz-rich layers is the increased abundance of K-feldspar, 

especially with oikociystic forms and granoblastic-polygonal textures among quartz-K-

feldspar-plagioclase-cordierite. In section 5.8 the criteria for the presence of melt will be 

examined in more detail and further reference to these localised areas will be made. 

Samples with high-grade quartz-present assemblages were collected from two 

localities in this study. The first is at the northern edge of the monzonite (Papazora area), 

within 50 in from the contact and the second and most important from a locality to the 

east, adjacent to the contact. 

The northern areas show strong weathering and alteration is common. However, one 

sample (N2) was fresh enough to reveal the thermal assemblage. It is a leucocratic rock 

with an assemblage containing quartz, K-feldspar, cordierite, relict biotite and 

aluminosiicate (Plate 5.8d). Opaques are common, as is muscovite, but the latter is 
clearly of alteration origin. 

The texture is characterised by ovoid areas where intergrowths of skeletal biotite and 

alurninosiicate are overgrown by cordierite and K-feldspar (Plate 5.8d,e). These areas 
are surrounded by a mainly quartz-K-feldspar-cordierite matrix, with common 

granoblastic texture (Plate 5.8e). 

Quartz (up to 150 p.), together with K-feldspar, are modally the most abundant 

phases. Quartz-rich areas with coarser, 0.75 mm, grains have straight boundaries against 

prismatic, clear, subhedral cordierite and coarser, microperthitic, usually anhedral K-

feldspar. Granoblastic-polygonal textures between the three minerals are common. 

Locally, in the matrix, there exist K-feldspar-quartz-cordierite "pockets" where quartz is 

seen as rounded inclusions in a xenomorphic K-feldspar oikoci-yst. 

K-feldspar is abundant and is always microperthitc and clouded. It occurs both as 

xenoblastic oikocrysts containing cordierite and quartz inclusions and as finer, subhedral 

grains in a granoblastic polygonal Q-Kf-Cd association. K-feldspar oikocrysts reach 

sizes up to 1.5 mm long and exhibit Carlsbad twinning. 

Cordierite has a different form from what was observed in the quartz-absent 

assemblages. It only has an oikocrystic appearance in the Bi-As breakdown areas. 

Generally it is medium grained, clear, with no inclusions or complicated twinning 

patterns, and usually prismatic (Plate 5.81). Pinitisation is common. Some polygonal 

grain boundaries against quartz and K-feldspar occur in the matrix. 
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a) Microperthitic K-feldspar oikocryst with roundedquartz and fine tabular biotite inclusions in the quartz-
rich areas of samples that also show the highest grade quartz-absent assemblage. Sample 90NK20 ()CPL), 
collected within 30 m from the inferred contact, 10 m east of the Kato \'rondou-Perithori track. ht 
Granoblastic polvoonal texture in leucocratic areas among areas with high-crade quartz-absent assemblages. 
Sample CK82 (XML), collected within 30 m from the inferred contact, 	of the Kato Vrondou-Peritilori 
track. ci K-feldspar oikocryst containing rounded quartz inclusions and skeletal alurninosilicate. Sample 
CK83 (XPL), as in 5.8b. di Leucocratic semi-pelitic gneiss with an assemblage consisting of quartz, K-
feldspar, cordierite (light areas), and biotite, aluminosilicate, opaque. Note the ovoidal areas where the 
reaction described in the text takes place. Sample N2 (PPL, collected within 50 m from the contact in the 
northern area of Papazora. about 11300 m southwest of Vathvtopos village. e Same section in XPL, 
showing the locally oikocrystic form assumed by microperthitic K-feldspar around the ovoidal areas, the 
granoblastic polygonal texture between prismatic cordierite, subhedral K-feldspar and quartz. Sample N2 
(XPL), as in 5.8d. f) Prismatic, subhedral, cordierite, associated with K-feldspar (dirt),  grains) and quartz 
(clear areas). K-feldspar is mostly oikocrystic surrounding the prismatic cordierite. Sample N2 (PPL), as in 
5.8d,e. 



Cordierite and K-feldspat intergrowths are the hosts of the biotite-aluniinosilicate 

intergrowth (Plate 5.8d,e). These ovoid areas consist of few medium-grained cordierite 

and K-feldspar grains. These areas are also dotted with opaques. Biotite is extremely 

fine-grained (less than 100 vt), occurring as tabular to rounded laths, intergrown with 

aluminosiicate of similar appearance. The aluminosiicate is interesting. The drop-like 

medium-relief grains resemble andalusite. However, fibrolite sprays are also found in the 

same areas. Any muscovite present is of alteration origin, usually after cordierite. 

The above association indicates a reaction similar to that reported by Pattison & 
Harte (1985) for the highest grade quartz-present rocks in Ballachulish, just before the 

onset of melting. The reaction : As + Bi + Q = Cd + Kf + H20 in this sample seems to 
have gone to near completion. 

Some hints of the presence of intergranular fluid (melt) in this sample are the thin 

albite rims around generally rounded K-feldspar and straight boundaries of quartz grains 

in xenomorphic K-feldspar (see section 5.8). 

In the other locality next to the contact to the east, massive leucocratic homfels is 

found among weathered down pelitic material. Samples collected from this locality fall 

into two main categories : leucocratic material with Kf-As-Cd-Q-PI assemblage and 

pelitic material with a Bi-Kf-Cd-Q-PI main assemblage with minor As. 

The most spectacular example of the "leucosom&' is given by samples 90NK29, 

90NK27, 90NK28, collected 6-8 metres from the contact. Two sub-areas were identified 

in sample 90NK29. Fine-grained (150 ji) granular areas have Kf-Q-Cd-As as the main 

constituent phases. 	Microperthitic K-feldspar usually represents the xenoblastic 

interconnected matrix in which rounded quartz and subhedral cordierite are immersed 

(Plate 5.9a). In other samples, quartz assumes the role of the matrix. Granoblastic 

polygonal textures are also present among polymineralic grain boundaries, in which case, 

thin light albitic rims surround K-feldspar grains with straight boundaries against fellow 

K-feldspars (Plate 5.9b). Aluminosilicate in these areas occurs always as skeletal, drop-

like, elongated grains either enclosed in K-feldspar and cordierite or at K-feldspar grain 

boundaries (Plate 5.9c,d). These grains never exceed 100 t in size. Cordiente is always 

present as subhedral pinitised prismatic grains, usually showing straight grain boundaries 

against quartz and K-feldspar. 

The other sub-area is characterised by coarse (locally larger than 3 mm) pleochroic 

andalusite, forming euhedral to subhedral blasts, with distinctly disrupted and rounded 

inner areas (Plate 5.9e,f). These blasts are filled with K-feldspar and minor subhedral to 
granoblastic quartz grains (Plate 59f). The euhedral faces of andalusite are immersed in 
an interstitial matrix of K-feldspar-quartz (Plate 5.10a). Rare fibrolitic sfflimanite occurs 
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a) Fine-grained granular areas consisting of microperthitic cloudy K-feldspar, commonly oikocrvstic, 
prismatic clear cordierite, rounded quartz and skeletal ultra-fine aluminosilicate. Dark and ccoudy 
material is K-feldspar, light grey material, often with a subhedral prismatic form is cordierite. Sample 
90NK29 (XPL), b) Granoblastic polygonal texture in matrix. Here, light-coloured, thin albitic films' 
form at the grain boundaries. Sample 90NK29 (XPL), same as in 5.a. C) & d) Skeletal, drop-like 
aluminosilicate, usually enclosed in K-feldspar oikocrvsts. Note also that the aluminosilicate drop-like 
grains extend across grain boundaries. Sample 90NK29 (PPL and XPL), same as in 5.9a. e) Coarse 
euhedral to subhedral andalusite blasts, with rounded (in this case, altered) inner areas. Sample 90NK29 
(XPL), same as in 5.9a. 1) Elongated subhedral andalusite grains, with rounded inner areas filled with 
cloudy K-feldspar, and occasional cordierite and quartz. Sample 90NK29 (XPL), as in 5.9a. 



as sprays in the K-feldspar matrix outside the andalusite blasts (Plate 5.10c). 

(Jranophyric intergrowths of quartz and K-feldspar and andalusite with K-feldspar, at the 

edges of large K-feldspar grains, are also seen close to the andalusite blasts (Plate 5. lOd). 

Sample 90NK27 records the contact between the leucosome and more pelitic 

material. The leucosome has here the fine granular texture with skeletal fine andalusite 

scattered or enclosed in K-feldspar or cordierite. Quartz usually assumes the role of 

xenoblastic matrix, in which subhedral to euhedral K-feldspar is immersed. However, 

rounded quartz inclusions are found in oikocrystic K-feldspar as well. The contact with 

the pelitic material is signified by a general increase in subhedral pinitised cordierite 

prisms and a decrease of overall grain-size (Plate 5.10d). The texture becomes 

granoblastic polygonal, although not equigranular. 

Towards the pelitic material, coarse cordierite prisms include extremely fine-grained 

(<50 p) rounded biotite inclusions. This association is also found in sample 90NK28, a 

leucocratic granular sample. Fine intergrowths of biotite and aluininosiicate are 

included in cordierite or K-feldspar, closely resembling the texture observed in the 

quartz-present sample N2, collected from the northern locality. 

Pelitic samples collected adjacent to the leucosome body are, however, devoid of 

any characteristically high-grade assemblage. They usually consist of Bi-Kf-Cd-Q-Pl, 

and have the best developed granoblastic polygonal textures. 

5.7. THE GARNET BREAKDOWN REACTION 

Garnet in the regional rocks and the thermally overprinted regional rocks was clearly 

seen to be unstable. Under regional conditions garnet has mainly altered to chlorite, or 

chlorite/muscovite and in the thermally altered regional samples it was enclosed in biotite 

and plagioclase. The consumption of regional garnet is to be expected therefore in the 

aureole. 

However, in two high grade samples (with quartz-absent assemblages) some isolated 

relics of garnet were found (samples CK85, CK83). Because of the textural status of the 

replacive minerals and the anhedral ragged appearance of the garnet it is assumed that it 

is probably relict regional garnet and not altered high-grade thermal garnet. 

More specifically, grey-pink anhedral grains occur in a fine-grained matrix of 

biotite-cordierite-plagioclase, commonly enclosed by K-feldspar and quartz (Plate 5. lOe). 

The agggregate has the appearance of a pseudomorph (Plate 5. lOe,f). The texture of the 

aggregate is granoblastic polygonal. Biotite is fine-grained, red-brown and tabular, and 

of thermal origin. Plagioclase and cordierite are subhedral, granular and clear. 
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a Euhedral faces of coarse andalusite grains immersed in xenoblastic, interstitial quartz and granoblastic 
K-feldspar. Sample 90NK29 (XPL), leucosome collected at 7 m from the contact, on the Kato Vrondou-
Perithori track, 4.5 Km north of Kato Vrondou. h) Fine-grained fibrolite cutting across K-feldspar grain 
boundaries in matrix outside the andalusite blasts. Sample 90NK29 (XPL). as in 5.10a. C) Granoplvric 
intercrowths of quartz and K-feldspar and also. andalusite and K-feldspar in the leucosome. Sample 
90N29 (XPL), as in 5.lOa. d) Typically prismatic cordierite as it occurs in the leucosomes close to the 
contact. NOte an increased abundance towards the more pelitic-i-ich part of the sample. Sample 90NK27 
(PPL), collected as in 5.lOa, within 7 m from the contact. e) Grey anhedral garnet relics surrounded by a 
fine-cramed granoblastic aggregate of biotite, cordierite and plagioclase. Sample CK83 (PPL), collected 
within 30 in from the inferred contact, at Km3.5 on the Kato Vrondou-Perithori track. f) Round 
pseudomorphs after regional garnet relics. Note the abundant growth of cordierite towards the outer edges 
of the pseudomorphs. Sample CK83 (XPL), as in 5.10e. 



Cordierite tends to concentrate at the edges of the reaction areas (Plate 5.10e,f). Similar 

round pseudomorphs are scattered through the samples (Plate 5.100. It is not clear why 

garnet would persist in areas that are otherwise characterised by the highest-grade 

assemblages encountered in this aureole. No evidence for stable prograde thermal garnet 

was found. 

Chinner (1962) discussing the presence of almandine garnet in thermal aureoles, 

pointed out that the reason why garnet has a restricted occurrence in such environments is 

compositional, and not necessarily related to the P/I stability conditions of garnet. 

Chinner (1962) described an example of relict regional garnet in the Lochnagar aureole, 

reminiscent of what is observed here, and drew attention to the small scale of local 

equilibrium. Garnet behaviour depends on the bulk rock composition, being stable at 

rock compositions with high FeO/MgO ratios, or FeO+MgO/Al203  ratios, and on the 

nature of the surrounding minerals at the regional conditions. 

Pattison (1985) concluded that the thermal overprinting of regional garnet in the 

Ballachulish aureole was dependent on the amount of H20, because of the operation of a 

garnet-breakdown reaction of the type: Gt + Mu + Q + H20 = Cd + Bi. Only if a 

dehydration reaction was simultaneously operating would there be enough water to 

promote the garnet reaction. This observation is in accordance with Chinner (1962), 

because redistribution of ions in the reaction that the latter author proposed : Regional Gt 

+ Regional Bi = Cd + Thermal Bi + Or, is achieved through a "gaseous medium". 

It is plausible therefore to suggest that similar processes were responsible for either 

the breakdown or the local preservation of garnet in the aureole of the Vrondou 

monzonite. It is not possible to identify the exact nature of the reaction responsible for 

garnet consumption, especially because of the absence of samples that would potentially 

record such an evolution. Because of the relatively restricted occurrence of muscovite at 

high grades, the reaction proposed by Chinner (1962) seems, intuitively, more applicable 

in this case. Nonetheless, such observations are good indicators of the fine, localised 

nature of reactions, influenced by fine-scale chemical/fluid gradients. 

5.8. PARTIAL MELTING EVIDENCE IN THE VRONDOU EASTERN 

AUREOLE 

In situ low-pressure partial melting induced by the contact metamorphism of pelitic 

lithologies around intrusions is a common phenomenon (e.g. Pattison & Harte, 1985; 

1988; Droop & Chamley, 1985; Grant & Frost, 1990, Pattison & Tracy, 1991). Anatexis 

usually results in the development of migmatitic-looking rocks, where one could 
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potentially distinguish a leucosome, the crystallised inferred melt, and a melanosome, a 

pelitic restite from which melt was extracted. Leucosomes, however, are not solely the 

result of anatexis. Igneous injection, metamorphic segregation or metasomatism related 

to the activity of externally-derived hydrothermal fluids, can also lead to the formation of 

leucosomes (Yardley, 1978). 

Unequivocal evidence for the presence of melt in aureole pelites according to 

Pattison & Haste (1988) and Grant & Frost (1990), is primarily supported by the field 

attitudes of such aureole rocks. Features such as the segregation of monomineralic K-

feldspar or Kf-Q leucocratic streaks or veiniets, fine-scale disruption of pre-existing 

framework, agmatisation and fine-scale ductile deformation are very common indeed. 

At a smaller scale, study of the textures and mineralogy of leucosomes in migmatitic 

pelites is didactic but still full of controversies. Yardley (1978) has suggested a 

generalised "guide" to leucosome features inherent to the various processes responsible 

for leucosome development. 

For the case of anatexis, Vernon & Collins (1988) have argued that the presence of 

crystal faces in minerals such as feldspars, andalusite and cordierite against xenoblastic 

quartz of leucosomes denote crystallisation from a melt. Such minerals do not usually 

develop crystal faces in metamorphic rocks, as they commonly do in igneous 

environments. Linklater (1991), studying the leucosomes in the Ballachulish aureole, 

came to a similar conclusion with regard to euhedral faces of one phase projecting into 

another. Rounded grain outlines were attributed by the same author to the melting 

process itself. Melt will initially accumulate at polymineralic junctions and cause a 

rounding off by resorption of irregular edges of grains. 

Pattison & Haste (1988) identified three consistent features in the Ballachulish 

migmatites, that were restricted to these rocks only a) xenomorphic quartz, that is 

present as the interstitial phase of subhedral to euhedral feldspars (similarly to above), b) 

intergranular thin albite rims around K-feldspar grains (rapakivi granite textures, of 

debatable origin but always observed in the igneous environment), and c) cloudy, 

microperthitic K-feldspar, as opposed to the clearer, ciyptoperthitic K-feldspar of the 

non-migmatitised rocks. 

Coarse oikocrystic K-feldspar (and to a lesser extent, plagioclase, quartz and biotite) 

with subhedral inclusions of cordierite, spinel and other phases, were interpreted as 

"cumulate" textures by Grant & Frost (1990) from the Morton Pass area of the Laramie 

anorthosite aureole. In the same area, zoned aluminous enclaves were interpreted to have 

formed by a series of peritectic reactions with liquids saturated with K-feldspar and 

cordierite. 

161 



Finally, the morphology of cordierite and andalusite in the pelitic homfelses of the 

Ballachulish aureole, can be related to melt involvement, according to Linklater (1991). 

Stubby, euhedral to subhedral cordierite was clearly seen to be associated with melting 

reactions, whereas porphyroblastic types that persist over a wide range of conditions are 

not ob'iiously related to melting. Cordierites exhibiting complex twinning and extinction 

patterns, resemble the sector trilling morphology, which is related to the Al, Si ordering 

process. The disordered hexagonal polymorph forms at higher temperatures and 

Linklater (1991) observed such patterns at the highest grades. 

Andalusite morphologies are more difficult to interpret. The only type that could be 

possibly related to crystallisation from a melt, is a coarse, subhedral to rounded type, 

with common embayments, that locally exhibits an interstitial attitude. Euhedral to 

subhedral and skeletal andalusites did not seem to be related to any melting process in 

the study of Linklater (1991). 

All the above observations create some framework with which the structures and 

textures observed in this study can be compared. 

In the field, no severe disruption of pelitic foliations was observed in this area. In 

few cases only, were indistinct "fragments" of pelitic homfels observed to be bounded by 

cross-cutting very fine leucocratic veinlets. In the majority of the cases, ovoidal to 

irregular quartz-absent cordierite-rich areas, carrying spinel and corundum, form 

increasingly interconnected networks, distinct from quartz-rich leucocratic areas. 

However, a definite increased ductility of the pelitic material was observed, resulting, in 

the highest-grade samples collected, in the development of sinuous, isoclinal or irregular 

folding of the layering. As was mentioned above, only in one area, next to the eastern 

contact, was an irregular leucocratic body observed. Therefore, due to the restricted 

nature of field observations stemming from very poor exposure, no overwhelming 

macroscopic evidence of partial melting can be put forward in this area. 

Nonetheless, microtextural features do exist that strenghten the inference of a minor 

anatectic event in the Vrondou eastern aureole. The leucocratic body at the eastern 

contact offers the clearest evidence for crystallisation from a melt (see section 5.6.5). 
Specifically, common euhedral to subhedral morphologies of cordierite, K-feldspar, 

thin albite rims surrounding K-feldspar, ubiquitous microperthitic and cloudy 

morphology of K-feldspar, euhedral faces of one phase projecting into another (the 

xenomorphic interstitial phase usually being either quartz or K-feldspar) and coarse, 

subhedral, embayed andalusites are the more striking features that were also invariably 

related to melt presence by the above authors. The observation in sample 90NK29 of 
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granophyric intergrowths between quartz and K-feldspar is one other melt-related 

feature. 

In the samples that record high-grade quartz-absent assemblages (see section 5.6.4) 
the local presence of microperthitic, cloudy oikocrystic K-feldspar in the irregular 

leucocratic "pockets", containing biotite, cordierite, plagioclase and quartz inclusions, is 

a further indication for localised presence of melt. This probably either accumulated or 

formed preferentially at sites where low-melting point assemblages (quartzofeldspathic) 

reside. 

Cordierites in the highest-grade quartz-absent assemblages have complex twinning 

and extinction patterns. Furthermore, cordierites in the 90NK29 leucosome, have clear, 

subhedral, stubby morphologies. These observations are in accordance with Linklater's 
(1991) suggestions. 

The quartz-present pelitic rocks next to the leucosome, however, have usually 

granoblastic polygonal textures, and rarely record high-grade, low-variance assemblages. 

They can possibly be interpreted as restitic material, as are the spinel-corundum quartz- 

absent assemblages. No real evidence for operation of peritectic reactions involving Kf-

Cd saturated liquids, as proposed by Grant & Frost (1990), can be suggested here. 

Therefore, in summary, some melt-related features were identified in the aureole of 

the monzonitic member of the Vrondou pluton. Any further discussion about the extent 

or the nature of the melt will be highly speculative at this stage and outside the scope of 
this study. 

5.9. MINERAL CHEMISTRY 

In this study a limited analysis of mineral chemistry was done. The samples 

analysed come from a limited range. One sample from a regional pelite (89NK236), two 

samples from thermally overprinted regional pelites (89NK235, 89NK237), one sample 

from below the Kf-As coexistence (90NK19), samples from quartz-absent high-grade 
(CK85, 9ONK16, 90NK21, 90NK22, CK87, CK86) with sample CK85 recording the 

garnet breakdown reaction, the quartz-present homfels 90NK30 and the leucosome 

90NK29 were analysed. 

In the regional rocks biotite, garnet, muscovite and plagioclase were analysed. In the 

highest grade contact rocks (especially quartz-absent assemblages) biotites, the relict 

garnet, cordierite, few muscovites, feldspars, andalusite, corundum and spinel were 

analysed. The main purpose was to check any changes that could possibly be related to 

grade and to check what components were important in order to further define the system 
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under consideration. The microprobe settings are the same as in section 5.2.4 and in 

Chapter 6, and can be found in Appendix H. All the mineral analyses from this section 

can be found in Appendix ific. In this section, the generalised trends, based on averaged 

compositions are discussed. 

5.9.1. Biotite 

Biotites were analysed from the regional sample 89NK236, from the thermally 

overprinted samples 89NK235 and 89NK237, from Bi-Cd-Kf-Q sample 90NK19, from 

the quartz-absent high-grade samples CK85, CK86, CK87, 90NK16, 90NK21, 90NK22 

and from a quartz-bearing pelite next to the contact, 90NK30. 

As a first observation, as seen in fig. 5.13, generally regional biotites are less 

aluminous and more Mg-rich than the contact biotites. All plot between the Annite-

Phiogopite and Siderophyllite-Eastonite joins of Deer et al. (1966) and a clear distinction 

between the regional and contact biotites is noted in fig. 5.13. 

Annit. 	 Sidorophyflite 

0.0 

0.5 

90  1.0 

15 

Cib

00 
0 0 ! 

2.0 

2.5 

0 Regioni 
o Thrmafly overprinted reglonel 

Contact 

3.0' 
6.0 59 58 5.7 5.6 6.5 6.4 53 6.2 5.1 5.0 

Phiogopit. 
	

Si (pfu 0=22) 	 EestonIto 

Figure 5.13. Mg/Fe against Si biotite classification diagram, from Deer et al., 1966. Note the clear 
distinction between contact and regional biotites and the overall trend towards more Fe-rich compositions 
upgrade. Points represent individual analyses. 
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Total alkalis, finally,  were shown to have variable values, so no real trends could be 

recognised (c.f. Guidotti er al., 1988). Nonetheless1  the K/(K+Na) ratios vary 

consistently with grade and are remarkably constant in the aureole rocks (see table 5.5). 

The K/(K+Na) ratio was seen to increase with increasing grade. Regional values of 0.94 

increase to 0.96 in the thennally overprinted samples and finally reach a constant 

maximum of 0.98 in all the homfelses, irrespective of neighbouring minerals and relative 

grade. 
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Figure 5.14. Plot of Ti against Si (atoms pfu 0=22). Note the negative correlation of Ti with Si, except 
for the group of contact biotites that coexist with garnet. Points represent individual analyses. 

The biotite trends observed in this study are very similar to those observed by 

Pattison (1985, 1987) in the Ballachulish aureole. More specifically, the combination of 

the decreasing Si content with decreasing Mg/(Mg+Fe) ratio with grade, indicates the 

operation of a tschermakite-type substitution : (Fe,Mg)Si=2A1, is dominant in the 

Vrondou aureole as well (cf. Pattison, 1987). As will be shown in the later sections, a 

similar pattern of increasingly Fe-rich compositions is consistent in all ferromagnesian 

minerals in this aureole (c.f. garnet, cordierite) and the tschermakite substitution operates 

sympathetically in muscovite. 
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Regional biotites have average Si Contents of 5.50 atoms (per formula unit 0=22) 

and are Closer to the Annite-Phiogopite join. Biotites from the thermally overprinted 

regional samples have comparable average Si contents (5.53-5.54), but lower Mg/Fe 

ratios. Contact biotites show a wider inter-sample range in terms of average Si contents 

(5.41 to 5.19) but they are consistently more aluminous and have considerably lower 

Mg/Fe ratios than any regional sample, being thus closer to the Siderophyllite-Eastonite 

join. 

Although, in general, there is a wide inter-sample range of biotite compositions in 

the homfelses, some general observations can be made. A summary of the average 

values of selected compositional parameters from the various types of biotites that are 

discussed in this section, can be found in Table 5.5. 

Firstly, it was observed that in the quartz-absent samples, biotites occurring within 

the cordierite-rich areas, close to spinel, andalusite and corundum have always lower 

Mg/(Mg+Fe) ratios than biotites intergrown with cordierite in the selvages against quartz. 

Although variations exist among individual samples, this pattern is consistent as for 

example in sample 90NK21 : from selvage to centre Mg/(Mg+Fe) = 0.36 to 0.34 and in 

sample 90NK22, Mg/(Mg+Fe) = 0.37 to 0.35. 

Secondly, biotites from sample CK85, showing the garnet-breakdown area, have 

higher Mg/(Mg+Fe) ratios (average 0.35) than biotites of the same sample away from the 

garnet. The Mg/(Mg+Fe) of biotites adjacent to garnet have values that are still 

conformable to the general thermal biotite values. They, however, have extremely low Ti 

contents (average 0.12) and slightly higher Si contents (average 5.32) than the rest of the 

thermal biotites. Although a general trend of increasing Ti Contents with grade and a 

negative correlation of Ti with Si can be seen from the regional to the thermal biotites in 

figure 5.14, the garnet-neighbouring biotites are far off the observed trend. 

A third observation is that biotites that cross-cut the prograde assemblages and which 

were thus interpreted as retrograde, have compositions not far displaced from the 

respective prograde biotites, although as an average they have higher Mg/(Mg+Fe) ratios 

(0.37). 

Finally, the biotites from the quartz-present assemblages at high grades have high 

Mg/(Mg+Fe) ratios comparable to the ones from lower grades (for example compare 

sample 90NK19 = 0.44 with the high-grade sample 90NK30 = 0.47). 

Mn values did not seem to vary meaningfully either with grade or with assemblage 

(c.f. Guidotti et al., 1988), although a slight decrease in Mn contents was observed 

upgrade. 
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Table 5.5 
Some biotite compositional parameters that show variation either relative to grade or relative to 
assemblage.. Formula unit calculated on the basis of 0=22. 

Parameters 	1 	2 3 4 	5 	 6 	7 

Si 	 5.50 	5.53-5.54 5.28 5.32 	5.21-5.30 	5.20-5.31 	5.41 
Mg/(Mg+Fe) 	0.54 	0.50-0.52 0.44 0.35 	0.30-0.38 	0.32-0.37 	0.47 
Ti 	 0.21 	0.23-0.24 0.12 0.37 
K/(K+Na) 	0.94 	0.96 all 0.98 

I = Regional 
2 = Thermally overprinted regional 
3 = Low grade Bi-K(-Cd-Q assemblage 
4 = Biotite with garnet in high-grade hornfels 
5 = Quartz-absent areas 
6 = Selvages 
7 = High-grade Bi-Cd-Kf-Q assemblage 

5.9.2. Muscovite 

A small number of muscovites were analysed from the regional petite 89NK236, the 

thermally altered petite 89NK237, high-grade quartz-absent hornfels 90NK16 and 

90NK22 and the leucosome 90NK29. 

Muscovite compositions are generally close to the pure muscovite end member 

K2A16Si6020(OH)2. The major substitutions operating in muscovites are the Paragonite 

(Na=K) and Tschermakite ([Fe,Mg]Si=Al2) (celadonitic component). Muscovites with 

Si/Al ratios higher than 3:1 are known as phengites (Deer etal., 1966). 

It has to be noted that no unequivocal prograde muscovite was identified in the high-

grade homfelses. Instead, as was for example described in the quartz-absent 

assemblages, the rare muscovite formed probably as the result of retrograde operation of 

major prograde reactions during the cooling of the aureole. Pattison (1985) and Droop & 

Treloar (1981) observed a similar situation in the Ballachulish and Etive aureoles, 

respectively. Nonetheless, Pattison (1985) noted no compositional difference between 

this muscovite and the equivalent prograde ones at high-grades (above the zone of first 

Kf appearance, Pattison, 1987). However, at lower grades, a compositional distinction 

between pro- and retrograde muscovite was possible at Ballachulish (Pattison, 1985). In 
the present study, the analysed muscovites come from the highest grade samples, 

although late on textural criteria, and their compositions are significantly different from 

the regional or the thermally altered regional samples. It is probable that they are 
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therefore actually closer to the high-grade aureole compositions and they are used for 

comparison. 

The Si/Al ratios in the analysed samples never exceed 1.54 (in the regional pelite), 

generally decreasing with increasing grade, to 1.03 in the homfelses (Table 5.6). 

The celadonite component is represented by the amount of Si more than 6 atoms per 

formula unit (0=22) and by the total of the divalent atoms at the octahedral sites. Both 

these parameters decrease sympathetically with increasing grade (Table 5.6), indicating 

the operation of the tschennakite substitution. In general, muscovites become more 

aluminous with increasing grade. 

The paragomte component, represented by the K/(K+Na) ratio, decreases with 

increasing grade, as seen by the increasing ratio, in Table 5.6. 

Table 5.6 
Some muscovite compositional parameters that show consistent variations with grade. Values represent 
averages. 

Regional 
(intact) 

Regional 
(altered) 

Q-absent 
homfels 

Leucosome 

Si/Al 1.44 1.15 1.06 1.06 

Si-6 0.65 0.22 0.08 0.14 

(Fe+Mg-+-Mn+Ca) 0.77 0.41 0.27 0.13 

K/K+Na 0.89 0.83 0.93 0.95 

The trends of decreasing celadonite component with increasing grades observed here 

are similar to those observed by Pattison (1985, 1987) in the Ballachulish aureole and 

Droop & Treloar (198 1) in the aureole of the Etive granite. 

The paragonite component is affected by the assemblage in the Ballachulish aureole. 

In the Ballachulish aureole rocks it increases at lower grades, in the absence of K-

feldspar. Na at higher grades is preferentially fractionated in K-feldspar, so the 

paragonite component of muscovite is lower than that of the regional rocks at these 

grades. In this study, the aureole samples analysed all contained K-felspar, so a 

paragonite component decrease is to be expected. 
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Garnet growing at the highest grades of thermal aureoles, however, usually are 

extremely rich in the. Airnandine component and can be essentially described as 

Almandine-Pyrope solid solutions, Ca and Mn contents being extremely low (for 

example, Pattison, 1985; Berg, 1977; Grant & Frost, 1990). They also generally exhibit 

homogeneous compositions. 

It is therefore improbable that the gamets analysed in the hornfels sample is of 

prograde origin, as the textures also seem to indicate. Rather, a continuous reaction 

between garnet and surrounding Fe-Mg minerals (biotite and cordierite) can probably be 

inferred for the local presence of the relict grains. Figure 5.15a and 5.15b indicate the 

relative direction and involvement of the various components upgrade. It is clear, that 

the inferred reaction involved a considerable increase in Fe and a smaller decrease in Ca, 

Mg being essentially unchanged (fig. 5.15a). Mn does not seem to follow similar trends, 

but is considerably increased in the gamets from the thermally overprinted samples (fig. 

5.15b). 

5.9.4. Cordierite 

Cordierite was analysed from mainly high-grade quartz-absent samples (CK85, 

CK86, CK87, 90NK16, 90NK21, 90NK22). 

Weight percent totals lie between (averages) 97.55 % and 99.10 %, although 

individual totals as low as 96.71 % were also found. Therefore, it can be assumed there 

is a significant proportion of H20 in the cordierite structure, although variation among 

samples is quite wide. 

The Al/Si ratios are close to 4:5, although always Al is higher than the ideal 4 (per 

formula unit 0=18) and Si lower than the ideal 5. Other than minor amounts of Mn 

(MnO %wt ranging between 0.38 and 0.28) and Na (Na20 %wt ranging between 0.18 to 

0.32) with no apparent pattern, their compositions are close to the ideal 

(FeMg)2Al4Si5O18-nH20.  

The Mg/(Mg+Fe) ratios are fairly uniform, although inter-sample variations are 

observed, in average, the Mg/(Mg+Fe) ratio ranges between 0.54 to 0.42. Cordierites 

are always more Mg-rich than coexisting biotites. 

One cordierite analysis from sample 90NK19, a lower grade homfels, showed the 

highest Mg/(Mg+Fe) ratio, 0.60. However, in the absence of more analyses from lower 

grade rocks, it is not clear whether Fe-enrichment upgrade is a consistent pattern of the 

cordierite compositions in this aureole. It would not be surprising, however, judging 

from similar trends exhibited by biotite and garnet. 
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Figure 5.15. Variation of garnet compositions. Note the essentially constant Mg contents, increasing Fe 
and decreasing Ca contents with grade in (a) and the increased Mn contents of the thermally overprinted 
regional samples in (b). 

The only remarkable intra-sample variation in cordierite compositions was observed 

in the Mg/(Mg+Fe) ratios between quartz-absent areas and adjacent quartz-bordering 

selvages in samples 90NK16 and 90NK21. In these samples, corundum-spinel-bearing 

quartz-absent areas have corclierites with distinctely lower Mg/(Mg-t-Fe) ratios than the 
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adjacent selvages. Exactly similar trends were observed in coexisting biotites, as shown 

before. 

For example, sample 90NK16 shows a selvage to quartz-absent cordiente variation 
of 0.53 to 0.47 and sample 90NK21, a 0.54 to 0.50. Similar variations were observed by 

Pattison (1985) in the Ballachulish aureole, from the partially melted quartz-absent 

homfelses and by Droop & Chamley (1985) in the Bethelvie aureole. 

5.9.5. Feldspars 

Plagioclase feldspar is ubiquitous in both regional and aureole samples. Plagioclases 

were analysed from the regional sample 89NK236, from the thermally overprinted 

regional sample 89NK235, from high-grade quartz-absent homfelses CK85, CK87, 

90NK16, 90NK21, 90NK22 and from high-grade quartz-present hornfelses 90NK30 and 

89NK221. 

A general increase in An contents was observed with increasing grade. The regional 

sample has average An = 15.70 and the thermally overprinted sample has average An = 

23.73. The quartz-absent homfelses have variable inter-sample compositions, averages 

ranging from An = 24 % to An = 30.30 %. The quartz-present homfelses, on the contrary 

have more albitic compositions averaging An = 11.85 to 12.65 %. All plagioclases have 
invariably low Or contents, never exceeding Or 2 %. 

K-feldspar was analysed from the two most common associations of this aureole. 

Quartz-absent hornfelses, samples CK87, CK85, 90NK16, 90NK21, 90NK22 and the 

inferred leucosome 90NK29. Compositions are fairly uniform in all samples, with An 

contents never exceeding 1.1 %. Grant & Frost attributed the scarcity of An in K-

feldspars and Or in plagioclases, to low-temperature equilibration, after the thermal peak 

of the aureole metamorphism was reached. There is a consistently quite high Ab 

component in the K-feldspar chemistry, fact that seems justifiable by the coarsening of 

perthites observed in such rocks. In the quartz-absent samples averages range between 

14.13 % Ab to 20.80 % Ab, whereas in the leucosome-bearing sample 90NK29, the 

albite component is lower, averaging 12.50 %. 

Impurities include FeO and MgO. BaO %wt reaches as high as 0.46 %wt, but no 

consistent analyses were obtained for all samples, therefore no correlations can be made. 

Figure 5.16 demonstrates the compositon of the feldspars in the ternary feldspar 

diagram. 
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Figure 5.16 Compositions of feldspars in the Vrondou monzooite aweole 

5.9.6. Spinel 

Only two probe analyses of the dark green spinel were obtained, and these came 

from sample 90NK22. The relatively low totals, probably represent components not 

analysed for (such as ZnO, which can be important, c.f. Deer et a!, 1966). 

The spinel in this study is a member of the Spinel s.s. series, is very Fe-rich, having a 

composition of Fe0 86Mg009Al2O4. The Hercynite : Spinel (Fe/Mg) ratio is as high as 9 
1. Cation totals lie below the ideal 3, indicating either that no Fe was present or that 

it was not calculated by the stoichiometiy. 

Hercynite-dominated spinel compositons are very common in pelitic hornfelses (e.g. 

Droop & Chamley, 1985; Pattison, 1985; Grant & Frost, 1990), especially at partial 
melting conditions (Frost, 1991). 
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5.9.7. Andalusite and corundum 

Andalusite and corundum analyses were obtained from the quartz-absent pelites 

CK85, (1<87, 90NK16, 90NK21, 90N1K22. Andalusite was also analysed from the 

leucosome-bearing sample 90NK29. 

Both minerals have compositions very close to the ideal. In the aluminosilicate, 

significant impurities were trace amounts of especially FeO, but MgO and Ti02  were 

also found. FeO reached 0.77 %wt in one quartz-absent sample but no meaningful 

differences were observed between the quartz-absent samples and the leucosome. 

The only significant impurity in corundum was again FeO, reaching 0.43 %wt 

locally. 

5.10. DEFINITION OF THE CHEMICAL SYSTEM 

In order to rationalise the mineralogical and textural changes that were observed in 

the previous sections and in order to be able to make comparisons with other studied 

thermal aureoles it is necessary to define the chemical system that best describes the 

chemistry of the assemblages. 

The system that was chosen in this study to best represent the important continuous 

and discontinuous variations in the aureole is the K20-FeO-MgO-Al2O3-SiO2-H2O 

(KFMASH). 

From the petrographical descriptions the following minerals were identified to take 

part in possible reactions in the pelitic/semipelitic rocks : quartz, K-feldspar, biotite, 

muscovite, chlorite, garnet, cordierite, aluminosiicate, corundum, spine!. Plagioclase is 

ubiquitous but it is not clear how An and Ab components are involved in possible 

reactions. ilmenite, apatite, zircon and tourmaline are ubiquitous accessories, but not 

central chemically to the evolution of the pelites. 

One basic simplifying assumption therefore made in this study is the exclusion of 

Na2O and CaO components from the system. These components describe mainly 

plagioclase variations. As was shown in the previous section, plagioclase composition 

varies with grade, however, especially at high grades no solid phase involved in high 

grade reactions can account for the CaO and Na20 components.They are thus excluded 

on the assumption that they represent "inert" components. 

The involvement of a free vapour phase is not a wild assumption, since hydrous 

minerals (especially biotite, cordierite) involved in prograde dehydration reactions, 
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persist even to the higher grades. In the absence of any observed graphite, an assumption 

of the presence of a pure H20 vapour phase is made. 

Pattison (1985) suggested that in the case of in situ partial melting any hydrous 

vapour phase would be consumed in the melt, because of the high solubility of water in 

silicate melts. Thus, water activity will be reduced in the presence of melt but it would 

be eventually buffered by the melting reactions. He reasoned thus, that all mineral 

assemblages in the defmed system coexisted with a free fluid phase, that being a hydrous 

vapour at low grades and a silicate melt at the highest grades, the latter having a lower 

and variable water activity. In this study these assumptions are followed closely. 

5.11. APPROXIMATE CONDITIONS OF AUREOLE DEVELOPMENT 

The regional grade prior to the intrusion in this particular area is a mailer of 

speculation at this stage. The few studies of the thermotectonic evolution of the Lower 

Tectonic Unit of the Western Rhodope, to which this study area belongs, are generally in 

agreement. Both Kilias & Mountrakis (1990) and Mposkos et al. (1990), have described 

a syn-D1  upper greenschist-lower amphibolite facies Barrovian event that is retrogressed 

to syn-D1' greenschist facies assemblages, which probably represent the envelope 

conditions at the time of the intrusion. Mposkos etal. (1990) also suggested that relics of 

an early high-pressure event can be locally found. Estimates of the metamorphic 

conditions of the various events can be found in Table 5.8. 

From the limited study in this thesis, both in the field and in thin section, an overall 

agreement with this generalised evolution can be seen. The structural evolution of Kilias 

& Mountrakis (1990) was shown in Chapter 3 to be in accordance to observations in the 

study area. Furthermore, the politic sample 89NK236 offers a good example of regional 

conditions prior to Vrondou intrusion. Garnet breakdown to chlorite and chlorite growth 

along C surfaces and shear bands denotes retrogression from garnet-zone conditions, 

probably co-eval with the D1' deformation event. 

In this study, however, a detailed evolution of the politic assemblages from regional 

through to aureole conditions was not established and was not aimed at. Nonetheless, the 

preliminary observations of general changes upgrade can be used as guides to the 

approximate conditions during aureole development, especially pressure. The observed 

assemblages are summarised in Table 5.9. 
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Table 5.8 
Published P-.T estimates of regional events in the Lower Tectonic Unit of the Western Rhodope. 

Event Conditions Reference 

High-Pressure 500 - 550 °C Mposkos et al. (1990) 

11- 12 kbars 

Dl Barrovian 520 - 580 °C Mposkos etal. (1990) 

no estimate 

Dl Barrovian 430 -480 °C Kilias & Mountrakis (1990) 

4 - 7 kbars 

D1'Uplif* 400-270°C Kiiias&Mountrakis(1990) 

2. 3.5 kbars 

Table 5.9 
Summary of the assemblages observed in this study. All solid phases are supposed to coexist with either a 
pure water vapour phase at low grades or a melt phase at high grades. 

Assemblage Characteristics KFMASH variance 

I. Bi-Mu-Q-PI-Chl+ Gt Regional 3 

2. Bi-Mu-Q-PI-Cd-i- Gt, (11 Overprinted 3 

3. Bi-Cd-Kf-Q-PI Low-grade 3 

4. Kf-Q-Cd-As-Bi-PI High-grade q-present 2 

5. Cd-Kf-Cor-Bi-PI High-grade q-absent 3 

6. Cd-Kf-Cor-Sp-Bi-PI High-grade q-absent 1 

6. Kf-Q-As-Cd-PI Leucosome 3 

From the petrographical observations some qualitative conclusions can be drawn 

regarding the possible reactions governing the introduction of key minerals, especially at 

high grades. 

The first indication of thermal metamorphism was shown to be represented by the 

consumption of regional chlorite and garnet and the generation of biotite (thermal) and 

minor cordierite. The exact reactions governing these lowest grades are speculative. 

Garnet, although not present as a high-grade aureole prograde mineral, persisted locally 

until the higher grades, possibly due to the build-up of small-scale chemical gradients 
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that resulted in a local increase of the FeO/MgO ratio or water deficiency (see section 5.7 
for further duscussion). 

Further into the aureole, the first appearance of K-feldspar in micaceous layers, in 

the absence of an aluminosilicate phase, indicates that a reaction (unbalanced): 

Mu+Q+Bi=Cd+Kf+H20 (a) 

as proposed from Pattison & Harte (1985) from the Ballachulish aureole, operated. The 

absence of an aluminosilicate phase implies that K-feldspar introduction took place 

beyond the discontinuous muscovite dehydration reaction (Mu+Q=Kf+As-i-H20). 
Pattison & Harte (1985) and Pattison (1987) observed that in the Ballachulish 

aureole a bulk compositional control determined whether As or Kf would appear after 

cordierite in the aureole. K-feldspar is introduced in more Mg-rich pelites and drives the 

system to more Fe-rich compositions. This trend towards more Fe-rich compositions was 

revealed by the chemistry of Fe-Mg phases in the Vrondou aureole as well, therefore the 

operation of reaction (a) is justified. 

The overwhelming stability of the trivariant (in KFMASH) Bi-Kf-Cd-Q assemblage, 

with biotite-cordierite compositions pertinent to that stage seems to confirm Pattison 

(1987), who suggested that Bi-Cd compositons would be fixed by this reaction and not be 

affected subsequently by any higher-grade Kf-Cd-introducing reaction. This is probably 

why biotite and cordierite in quartz-bearing pelites with the Bi-Cd-Kf-Q assemblage, that 

spatially coexist with leucosomes, have the depressed Fe/Mg ratios of lower grades (c.f. 
sections 5.9.1 and 5.9.4). 

Furthermore, according to Seifert (1976), the stability of Cd+Q+Kf is confined to 

pressures lower than 5 kbars, if cordierite is H20-bearing and the assumption that 
P0-":P0 can hold. Cordierite in this aureole was shown in section 5.9.4 to have 1-3 
%wt H20. Also, in the previous section, the system was defined by assuming it to carry 

a pure water fluid phase at melt-absent grades. 

The remaining assemblages that were collected in this study all show K-feldspar 

coexisting with aluminosilicate, they therefore represent conditions over the dehydration 
reaction: 

Mu+Q=Kf+As+H2() (b) 

The overwhelming presence of andalusite as the stable aluminosilicate phase in the 

Kf+As-bearing high-grade assemblages collected in this study, would indicate that the 

rocks went through reaction (b) in the stability field of andalusite. Pressure would 

therefore had been too low for reaction (b) to intersect any melting curves and induce 

dehydration melting of muscovite (c.f. figure 5.18, the Pattison & Harte, 1985 

petrogenetic grid). Of course, it has to be stressed that reaction (b) was not actually 
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observed in this study, but rather, inferred by the change of assemblages towards the high 

grades. 

If passing through reaction (b) muscovite is consumed, then rocks would remain 

quartz-bearing in the higher grades. The only reaction that was probably actually 

observed in this study (sample N2) is the (unbalanced) reaction: 

Q+Bi+As=Kf+Cd+H20 (c) 

This reaction is important because, according to local conditions, it can either 

represent the highest-grade reaction before the onset of melting or the first reaction under 

melting conditions (c.f. Pattison & Harte, 1985). In this study, textural evidence argues 

for minor partial melting in samples with the whole univariant assemblage Q-Kf-Cd-Bi-

As. 

Abundant quartz-absent assemblages carrying corundum and spinel, indicate that the 

pelites also went through reaction (b) resulting in quartz consumption. 

According to Pattison & Harte (1985) corundum is first introduced in the quartz- 

absent assemblages through a reaction by which muscovite is fmally consumed : Mu 

Cor + Kf + H20. In the Vrondou eastern aureole no textural evidence was found to 

suggest the prograde operation of this reaction, although its retrograde operation was 

texturally probable, as also seen in the Etive aureole (Droop & Treloar, 1981). 

Muscovite is therefore essentially absent in these samples, and the common association 

of corundum with andalusite in these samples suggests that a reaction in the form of 

(Pattison & Harte, 1985): 

Bi+As=Cd+Cor+Kf+H20 (d) 

accounts for the major presence of corundum in these rocks. 

In the same samples, corundum is usually associated with spine!, which is locally 

more abundant than corundum. Both minerals are kept well away from quartz, so the 

reactions suggested by Grant & Frost (1990) for spinel introduction are not applicable 

here. The presence of spinel in aureole pelites is usually associated with partial melting 

conditions. In the Vrondou rocks, evidence for partial melting at a similar inferred grade 

is very localised (see Section 5.8), usually confined to Kf-Q leucocratic areas, with Bi-

Cd-Kf selvages shielding the spinel-bearing quartz-absent areas. 

Both corundum and spinel are closely associated with aluminosiicate, therefore 

again the high-grade reactions of Pattison & Harte (1985) are pertinent to this area. Two 

such reactions are: 

Bi + As = Cor + Cd + Kf + H20 (in melt) (e) 

Bi+As+Cor=Cd+Sp+Kf-I-H20 (in melt) (f). 
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Finally, in the leucosome body near the contact, Kf+ Q are the most important 

phases. Additional phases are alurninosilicate and cordierite. The presence of Al, Fe and 

Mg in melting reactions have the effect of lowering the temperatures as Thompson 

(1982) pointed out. 

The above high grade assemblages (spinel+corundum-bearing) are probably 

indicative of the maximum conditions attained during the development of the Vrondou 

aureole. 

Table 5.10 shows the high-grade assemblages observed in other thermal aureoles and 

the respective estimated pressures. These are the aureole of the Etive granite complex, 

Scotland (Droop & Treloar, 1981), the Comrie aureole of the Cam Chois diorite 

complex, Scotland (Tilley, 1924), the aureole of the Ballachulish granite, Scotland 

(Pattison & Harte, 1985), the aureole of the Lochnagar granite complex, Scotland 

(Chinner, 1962), the aureole of Bethelvie "Newer gabbro", Scotland (Droop & Charnley, 

1985) and the aureole of the Laramie anorthosite at Morton Pass, Wyoming (Grant & 

Frost, .1990). 

Pattison & I-lane (1985) used these data (except for the Etive and Morton Pass 

aureoles) to create a schematic reaction grid for the high-grade assemblages observed in 

these aureoles (their fig.10, p.23). This net is reproduced here in Figure 6.17. Reaction 

numbers refers to reactions described in Pattison & Harte (1985). Further information 

can be found there. The stress in this grid is put on the relative position of the various 

assemblages in P-T space, especially relative to pressure. Although they acknowledged 

the possible bulk compositional effect especially on the stability of garnet, Pattison & 

Harte (1985) suggested that the bulk compositions are similar enough for the 

assemblages to be registering a pressure effect. 

By comparison with Table 5.10, fig. 5.17 and the petrographical descriptions given 

in the original references, it can be noted that the high-grade assemblages and their 

sequences identified in the Vrondou monzonite aureole compare with those in the Etive 

and Comrie aureoles. No orthopyroxene was identified in this study, a fact that would 

seem to confine the conditions here to lower peak temperatures than those of the first 

hypersthene appearance. 

Furthermore, as was shown throughout this chapter, assemblages and reactions are 

remarkably similar to those of the Ballachulish aureole, up to the stage of garnet 

appearance. 
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Table 5.10 
High-grade assemblages from other aureoles and estimated pressures. Most assemblages coexist with Bi, 
Cd, Kf and an inferred melt phase. Exceptions: 1) Etive aureole assemblages, where no inferred melt was 
described, 2) In Morton Pass assemblages: * = no Cd ** = no Cd, Bi; 	no Bi; 	= no Bi,Cd,Kf. 

Dive Corn ne 	. Ballachulish Morton Pass Lochnagar Beihelvie 

As-Q As-Q As-Q As-Q Sp-Cor Sp-Cor 
As-Mu-Q As-Cot As-Cot Opx-Q Sp-As-Cor Sp-As-Cor 
As-Cor-Sp COT-Sp Sp-Cor Gt-Q As-Sp As-Sp 

Sp-As-Cor Sp-As-Cor Gt-Opx Gt-Q Gt-As-Q 
As-Sp Gt-Q-Opx As-Sp Hy-Q Gt-Q 
Opx-Q Gt-Sp Gt-Hy Gt-Q-Hy 
Opx-Sp Q-Gt-Opx Hy-Sp Gt-As-Sp 

QAsGt* Gt-Sp-Hy Gt-Sp 
QAsGtSp** Hy-Sp 
Cor-Sp Gt-Sp--Hy 
AsCor Sp*** 

AsGt**** 

1-2 kb Unknown 3 kb 3 kb 4.2 kb 4.5-6 kb 
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Figure 5.17. Reproduced from Pattison & Harte (1985), fig.10, p.  23. Schematic KFMASH reaction grid 
for high-grade assemblages in the Ballachulish, Comrie, Bethelvie and Lochnagar aureoles. The pressures 
shown for the different aureoles in relation to the reactions are only relative and illustrate how pressure can 
be the cause of observed differences. For further details, see the original reference. 
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Garnet is used by Pattison & Harte (1985) as a pressure-sensitive index mineral. The 

absence of garnet in the Vrondou rocks, that are otherwise quite similar to the 

Ballachulish hornfelses, would therefore seem to imply that pressure conditions in the 

Vrondou monzonite aureole did not exceed 3 kbar, the value estimated for the 

Ballachulish aureole (Pattison, 1985). The Etive granite aureole seems to be a similar to 

the Vrondou case, and for that, Droop & Treloar (1981) estimated a pressure of 1 
- 2 

kbars. 

Some further simplified inferences can be made by comparison with the p'trogenetic 

grid for thermal aureoles of Pattison & Harte (1985), reproduced here in figure 5.18. 

Calibration of this grid in P-T space was accomplished by the use of experimental data, 

where present and where not, by self-consistent thermodynamic calculations. 
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Figure 5.18. Reproduced from Pattison & Harte (1985), fig.11, p.25. Petrogenetic grid for thermal 
aureoles. Reaction numbering refers to reactions in the original paper. Solid lines = experimentally 
determined reactions; Dashed lines = calculated reactions. Aluminosilicate data: R = Richardson et al. 
(1969); H = Holdaway (1971). 
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In the case of the Vrondou monzonite aureole, the location of reactions 2b, 3, 4a and 

possibly 5, of the Pattison & Harte grid, combined with knowledge of the nature of the 

aluminosiicate phase, are of interest. 

The overwhelming presence of andalusite denotes that conditions never exceeded 

much the andalusite stability field, even if the cautionary point of Grant & Frost (1990), 

about the observation of cooling, as opposed to peak, textures and assemblages, is kept in 

mind. Fibrolite was observed in only few instances, usually associated with high-grade 

quartz-present assemblages that record the reaction (c) (4a of Pattison & Harte), 

indicating that conditions must have "grazed" the sillimanite stability field. Therefore, 

even if the Richardson et al. (1969) aluminosilicate phase diagram configuration is used, 

pressures could not have exceeded 3 kbars. 

Bohlen et al. (1991) recently proposed a recalibration of the triple point, pertinent to 

coarse sillimanite, based on experiments on the Kyanite-Andalusite and Kyanite-

Sillimanite polymorphic reactions. This triple point is located at 4.2 ± 0.3 kbars and 530° 

± 20°C, at an intermediate position, between the Richardson et al. (1969) and Holdaway 
(197 1) points. 

The presence of corundum associated with K-feldspar, cordierite and spinel indicates 

that conditions passed beyond reaction 5 (in fig. 5.18) and the rocks must have gone 

through some melting reaction, depending on the exact assemblages, bulk chemistry, 

mineral composition and fluid conditions (see Linldater, 1991 for a review of the 

influences on the position of melting reactions). 

Finally, the absence of garnet signifies the maximum conditions attained in theory, 

by comparison with the Pattison & Harte grid. Pressures could not have exceeded 3 

kbars (reaction 20, in fig. 5.18) and temperatures 740°C (interesection of reactions 4a, 10 

and 20, in fig. 5.18) 

Therefore, from all the above, as a first approximation it can be concluded that the 

Vrondou monzonite aureole pressure did not exceed 3 kbars, was probably closer to 2 

kbars, in order to justify the ubiquitous presence of andalusite, and reached maximum 

temperatures of 740°C, with the production of minor partial melting. 

5.10. CONCLUSIONS 

In this chapter some estimation of the depth of emplacement was obtained. The two 

approaches that were followed are different. The Al-in-homblende geobarornetry was 

applied to the quartz-bearing granitoids (quartz-monzonite, granodiorite and granite) of 

the Vrondou pluton and the Elaion body, because they were found to obey the required 
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application restrictions. From this first section, in which the validity of the results was 

argued for, the solidification pressure of these granitoids was calculated to be at an 

average of P = 2.5 ± 0.5 kbar. Equilibration (probably near-solidus) temperatures for 
these rocks were calculated in the range of 7010  to 745° ± 75°C. 

On the other hand, the examination of the contact aureole of the monzonitic member, 

for which no pressure estimates could be calculated from the homblende barometers, 

seems to indicate conformable results, pressures lower than 3 kbar, probably close to 2 

kbars. Maximum temperatures in the aureole could have theoretically reached 740°C and 

evidence for minor partial melting was observed. These conclusions are only qualitative, 

based on geological reasoning, so no "confidence levels" can be proposed. 

It is encouraging to note that both approaches yielded similar pressure results. Each 

method of course carries a number of assumptions and simplifications. However, the 

close conformity of the results indicates that firstly, the Al-in-homblende geobarometer 

was independently proven correct and secondly that studies of aureoles, even in the 

absence of quantitative geothermobarometry, can yield geologically consistent and 

meaningful results. 

Assuming a density value of 2.73 Mg/m3  to be an average density value for the 

Rhodope envelope, as reported by Maltezou & Brooks (1988), then an approximate depth 

of emplacement can be calculated. The pressure-depth relationship is given by the 

equation : D = P/g.r x 106,  where, g is the accelaration due to gravity (9.81 ms-2)  and p 
is the density (here, 2.73 Mgm 3). Depth (D) is in km and pressure (P) is in GPa, where 
0.1 (3Pa = 1 Kbar. 

Therefore, from the pressure estimates of 2-3 kb, an approximate depth of 

emplacement of 7.5-11.2 km can be calculated. Uplift rates are usually calculated using 

the blocking temperature of cogenetic minerals, the geothermal gradient at the time of 

intrusion, and the cooling rate of the intrusion (e.g. Davy et al., 1989, Petford, 1990). 

However, in the present case, it is not possible to estimate such parameters, so a rough 

estimate of uplift rate can be calculated only from the emplacement depth. 

Assuming that the Vrondou pluton was unroofed for the first time at Lower Miocene 

(24-20 Ma), as evinced by the Serres basin fanglornerates (see Chapter 4), then uplift of 

the body was effected during 6 to 10 Ma, giving simplistic uplift rates for the Oligo-

Miocene period of maximum 1.7 mm/yto minimum 0.7 mm/y. Such values, however, in 

the absence of data on the palaeogeothermal gradient and of a better constrained tectonic 

model for the whole of the area, cannot be at this point used to get an estimate of a 

cooling history. 
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CHAPTER 6 

Petrology of the undeformed granitoids 

6.1. INTRODUCTION 

The petrology of the Vrondou complex has been the subject of three Ph.D. theses 

(Papadakis, 1965; Theodorikas, 1982; Coucoulis, 1982). Although the petrographic 

descriptions do not fundamentally differ, the interpretations, especially regarding the 

inter-relations of the various types, do differ because the three studies stressed varying 

features. Since none of the above studies was published it was considered important to 

present the petrographical features of the complex in this study. 

In this thesis, the main petrographical types were studied in order also to assess 

petrogenetic interpretations. The mineral chemistry of the main petrographical types was 

also studied in an attempt to relate it to the petrographical variations. In addition, special 

attention was given to the microgranular enclaves found in the granitoids of the Vrondou 

complex, since they can potentially hold petrogenetic information. 

Therefore in this chapter the petrographical descriptions of the main types that 

compose the complex are firstly presented, followed by the major mineral chemistry 

features. 	Finally, a more detailed discussion of microtextural features of the 

microgranular enclaves, pertinent to petrogenetic interpretations, is presented. 

6.2. PETROCRAPHICAL CLASSIFICATION OF THE COMILEX 

The three previous studies (see above), despite several inconsistencies, recognised 

the following main rock-types: quartz-monzonite, granite, granodiorite and monzonite. 

In this study only a limited analysis of the modal composition of the complex was 

carried out with main objectives i) to check whether there is agreement with previously 

reported results and ii) to characterise samples with critical textures and mineralogy. The 

resulting QAP diagram (Streckeisen, 1976) shown in figure 6.1a, contains modal 

analyses from both Theodorikas (1982) and this study. The detailed modal analyses are 

found in Appendix IV. 

As a result (fig. 6. Ia), there seems to be a good agreement with the main rock types 

described by Theodorikas (1982), i.e. dominant quartz-monzonite grading to granite s.s, 

granodiorite, a distinct monzonitic member and a gabbroic dyke. 

184 



0-Monzonite 
A Granodiorite 
+ Granite s.s. 

Monzonite (centre) 
V Monzonite (NE) 

Gabbro 
Enclave A 

V Enclave B 

4 

	

3a 	3b 4 

+ 

A// 

1 _ 
I 	 Inh 

/8o 

I \io, 
P 

N 

km 

/ 	 MonzpIcit!' \._) 
"(oentre) 	Porphyritic 

- monzonite 
,Granite s.s' s;.-  
" 

11 

Bl±Jlb 	,'. 	Granodiorite" 
\ Bi+Hb 

Q-Monzonite ".. 

	

HbfBi 	 Gabbrd ------ / 

Il' 	
...çCPZ+PI#H 01. Opx) 

Lamprophyre 

(Amph-KO 

Figure 6.1. (a). QAP diagram with representative modal analyses of the various Vroodou rock-types. 
Data from both this study and Theodorikas (1982). Fields are labelled after Streckeisen (1976) as: 3a,b 
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of the Vrondou pluton showing the geographical distribution of the rock-types discussed in the text. 
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In addition to these, another monzonitic facies is distinguished, on the basis of 

dominant Fe-Mg mineralogy and geochemical affinities. This facies crops out in the 

central parts of the complex, and, based on modal quartz content, is transitional between 

the monzonitic and quartz-monzonitic facies. Although in the Streckeisen diagram 

(flg.6.1a), some of these rocks plot in the quartz-monzonitic field, on account of the 

higher Q values than the rest of the monzonitic rocks, their chemistry indicates (Chapter 

7) that they have affinities with the porphyritic monzonites and not the quartz-

monzonites. Furthermore, they contain dominant clinopyroxene and homblende as Fe-

Mg minerals, similar to the monzoriites. In summary, the following rock-types comprise 

the Vrondou complex: quartz-monzonite (homblende±biotite, modal quartz >10%), 

granite s.s. (biotite+hornblende, modal quartz >19%), granodiorite (biotite+homblende, 

modal quartz >19%), central monzonite (clinopyroxene-i-hornblende, modal quartz 

<10%) and porphyritic monzonite (clinopyroxene+homblende, modal quartz <10%). 

The geographical distribution of these facies is shown in figure 6.1 b. 

The microgranular enclaves found in the monzonites are classified as (micro)diorites 

and those in the quartz-monzonite and granodiorite as quartz-diorites. 

The following rock-types will be described in more detail in the following section: 

gabbro, porphyritic monzonite, monzonite, quartz-monzonite, granite s.s., granodiorite 

and microgranular enclaves. In addition, the petrographical features of the homblende-

dominated basic dykes, found in the southern parts of the complex, will also be 

described. 

6.3. PETROGRAPHICAL DESCRIPTIONS 

6.3.1. Gabbro 

Gabbro has a restricted occurrence. It occurs as a weathered dyke-like body 

consisting of melanocratic medium- to coarse-grained homblende-bearing gabbro. 

Hydrothermal alteration of the gabbro is particularly pervasive around the contacts with 

the surrounding quartz-monzonite. It has been previously described by Papadakis (1965) 

and Theodorikas (1982). 

The gabbro commonly exhibits a well-developed poikilitic texture with homblende 

enclosing all other minerals (Plate 6.1 a). However, clinopyroxene relics in the abundant 

homblende have a sub-ophitic relationship with medium to small plagioclase laths (Plate 

6. lb). 
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The dominant assemblage is: clinopyroxene-amphibole-plagioclase--opaques-titanite, 

with minor late biotite, epidote, chlorite. Towards the centre of the body, two samples 

were collected with a more primary assemblage: olivine-orthopyroxene-spinel-

clinopyroxene-amphibole-plagioclase-opaques-titan-ite, and alteration products (see Plate 

6.1 a). 

Olivine was found in two samples (CK65, CK67) and has not been described before. 

It is subhedral to anhedral and medium-grained (0.5-1.5 mm max). Although olivine is 

usually enclosed in an orthopyroxene-opaque oxide symplectite (Plate 6.1d,e), it may 

occasionally be enclosed poikilitically by brown hornblende (with clinopyroxene) (Plate 

6.1a). It exhibits proper crystal faces only adjacent to other olivine crystals (Plate 6.1c) 

and is characterised by abundant irregular cracks and alteration. It is generally inclusion-

free, apart from one case where a plagioclase inclusion is seen in the olivine. 

Green spinel occurs as relics in large opaque grains that surround the reacting olivine 

(see Plate 6.1a,d,f). 

Orthopyroxene is subhedral, usually anhedral, and medium- to coarse-grained (1-2.5 

mm). It usually occurs pseudomorphing and growing at the expense of olivine, forming 

the symplectite envelopes with opaque oxides as described previously (Plate 6.1d). 

Rarely, small euhedral grains of orthopyroxene are found in the poikilitic amphibole 

matrix together with plagioclase and clinopyroxene (Plate 6.1e). Orthopyroxene is 

replaced by amphibole and alters to a micaceous aggregate. It includes opaque oxide 

grains. 

Similar symplectic coronas around olivine have been described numerous times in 

the past and have been attributed to a variety of chemical mechanisms. Deer etal. (1966) 

noted that the replacement of olivine by orthopyroxene or orthopyroxene-opaque oxide 

symplectites records the discontinuous relationship of olivine with the magma from 

which it crystallises. In the fmal stages of the discontinuous reaction, the olivine is 

completely replaced by orthopyroxene-opaque oxide vermicular symplectite. Regan 

(1985) described similar coronas from the early gabbroic intrusions of the Peruvian 

Andes, where they were formed as a response to low strain-rate deformation and 

recrystallisation at high but subsolidus temperatures. Blundy (1989) attributed similar 

textures, observed in gabbroic rocks from the southern Adamello massif in Italy, to the 

continuous oxidation reaction of olivine, according to the mechanism proposed by 

Johnston & Stout (1984). 

Johnston & Stout (1984) reviewed all the proposed mechanisms for such a 

transformation. Two mechanisms can be invoked, both involving discontinuous 

reactions leading to the complete reaction of olivine. First is the oxidation/replacement 
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a) Poikilitic texture in gabbro. Coarse amphibole poikilocrystals enclose clinopyroxene, placioclase, olivine 
and opaque oxides. Note the occasional straight grain boundaries between pagioclase an cliriopyroxene 
(centre of photograph), two generations of plagioclase (coarse and finer) and spine! grains incTh.ided in 
opaque oxide. Sample CK65 (?PL). Kratitirio area, 700 m east of Km27 of main road to Ano Vrondou. b) 
Suhophitic realtionship between (altered) clinopyroxene and fine plagioclase laths. Sample NKA2 (PPL), 
Kratitirio area, close to the contact with the quartz-monzonite, 1 km east of Km27 of the main road to Ano 
Vrondou. c) Straight faces developed among three subhedral olivine crystals. Note also the thin film of 
opaque oxide rimming the olivine, rounded opaque oxides in the matrix and within the olivine crystals. 
Sample CK65 (PPL), as in 6.1a. d) Anhedral orthopyroxene rimming olivine and forming symplectic 
intergrowths with opaque oxides. Note the grains of green spinel associated with the opaque in the 
surrounding matrix. Sample CK65 (PPL), as in 6.1a. e) Rare, fine-grained euhedral to subhedral 
orthopyroxene enclosed in the poikilitic amphibole. Sample CK65 (PPL), as in 6.1a. f) Anhedral 
orthopyroxene formed at the expense of olivine. Note the complete disappearance of olivine and the enclosed 
smplectite. Note the spinel-opaque association, adjacent to the olivine-consuming areas. Orthopyroxene 
edges are altered to light green amphibole. Sample CK65 (PPL), as in 6.1a. 



reaction proposed by Muir & Tilley (1957), by which oxygen is added to the olivine, 

until a composition capable of forming orthopyroxene and magnetite is reached. This 

mechanism involves introduction of FeO from the surrounding melt to the symplectite 

and a release of MgO from the melt to the olivine. However, although this reaction leads 

to the complete disappearance of olivine, it also displaces the composition to more Fo-

rich contents, a fact not observed in these rocks. The magmatic exchange replacement 

reaction mechanism of Ambler & Ashley (1977), somewhat similar, seems texturally 

more relevant. The symplectites are formed by simultaneous, eutectic-like, precipitation 

of orthopyroxene-opaque oxide when early-formed olivine reacts and exchanges 

components with late-stage magmatic liquids. There is no restriction in the composition 

of olivine that can take part in such reactions, and they usually lead to complete 

replacement of the original olivine by the symplectite (c.f. Plate 6.1 f). 

Clinopyroxenes are the second most abundant ferromagnesian mineral after 

amphibole in the gabbro. It is difficult to decipher their original shape or size because 

they are now pervasively replaced by the dominant brown amphibole (Plate 6. La). In the 

olivine-orthopyroxene bearing samples, clinopyroxene is medium-grained (1.5 mm or 

more long), subhedral (seen where amphibole pseudomoiphs clinopyroxene) or anhedral. 

Clinopyroxene either grows straight faces against coarser, euhedral plagioclase (Plate 

6.2a) or shows an ophitic to sub-ophitic relationship with smaller, matrix plagioclase 

laths (Plate 6.1b). it is probable, therefore, that as with the case of plagioclase described 

later, some of the clinopyroxene is of cumulus nature. Most commonly, clinopyroxene is 

found as irregular relics of variable size in the green-brown poikilitic homblende or it 

completely breaks down to an alteration aggregate of light green actinolitic amphibole 

and epidote. Clinopyroxenes usually include small plagioclase laths and enclose the 

olivine-symplectic corona association. Twinning and lamellar exsolution are not 

uncommon (Plate 6.2b). 

Amphibole is the dominant ferromagnesian mineral in the gabbro. In addition to the 

abundant brown-green type, there is a late, light green amphibole, probably an alteration 

product that is locally observed around the contacts of the gabbro with the surrounding 

quartz-monzonite. 	The light-green actinolitic amphibole replaces all other 

ferromagnesian minerals including the brown-green hornblende, thus creating rather 

complex textures (Plate 6.2c). 

The most abundant brown-green amphibole is coarse-grained (more than 3 mm, 

especially in samples with primary assemblage) to medium-grained. It is poikilitic and 

twinned and encloses relics of all other ferromagnesian minerals especially 

clinopyroxene, indicating the relatively late growth. In one sample this amphibole is 
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coronas around olivine that were described above (Plate 6.1d,Q, ii) subhedral to circular 

grains of magnetite occurring together with plagioclase and clinopyroxene in the 

poikilitic amphibole (Plate 6.1 a, 6.2d,e), iii) coarser, irregular magnetite enclosing green 

spine!, close to the olivine transformation areas (Plate 6.1a,d,f), iv) thin film of opaque 

oxide occurring around olivine grains (Plate 6.1c), thus protecting it from contact with 

plagioclase and clinopyroxene, and v) late, interstitial grains, especially in more altered 

samples, associated with irregular titanite, as a result of hydrothermal reaction of some 

Fe-Ti-rich phase (Plate 6.1b, 6.2c). 

The coarser grains show abundant evidence of exsolution lamellae. It seems that 

magnetite crystallisation was operating at all stages of rock evolution, which is evidence 

for relatively oxidising conditions throughout the crystallisation history of the gabbro. 

The gabbro is strongly weathered and hydrothermally altered. The most commonly 

observed alterations are: olivine serpentinisation and orthopyroxene alteration to white 

mica aggregates; alteration of clinopyroxene and brown homblende to light green, 

actinolitic amphibole, in irregular patches and along cracks; late biotite growth after 

hornblende (probably at a late magmatic stage); interstitial magnetite and titanite and 

locally chlorite. Plagioclase alters to epidote, especially in cores, but the plagioclase is 

remarkably less altered than the ferromagnesian minerals. 

An approximate crystallisation sequence can be concluded for the gabbro. Early 

accumulative crystallisation of the euhedral olivine, large, euhedral and unzoned 

plagioclase and probably some clinopyroxene, was followed by plagioclase and 

clinopyroxene crystallisation as intercumulus material. Reaction of the early formed 

olivine with the melt produced orthopyroxene and opaque. Spinel is also of early 

crystallisation but reacts out to magnetite. Hydration of the melt either externally or due 

to the build-up of volatiles after the crystallisation of anhydrous phases results in the 

reaction of clinopyroxene to form homblende and minor precipitation of primary 

hornblende. Plagioclase crystallisation continues in the form of fine grains growing at 

the edges of homblende crystals, but homblende commonly overgrows all other early 

minerals. At the late stages, some minor interstitial biotite grows. Magnetite 

crystallisation must have been operating at all stages since it is included in all other 

minerals, and must have also been important during the hydrothermal alteration of the 

rock. 



6.3.2. Monzonites 

Two types of monzonitic rocks were recognised in the Vrondou complex. They 

differ on textural grounds: i) a coarse-grained porphyritic type crops Out at the E and NE 

peripheral areas of the complex and ii) a coarse-grained non-porphyritic type, with either 

granular or elongated K-feldspars, occurs in the central areas of the pluton. 

Mineralogically, both types are the same, consisting of plagioclase-K-feldspar-

hornblende-clinopyroxene-titanite-opaques and minor quartz, biotite and accessories. 

With increasing modal quartz (to a max 10%), the central rnonzonites plot in the quartz-

monzonitic field of the QAP diagram; they are not, however, related chemically to the 

dominant quartz-monzonite, as will be shown in Chapter 7. 

6.3.2.1. Porphyritic monzonite in the eastern-northeastern areas 

This type is a coarse-grained, grey-pink rock, characterised by a strongly porphyritic 

texture consisting of pink K-feldspar megacrysts (up to 5 cm long) and a medium- to 

coarse-grained matrix consisting mainly of plagioclase, K-feldspar, homblende, 

clinopyroxene, titanite, opaques and very minor quartz (Plate 6.3a). The K-feldspar 

megacrysts exhibit alignment, reminiscent of the "pre-full crystallisation fabrics" of 

Hutton (1988a), as was described in Chapter 3. 

Homblende is the major mafic mineral of the monzonite and two types can be 

distinguished. The commonest type is represented by medium-grained (1-3 mm) 

subhedral to anhedral grains of green-brown colour that preserve clinopyroxene cores 

(Plate 6.3b) (i.e. not of primary crystallisation but replacing a primary clinopyroxene). 

This type usually occurs in clots and includes plagioclase laths, titanite and opaque oxide 

euhedra (Plate 6.3b). There are commonly rounded inclusions of biotite (Plate 6.3c), 

similar to the biotite inclusions found in plagioclase and K-feldspar, although there is no 

modal biotite in the rocks. Some homblendes that replace clinopyroxene are of acicular 

habit, probably pseudomorphing original acicular clinopyroxene. The second homblende 

type is less common and consists of very fine euhedral crystals of homblende of probable 

primary origin (Plate 6.3c). These homblendes are usually included in the K-feldspar 

megacrysts (Plate 6.3d) and occur rarely in the matrix. 

Clinopyroxene usually occurs as relict cores in the amphiboles (Plate 6.3b), but it is 

occasionally found in abundance as unaltered subhedral crystals especially near the 

contacts with the microgranular enclaves. It is medium-grained (1 mm or smaller), 

euhedral to subhedral and often elongated (Plate 6.3d). It has a light green colour and is 
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a) Texture in the porphyritic monzonites characterised by very coarse K-feldspar megacrysts and a 
medium- to coarse-grained matrix, bearing plagioclase, k-feldspar, clinopyroxene, homblende and 
quartz. Note growth zoning in the megacryst and epitaxial inclusions of placioclase. Sample 89NK234 
(XPL), Kato Vrondou-Perithori track. 2.5 km north of Kato Vrondou. 51 Subhedral to anhedral 
homblende with relict clinopyroxene in the cores, occurring as clots. This is the commonest type of 
amphibole. Note inclusions of plagioclase and opaque oxides. Sample CK77 (PPL), Kato Vrondou-
Penthori track, 3 km north of Kato 'Vrondou. C) Biotite and titanite inclusions in subhedral homblende. 
Note also the presence of a fine euhedral hornblende crystal, just on the left edge of the photogr.ph. 
Sample 89NK234 (PPL), as in 6.3a. dl Subhedral, commonly elongated, light green clinopyroxenes. 
Rounded opaque oxides are the commonest inclusions. Note also the prismatic apatite in the upper centre 
of the photograph. Sample CK80 (PPL), locality as in 3.b. e) Matrix of porphyritic monzonite with 
plagioc]ase crystals showing patchy zoning, consisting of a corroded core and a broader normal rim. Note 
also, the interstitial quartz, and the habit of the matrix K-feldspars. Sample 89NK234 (XPL), as in 6.3a. 
f) Cellular calcic rings or 'spikes growing between an inner euhedral oscillatorily zoned core and an 
external rim, which is itself zoned up to a final broad normal rim. Sample CK80 (PPL), as in 63b. 



commonly cracked. It may contain plagioclase and opaque inclusions and sometimes 

occurs as inclusions in the K-feldspar megacrysts. 

Plagioclase, together with K-feldspar and hornblende, constitutes the matrix of the 

porphyritic inonzonites, where it is more abundant than the K-feldspars and exhibits 

complex zoning patterns, discussed below. Plagioclases are euhedral to subhedral, with 

sizes varying from coarse (2-3 mm) to medium in the matrix (Plate 6.3a), and fine when 

included in the K-feldspar megacrysts. Synneusis relations are not uncommon, 

especially between the coarse matrix plagioclases. Twinning is usually of the Albite law, 

but combined Albite-Pericline laws are observed. 

Oscillatory zoning, covered by a final broad normally-zoned rim, is usual in the 

majority of the plagioclase crystals. In addition to these relatively simple patterns, 

disequilibrium zoning features are also ubiquitous. More specifically, two types of 

irregular zoning have been observed. Type (i) is shown by crystals consisting of euhedral 

to subhedral "patchy", corroded cores (Plate 6.3e). The cores themselves exhibit 

oscillatory zoning, and are filled and surrounded with more sodic rims, exhibiting normal 

or oscillatory zoning. The rims are irregular and commonly develop a myrmekitic 

texture with adjacent K-feldspars. Abundant, rounded inclusions of biotite, acicular 

apatites, Fe-Ti oxides and homblende are found in the cores, but always in contact with, 

or surrounded by, the "included" plagioclase phase (similar to those described by Vance, 

1965). Type (ii) is a zoning type not encountered in the other rock-types of the complex, 

consisting of the same patchy core - sodic rim association, but with a broad cellular calcic 

"ring" or "spike" (terms after Barbarin, 1990a), occurring between the core and run (Plate 

6.3fl. Occasionally, the core does not show any corrosion but the whole grain is 

oscillatorilly zoned, with the interruption of the calcic "spike". The spike is locally 

marked by alteration, in addition, some complex but not necessarily disequilibrium 

zoning features have been observed (i.e. convolute zoning). 

Plagioclase inclusions in K-feldspar are fine-grained, euhedral, and exhibit zoning 

features similar to the matrix crystals (Plate 6.4a). Epitaxially arranged plagioclase 

inclusions along the growth zones of K-feldspar megacrysts are not uncommon (Plate 

6.4b). 

K-feldspars occur in the matrix in sub-equal or smaller amounts than plagioclase. 

There, they are euhedral to subhedral, usually twinned in the Carlsbad law and, and range 

from 1.5 to 2 mm long. They commonly contain inclusions of plagioclase and mafic 

minerals. The matrix K-feldspars develop film, vein or irregular string rnicroperthites 

(Plate 6.3e). 
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The most important occurrence of K-feldspars in the porphyritic monzonites is as 1-5 

cm long megacrysts. Although in hand-specimen they appear to be euhedral, under the 

microscope they actually have very irregular boundaries, especially against plagioclase 

(Plate 6.4b). They contain numerous inclusions of all other minerals - homblende, 

clinopyroxene, plagioclase, biotite, titanite and opaque oxides. Plagioclase laths form 

epitaxial inclusions along the growth zones and some small K-feldspar matrix crystals 

also occur epitaxially along the fmal growth zones of the megacrysts. Myrmekites form 

between K-feldspar megacrysts and plagioclase, but also between K-feldspars of the 

matrix and the megacrysts (Plate 6.4c). 

The megacrysts seem to be more turbid than the matrix K-feldspars, forming 

irregular strings and coarsened vein microperthites. A small degree of replacive activity 

can be observed in the irregular boundaries between plagioclase and K-feldspar 

megacrysts. Twinning is usually of the Carlsbad law in both matrix and megacrystic K-

feldspars. However, in the latter, some irregular microcline twinning has been observed 

to form incipiently as patches covering parts of the crystal. 

Theodorikas (1982, 1991) studied the structural state of K-feldspars in the Vrondou 

complex and concluded that all the K-feldspars in the monzonites are orthoclases and in 

the rest of the granitoids they are microclines. However, incipient microclinisation has 

also been described by Papadakis (1965) and Coucoulis (1982) from the monzonites, 

similar to that observed above. Usually the twinning is not uniformly distributed along 

the grain, implying that microcline inverts from an original orthoclase structure. 

Parsons & Boyd (1971) suggested that under normal conditions microcline should 

form with increasing fractionation, and thus increasing volatile content, because it is not 

the cooling rate but the bulk composition of the rock and the amount of fluid in the 

magma which will dictate the fmal structural type of the feldspars. Parsons (1978) took 

this notion a step further, and concluded that post-magmatic fluids can build-up and be 

retained within their hosts and thus be responsible for structural heterogeneities of 

feldspars. Therefore, the incipient microclinisation, and coarsening of microperthites, 

could be explained by an increased activity of trapped fluids during the cooling of the 

monzonites. 

K-feldspar megacrysts are a common feature of granitoid plutons, but their position 

in the crystallisation sequence of the plutons can be controversial because they have been 

interpreted both as phenocrysts and porphyroblasts. Vernon (1986) reviewed the features 

of plutonic K-feldspar megacrysts and concluded that they are probably of phenocrystic 

origin. In the present case, it is intriguing to observe that although the megacrysts are 

euhedral on a macroscopic scale, under the microscope their final outlines are anhedral 
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and they commonly include matrix minerals and show replacive features. That would 

seem to imply that they cannot be true phenocrysts. Nonetheless, as Vernon (1986) also 

pointed out, indisputable igneous textures, such as growth zoning, dimensional 

alignment, zonally arranged inclusions and systematic occurrence are other common 

features of K-feldspar plutonic megacrysts. Since the K-feldspars found in this study 

share such features, it seems plausible to interpret them as phenocrysts. Their size and 

the abundance of inclusions indicate that although they can occur relatively late in the 

crystallisation sequence, there was enough melt to allow for extended growth. 

Quartz is restricted to an interstitial, xenomorphic form, with an abundance varying 

between 5-8%. It forms mynnekites with the plagioclase and rarely graphic intergrowths 

with the K-feldspars (Theodorikas, 1982). 

Titanite is a common accessory phase, occurring usually as medium-grained 

euhedral crystals or, as in the gabbro, fonning aggregates with opaque oxides. It also 

commonly occurs as euhedral small grains included in all other minerals. Additionally, 

other common accessories observed in this study, are stubby apatite grains, and also, 

some tiny zircon inclusions. Magnetite occurs either as inclusions or as small 

independent circular grains. 

The occurrence of biotite is puzzling since it is found only as very fine rounded 

inclusions in all other minerals, but not as individual grains. This observation implies 

either early biotite formation and then instability-resorption, and dominance of 

clinopyroxene and homblende as the major ferromagnesian phases, or the introduction of 

a new batch of magma and mixing. Biotite is also locally observed replacing homblende 

but to a limited extent. 

6.3.3.2. Monzonite in the central areas 

This monzonitic type contains 0-10% modal quartz, some samples therefore, can be 

classified as quartz-monzonites. It is characterised by a rather peculiar texture consisting 

of elongated K-feldspar and plagioclase crystals with random orientations and intimate 

intergrowths (Plate 6.4d). It contains more clinopyroxene than the porphyritic 

monzonite, and/or hornblende. The texture is coarse-grained and more or less 

equigranular. Theodorikas (1982) mentioned this textural type of the monzonite 

describing the interlocking nature of the K-feldspar-plagioclase crystals. He also noted 

the variation in quartz abundance and the increased mafic mineral content. Coucoulis 

(1982) defined this type as being distinct from the other (porphyritic) monzonitic type 

(thereby, characterised as quartz-monzonite A). 
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a) Plagioclase exhibiting patchy zoning, covered by a final broad rim. The corroded inner grain is itself 
oscillatorily zoned. Note also, adjacent plagioclase grain with non-disequilibrium zoning. Sample 
89NK234 (XPL). Kato Vrondou-Perithori track. 2.5 km north of Kato Vrondou. b) Irregular final edges 
of K-feldspar megacryst. Note that a number of matrix minerals have grown along the outer megacryst 
rim. Epitaxial plagioclase inclusions can be observed. Sample 89NK234 (XPL), as in 6.4a. c Matrix K-
feldspar exhibiting film and vein perthites. Note irregular mvrmekites forming between adjacent K-
feldspars (both matrix and megacrvst), and myrrnekites at the edges of plagioclase against the K-feldspar 
megacryst. Sample 89NK234 (XPL), as in 6.4a. dl Texture of monzonite in the central areas. Note the 
abundant and generally elongated feldspars and interstitial quartz. The texture is more or less 
equigranular. Sample AV1 (XPL). Central monzonite, about 3 km north of Ano Vrondou village. e) 
Clinopyroxene-hornblende relationship in central monzonite. Note anhedral hornblende, including 
clinopyroxene and titanite. Clinopyroxene is subhedral, elongated to acicular, and contains opaque oxide 
inclusions. Sample NKRS9 (PPL). Central monzonite. 2 km north of Ano Vrondou village, on the main 
road. f) Two generations of plagioclase crystals, one coarse- and one fine-grained. Note also fine 
inclusions in K-feldspars. K-feldspar occurs as coarse subhedral crystals, with commonly interstitial 
habit. Sample 89NK232 (XPL). Central monzonite, Mavro Vouno, 4 km north of Ano Vrondou village. 



Homblende is again the main ferromagnesian mineral and occurs as in the previous 

type, either after clinopyroxene or as a minor primary phase (Plate 6.4e). Clinopyroxene 

is usually more abundant than in the porphyritic type, but it is still being replaced by 

amphibole to a certain extent. It is commonly elongated, subhedral and medium- to fine-

grained (Plate 6.4e). Both clinopyroxene and hornblende are locally altered to calcite 

and titanite and generally occur rather "interstitially" within the feldspar framework. 

The size and habit of the feldspars are distinct in this type compared to the 

porphyritic monzonite. Plagioclase is usually smaller than K-feldspar and in terms of 

size, two generations can be observed: one of coarser (around 3 mm) grains and a second 

of medium- to fine-grained crystals (Plate 6.4fl. They also form distinct fine inclusions 

in the K-feldspars. All types are euhedral to subhedral, but the coarse crystals are 

elongated. Synneusis relations are quite common. Twinning is usually of the Albite law, 

or rarely of the combined Albite-Carlsbad laws. The zoning patterns are similar to those 

from the porphyritic monzonite, with the patchy core-oscillatory rim followed by a broad 

rim the most common (Plate 6.5a,b). Margins with other minerals, including quartz and 

calcite are straight, except for those with K-feldspars which are, with variable 

complexity, interlocking (commonly "dentate") and replacive. Myrmekites are fairly 

common and they usually occur as thin bands between plagioclases and K-feldspars. 

Plagioclase, compared to that in the porphyritic monzonite, is remarkably poor in 

inclusions, apart from the patchy cores of the big crystals, where biotite and opaques 

occur in abundance. 

K-feldspar does not occur as megacrysts but as coarse equant, euhedral to subhedral 

elongated crystals or as coarse, interstitial grains (Plate 6.4d,f). It usually exhibits 

Carlsbad twinning, but some irregular microcline twinning covering part of the crystal 

has been reported from this type as well (Coucoulis, 1982). K-feldspar includes biotite 

flakes, amphiboles with clinopyroxene relics, opaques oxides and sericitised plagioclase. 

Locally, K-feldspars are characterised by the extreme irregularity of their boundaries 

with plagioclase, other K-feldspars and the "undisciplined" turbid microperthites, 

resembling coarse replacement features (Smith, 1974) (Plate 6.5c,d). Most commonly, 

especially in the interstitial grains, vein microperthites penetrate the whole grain and 

"patchy" microperthites form where veins coalesce and coarsen. 

In samples where K-feldspars are most turbid, it is not uncommon to find plagioclase 

inclusions disintegrating within the K-feldspar host (Plate 6.5e). Chess-board feldspar 

forms as an intimate intergrowth of a crystallographically continuous plagioclase and a 

cloudy K-feldspar (Plate 6.50. 	The same K-feldspar also "intrudes" adjacent 

microperthites. All the above, indicate the local activity of K-metasomatic fluids, 
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a) Patchy zoning in plagioclase, consisting of an inner corroded core, covered by broad oscillatorilv 
zoned rim. Samp'e NKRS9 (XPL) Central monzonite, 2 km north of Ano Vrondou village, on the main 
road, b) Cellular ring overgrowing an inner plaaioclase grain with oscillatory zoning. The ring is 
overgrown by a broad final rim. Sample NKRS9 (PL). as in 6.5a. C) Irregular boundaries between 
turbid K-feldspars. Sample 89NK232 (XPL). Central monzonite, Mavro Vouno. 4 km north of Ano 
Vrondou village. d Turbid K-feldspar containing abundant fine-grained plagioclase, titanite and opaue 
inclusions. Sample 89NK232 (XPL), as in 6.5c. e) Plagioclase grain disintegrating within a turbid _K- 
feldspar crystal. Sample 89NK232 	as in 6.5c, fj Chess-oard feldspar foiming as an intimate 
intergrowth of optica'ly continuous plagioclase and turbid K-feldspar. Sample 89NK232 (XPL), as in 
6.5c. 



responsible for the replacement of plagioclase and coarsening of microperthites. The 

fluids must have operated during the late stages of the crystallisation of the rock, since 

they seem to be associated with the formation of the interstitial K-feldspars. 

Calcite precipitation could be also connected with this metasomatic phenomenon, 

since the crystallisation of interstitial calcite is observed (Plate 6.6a). This mineral can 

occur as alteration products, but the good crystallisation at the interstices of the matrix 

distinguishes it here as primary. Possibly, it is connected with the metasomatic reaction 

of plagioclase to K-feldspar, thus releasing Ca, which can, under increased activity of 

CO2, result in calcite precipitation. 

Quartz has a variable modal abundance (less than 10 %), and always has an 

interstitial habit. 

Biotite again occurs only as inclusions in plagioclase, K-feldspar and amphibole. 

Accessories are titanite and opaque oxides. 

An approximate sequence of crystallisation for the monzonitic rocks can be 

concluded. Crystallisation started with clinopyroxene and plagioclase, thus enriching the 

melt with alkalis. Precipitation of minor biotite must have occurred at this stage but the 

melt was either too water- and silica-deficient or a new batch of magma was intruded, 

which led to biotite resorption and its restriction to inclusions in later phases, plagioclase 

and K-feldspar. If the calcic spikes do in fact indicate influx of a more basic melt, then 

after this, crystallisation started again with precipitation of more plagioclase and then K-

feldspar in the matrix and as megacrysts. Very minor quartz was late and interstitial. 

Crystallisation of accessories and opaque oxides must have operated at all stages of the 

evolution. The transformation of clinopyroxene to hornblende must have been a late 

magmatic reaction as indicated by the mineral chemistry. Late magmatic fluids could be 

responsible for the metasomatic events seen in some of the central monzonitic samples. 

6.3.3. Quartz-monzonite and Granite s.s. 

Quartz-monzonite is the dominant rock-type of the Vrondou plutonic complex and it 

covers around two-thirds of the area. At the southern and western margins it is 

deformed; the deformation features were discussed in Chapter 3. Towards the centre of 

the complex, the quartz-monzonite grades into granite s.s., the transition being 

accompanied by an increase in modal quartz and biotite. The petrographical features of 

the quartz-monzonite have already been discussed at some length in the studies of 

Papadakis (1965), Theodorikas (1982) and Coucoulis (1982), so only some review 

features will be described here. 



Two types of quartz-monzonite (homblende- and homblende-biotite-bearing 

varieties) can be distinguished, which are transitional to each other. Increase in modal 

biotite and quartz results in the grading to granite s.s.. In general, the mineralogy of 

quartz-rnonzonites 	consists 	of plagioclase-K-feldspar-homblende-biot ite -quartz- 

accessories. 

Homblende is the most abundant ferromagnesian mineral. It is medium- to coarse-

grained, euhedral to subhedral, of primary origin (Plate 6.6b). Although some small 

irregular clinopyroxene relict patches have been observed, Theodorikas (1982) suggested 

that all the hornblendes of the quartz-monzonites are of primary origin. Theodorikas 

(1982) used the absence of clinopyroxene from the quartz-bearing rocks as a criterion for 

distinguishing an "intermediate" from a more "basic" batch of melt, represented by the 

monzonite and gabbro. In any case, it is true that the majority of the homblende, judging 

by its euhedral habit must be of primary origin. Hornblende has inclusions of plagioclase 

and accessories and is replaced by biotite in the more deformed and quartz-bearing types. 

Biotite is the second most abundant mafIc mineral. It occurs either as restricted 

inclusions in other phases, or where it is more abundant, both in a replacive relation to 

homblende and as independent grains (Plate 6.6c). With increasing abundance, and 

concomitant increase in quartz, the quartz-monzonite grades into a granite s.s.. 

Plagioclase is present in two generations, one of medium- to fine-grained (1 mm or 

less) euhedral crystals, and a second of coarse, euhedral to subhedral crystals (Plate 

6.6d), commonly in synneusis relations. The zoning patterns are either simple, an 

oscillatory internal crystal covered by a broad normal rim, or disequilibrated, usually 

with patchy cores covered by an oscillatory rim, with the final broad rim also present 

(Plate 6.6e,f). The outer rim of the plagioclases form myrmekites with the K-feldspars 

and is subhedral (Plate 6.7a). Biotite and opaque oxide inclusions are common in the 

plagioclases. 

K-feldspars occur in two generations: one consisting of subhedral medium-grained 

crystals and a second of coarser, interstitial grains that enclose other minerals and are 

typically late. These interstitial grains usually exhibit growth zoning and microcline 

twinning (Plate 6.7a), but combined Carlsbad and Microcline twinning is also seen. 

Theodorikas (1982) suggested that all the K-feldspars from the quartz-bearing rocks of 

the complex contain microcline. The K-feldspars are microperthitic; braid and thick vein 

perthites are the commonest types. In the granite s.s. some flame perthites, thickening 

towards the edges of the crystals, are also seen. Myimekitic bands run through the K-

feldspars, especially those of interstitial habit. K-feldspars include plagioclase, biotite, 

homblende, opaque oxides. 
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a) Interstitial calcite in metasomatised central inonzonite. Sample 89NK232 (XPL). Central monzonite, 
Mavro Vouno, 4 km north of Ano Vrondou villace. h) Euhedral horablende in quatrz-monzonite. Note 
inclusions of euhedral titanite. Sample NKW2 (PlL). Quartz-monzonite. about 1 km east of Karydochori 
village. c) Primary, coarse (bent) biotite in quartz-monzonite. Sample NKW2 (PPL), as in 6.6b. d) Two 
plagioclase generations, one with coarse and the other with fine grain-sizes. Note myrmekites forming at 
the plagioctàse-K-feldspar edges, and abundant interstitial, strained quartz (recrystallised and with 
deformation bands). Sample NKW2 (XPL), as in 6.6b. e) Zoning patterns in plagioclase from the 
quartz-monzonite. Oscillatory zoninc in large grain, and traces of patchy zoning in the smaller grains in 
this photograph. Sample NKW2 	as in 6.6b. f Patchy zoning in plagioclase from the quartz- 
monzonite, covered by an external zone of oscillations, followed by a final broad rim. Sample NKW2 
(XPL), as in 6.6b. 



Quartz is typically late and interstitial (Plate 6.6d). Its modal abundance is variable 

from approximately 8% to more than 19%, in which case the rock is classified as granite 

s.s. Undulose extinction is a ubiquitous feature, accompanied by recrystallisation in the 

more deformed samples. 

The crystallisation sequence seems to be relatively simple. Crystallisation started 

with plagioclase and continued with homblende. K-feldspar crystallised in two stages, 

first as euhedral to subhedral matrix minerals, together with plagioclase and then as 

interstitial grains together with or slightly earlier than quartz. The presence of primary 

hornblende indicates a high water content of the melt. With increasing fractionation 

homblende gives way to biotite. Crystallisation of accessories and opaques must have 

operated at all stages. The quartz-monzonitic magma probably fractionated in situ to 

give a more quartz- and volatile-rich granitic magma, as indicated by the gradational 

nature of the transition. 

6.3.4. Granodiorite 

This facies crops out in the southeastern parts of the complex. No sharp contacts 

between the quartz-monzonite and the granodiorite were observed, and Papadakis (1965) 

and Theodorikas (1982) suggested that the two facies have transitional contacts. 

Granodiorites are grey coloured, granular, medium- to coarse-grained rocks, slightly 

porphyritic, with K-feldspar megacrysts. They consist of a matrix dominated by 

plagioclase, homblende, biotite and later interstitial K-feldspar and quartz (Plate 6.7b). 

Hornblende occurs in subequal amounts to biotite, locally less. Generally, it is 

medium-grained but there also exists a fine-grained generation of euhedral homblende 

included in K-feldspar and plagioclase (Plate 6.7c). The most abundant type is subhedral 

to euhedral, usually with a quite distinct "acicular" habit (Plate 6.7d) (similar hornblende 

habits are observed in the enclaves in the granodiorites). Homblendes are green and 

commonly twinned. They are usually partly replaced by biotite either starting from the 

rim or penetrating the whole crystal along cleavages. Some hollow homblende crystals 

also occur. 	Inclusions comprise euhedral tiny titanite, apatite and plagioclase. 

Occasionally, fine rounded biotite grains occur as inclusions in the homblende, either 

representing sections of replacive biotite or earlier formed biotite (Plate 6.7e). The 

rounded shape of the inclusions rather suggests the second. 

Biotites are the second most abundant ferromagnesian mineral in the granodiorites, 

but in some cases also exceeding homblende in modal abundance. It occurs in three 

forms: 1) As mentioned above, as inclusions in homblende; 2) in a replacive relation to 
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hornblende (Plate 6.7d) and 3) as independent crystals, which must be primary because 

they are seen cutting the replacive relationship of homblende-biotite and are subhedral to 

euhedral (Plate 6.7d,e). These crystals develop good crystal faces and cleavages and are 

of straw yellow colour. They include apatite, opaque oxides, zircon with pleochroic 

haloes and some euhedral hornblende. Biotite is partly altered to chlorite and it seems to 

be invaded by quartz. The biotite crystals near the margins of the intrusion are bent. 

Plagioclase is the most abundant phase in the granodiorites and occurs either as 

small inclusions in the coarser, interstitial K-feldspar crystals, or as the major matrix 

mineral. In terms of zoning two types of plagioclase can be distinguished : a) 

disequilibrium plagioclase with patchy, corroded cores and an oscillatory rim, followed 

by a broad normal outer rim (Plate 6.7Q, and b) normally or oscillatorilly zoned crystals 

with no patchy cores and the same broad outer rims (Plate 6.70. This type forms 

euhedral, medium-grained crystals, twinned on the Albite law and is also found as 

inclusions in the K-feldspar. The first type forms crystals of variable sizes and occurs as 

inclusions as well. 

K-feldspar invariably occurs as coarse interstitial grains clearly late in the 

crystallisation sequence and enclosing all other minerals apart from quartz (Plate 6.8a). 

It does not occur in the matrix and always exhibits very typical and uniform microcline 

twinning or rarely combined Carlsbad-Microcline twinning. 	K-feldspars are 

microperthitic, usually of the vein type crossed by the platy type. Some thin film 

microperthites are barely visible. Myrmekites are very common at plagioclase-K-

feldspar edges, both as typical cuneiform "tongues" extending to the K-feldspar crystal 

and as thin bands surrounding plagioclase. 

Quartz is abundant, interstitial and is the last phase to crystallise, but still has a quite 

coarse grain-size (Plate 6.7b). This fact implies that there was enough space for K- 

feldspar and quartz growth after the early crystallised matrix was formed. Quartz in 

these rocks invariably shows undulose extinction and some recrystallisation, especially in 

samples collected close to the southern margin of the intrusion. 

The crystallisation sequence seems quite simple : early precipitation of plagioclase 

was followed by sub-contemporaneous crystallisation of biotite and homblende. 

Probably, in accordance to the experimental results of Naney (1983) on the phase 

relations of granodioritic melts, earlier precipitation of biotite was dominant until the 

water saturation of the melt, when hornblende took over. Crystallisation of hornblende 

buffered again the fluid content of the magma and allowed the re-appearance of biotite. 

K-feldspar and quartz in the granodiorites crystallise typically late and thus, interstitially. 

Accessories are commonly euhedral and probably stable at all stages of crystallisation. 
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a) Interstitial K-feldspar with microcline twinning, and inclusions of hornblende and plagioclase. Note 
the abundant myrmekites at the boundaries with plagioclase, and also the fine K-feldspar grain, on the 
left-hand side of the photograph. Sample NKW2 (XPL). Quartz-monzonite, about 1 km east of 
Karydochori village. b) Texture of the granodiorite, characterised by coarse and fine plagioclase and 
abandant interstitial quartz. Sample CK75 (XPL). Granodiorite, Km30 on the main road leainc to Kato 
Vrondou, east of the junction. c) Fine-grained euhedral hornblende crystals, occurring as incIusions in 
feldspars. Sample CK'75 (PPL), as in 6.7b. d) Acicular homblende intimately intergrown with biotite. 
Both are cross-cut by a finer biotite grain. Sample CK76 (PPL), Granodiorite, lOm east of 6.7b. e) 
Biotite inclusions in hornblende. Both are cross-cut by subhedral biotite grain. Sample CK76 (PPL), as in 
6.7d. f) Distinctive patchy zoning in one plagioclase grain. Indistinctive normal zoning observed in the 
clark grain in the upper centre of the photograph. The final broad rim is more obvious there. Sample CK75 
XPL, as in 6.7b. 



6.3.5. The microgranular enclaves 

Two groups of microgranular enclaves can be broadly distinguished in the Vrondou 

granitoids, those occurring in the monzonites (enclaves A) and those occurring in the 

granodiorites and quartz-monzonites (enclaves B). There seems to be a host 

compositional control on the enclave types, a feature commonly reported from other caic-

alkaline granitoids (e.g. Castro etal., 1990a). 

6.3.5.1. Enclaves A in the monzonites 

These enclaves are very fine-grained plagioclase-dominated holoczystalline rocks 

with an equigranular sub-ophitic matrix consisting of plagioclase-homblende-

clinopyroxene-opaque-titanite and megacrysts of plagioclase, hornblende and very rarely 

K-feldspar. They are classified as microdiorites. Two types were collected, 

clinopyroxene-bearing and homblende-bearing types. 

Clinopyroxene-bearing enclaves A 

These consist of a fine-grained (average 0.4 mm), equigranular matrix of 

plagioclase, clinopyroxene, opaque, apatite, titanite and megacrysts of mainly plagioclase 

and rarely homblende (Plate 3.8b). The edges of the megacrysts are penetrated by the 

matrix plagioclase. 

Clinopyroxenes are very fine- to fine-grained (0.7 mm or fmer), light green anhedral 

to subhedral grains (Plate 6.8c), commonly elongated (aspect ratio 3.5-6). They form 

"symplectites" with plagioclase, an intimate interlocking of grains. Occasionally, some 

larger clinopyroxene grains occur with very fine plagioclase and opaque oxide inclusions, 

but they never occur as megacrysts like the plagioclase. They seem to belong to the main 

framework. 

Plagioclase is the main mineral constituting more than 60% of the matrix and nearly 

all of the megacrysts. In the matrix, plagioclase forms very fine-grained (<0.4 mm) laths 

usually subhedral to euhedral (Plate 6.8d). They are twinned and normally zoned, 

usually in a broadly normal fashion, or they have patchy cores mantled by broad, 

oscillatory or normal zones (Plate 6.8d). The corroded cores, where well-preserved, have 

euhedral outlines. It is not immediately obvious whether these fine cores themselves 

show any oscillatory zoning, because they are either too fine-grained (< 100 jt) or too 

altered to epidote or sericitic aggregates. The matrix plagioclases include acicular 
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apatites and opaque oxide grains. The matrix texture resembles "quench-textures" 

reported from other similar enclaves in plutonic and volcanic rocks (for reviews see 

Vernon, 1983; Vernon, 1984; Dither, 1987), with rapid simultaneous crystallisation of 

plagioclase and clinopyroxene forming intimate interlocking of those phases, acicular 

habit of apatites and clinopyroxene. 

The plagioclase megacrysts, a very common and controversial feature of 

microgranular enclaves, have variable sizes but are by defmition larger than the matrix 

phases (nearly 5-6 times larger), ranging from 2-0.75 mm across (Plate 6.8b). They are 

characterised by irregular margins and disequilibrium features. They either form 

individual crystals or can occur with synneusis relations in clusters. They are commonly 

euhedral to subhedral but the actual margins with the matrix are irregular, indicating an 

inhibition of growth or resorption of the final rims. They typically show disequilibrium 

zoning (Plate 6.8e) from a commonly patchy core to a rim of oscillatory zoned more 

sodic plagioclase, finally rimmed by a broad normal rim. The corroded cores are filled 

with more sodic plagioclase, optically continuous with the rim, which is usually narrower 

than the rims of the matrix plagioclases (Plate 6.8d). Abundant inclusions are apatite 

needles, homblende and clinopyroxene, all of which seem to be preferentially 

concentrated either in the rim or in the optically continuous "internal" sodic plagioclase. 

Usually, the process responsible for the patchiness of the cores has resulted in the 

preservation of only a skeletal outline. Alteration is preferentially concentrated around 

the core. 

There are a few cases of quite different looking megacrysts. These consist of 

euhedral, coarse corroded cores, now altered to a micaceous aggregate, covered by a thin 

rim of more sodic plagioclase. The corroded core is filled with quartz and more sodic, 

twinned plagioclase, clearly not continuous with the rim as it is generally observed in the 

other plagioclases (Plate 6.8fl.  Only the rim contains inclusions of apatite, opaques and 

clinopyroxene. 

One big (1.5 mm long) poikilitic homblende megacryst has also been observed in 

sample CK80E (Plate 6.9a). It exhibits a sub-ophitic relationship with the matrix 

plagioclase but has a sieve-textured interior with abundant rounded plagioclase 

inclusions. It also contains fine biotite inclusions. 

Titanite is fine-grained, euhedral to subhedral, usually intergrown with 

clinopyroxene and also occurs as inclusions in plagioclase megacrysts. 

Opaque oxides occur as fme-grained irregular to circular grains, larger when in the 

matrix and smaller when included in megacrysts. 
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a) The edge of an interstitial K-feldspar with microcline twinning. Note the abundant myrmekites formed 
at the boundaries with plagioclase crams. Sample CK76 (XPL). Granodiorite, close to the Krn30 of main 
road to Kato Vrondou, east of the junction. b) Contact between a clinopyroxene-bearing micro granular 
enclave A and its porphyritic monzonite host. Note the abundant plagioclase mecacrysts, and the very 
fine grain-size of the matrix. Sample CK80E (XPL). Kato Vrondou-Perithoj-j track, 3 km north of Kato 
Vrondou. C) Fine-grained, light green, acicular, arthedral to subhedral cliriopvroxenes, which together 
with placioclase. titanite, apatite and opaque oxide, form the matrix of this microgranular enclave. 
Sample K80E (PPL), as in 6.8b. d) Fine-grained plagioclase laths in the matrix, usually normally 
zoned, and with common patchy cores. Note the presence of a final broad rim even around the finest of 
the plagioclase grains. Sample CK8OE (XPL), as in 6.8b. C) Plagioclase megacrvsts with a cellular 
calcic spike overgrowing an oscillatorily zoned inner gram. Fine oscillations are observed in the outer 
margin, with a final broad rim present. Matrix minerals are enclosed in the outer margin of the megacryst. 
Sample CK80E (XPL), as in 6.8b. f) Plagioclase megacryst with internal zone filled with quartz and 
more sodic plagioclase, probably representing xenocrystic material. Sample CK80E (XPL), as in 6.8b. 



Acicular apatite crystals are the most typical feature of microgranitoid enclaves and 

are invariably used as an argument for the igneous origin of the enclaves, based on the 

work of Wylie et al. (1962). They occur abundantly in these enclaves as well and are 

also seen included in plagioclase and in megacrysts (Plate 6.8d). 

Homblende-bearing enclaves A 

Homblende-bearing enclaves are by far the most abundant type found in the 

monzonites. They are fine-grained rocks with sub-ophitic texture and with rather 

irregular boundaries with the host monzonite. They have sizes of 10 cm or less. They 

consist of a matrix of plagioclase-homblende-clinopyroxene (as relict cores in 

hornblende)-titanite-opaque oxide-apatite (Plate 6.9b). Megacrysts of plagioclase and 

occasionally K-feldspar also occur. Some minor interstitial quartz is also present. When 

present in larger sizes they seem to get more fine-grained towards the margin with the 

host monzonite (possibly a minor chilled margin) (Plate 6.9c). 

Hornblende is fine- to medium-grained (1-2.5 mm) and poikilitic. It shows a green-

brown colour and is twinned. It frequently contains clinopyroxene cores, which are 

partially or nearly totally resorbed (Plate 6.9b), and is not, therefore, primary. 

Homblendes form a sub-ophitic matrix with the abundant fine plagioclase laths (Plate 

6.9b,c). They contain small rounded inclusions of plagioclase and biotite, and also 

titanite and acicular apatite inclusions (Plate 6.9d). Homblende alters to calcite and 

chlorite. Some homblende grains are being incipiently replaced by biotite along 

cleavages. 

Plagioclase is the most abundant phase forming more than 55% of the matrix and is 

also present as megacrysts (Plate 6.9e). In the matrix, fine-grained plagioclase laths (0.3-

0.75 mm) are either normally or oscillatorily zoned and twinned. Patchily zoned cores 

are not uncommon and their surrounding rim is broad, with or without delicate 

oscillations. They penetrate homblende crystals in a sub-ophitic fashion. The matrix 

plagioclases have altered cores (to epidote and calcite) and enclose fine biotite, apatite 

needles and opaque oxides. 

The megacrysts have variable sizes, commonly around 1.5 mm long, and occur 

either as isolated crystals (Plate 6.9e) or in synneusis relations with other plagioclases. 

They are twinned in the Albite, Carlsbad or more rarely, combined Albite-Pericline laws. 

They exhibit the zoning patterns described above from the megacrysts of the 

clinopyroxene-bearing enclaves (Plate 6.90.  Some plagioclase megacrysts also exhibit 

the calcic "spikes" between core and rim, a zoning pattern frequently observed in the host 
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a) Hornblende megacryst with a typically sieve texture, containing abundant rounded inclusions of 
plagioclase and opaques. probably also representing xenocrvstic material, Sample CK80E (XPL). Kato 
Vrondou-Perjthoi-i track, J km north of Kato Vrondou. b) Subophitic texture between hornblende and 
fine-grained plagioclase laths in the matrix of hornblende-bearing enclaves A. Note the relict 
clinopyroxene in the core of the hornblende and abundant rounded opaque oxide grains. Sample CK79E 
(PPL), Enclave A in porphyritic monzonite, Kato Vrondou-Perithori track, about 3 km north of Kato 
Vrondou. c) Decrease in grain-size towards the contact with the host, producing an indistinct chilled 
matgin. Sample CK77E (PPL), as in 6.9b. d) Biotite inclusions in hornblende in the matrix of enclave A. 
Note also acicular apatite and subhedral titanite. Sample CK77E (PPL). as in 6.9c. e) Matrix-mecTacryst 
relationship in hornblende-bearing enclave A. Note the fine (arain-size of the matrix plagioclase laths, and 
the common observation of a final broad rim. Plagioclase megacrysts are subhedraf, with disequilibrium 
zoning. Sample CK77E (XPL), as in 6.9d. f) Patchy zoning in clusters of plagioclase megacrysts found 
in the matrix. Note also patchy zoning of fine-grained matrix placioclase. sample NKRS1OE (XPL), 
Enclave A in porphyritic monzonite, Kato \Trondou-Perithori track. about 3.5 km north of Kato Vrondou. 



monzonites. In these cases, the cores can be extremely patchy and they are invariably 

rich in inclusions. Alteration is preferentially concentrated either at the core or at the 

calcic "ring" around it. Some convolute zoning can also be observed in some grains 

(Plate 6. lOa). 

Clusters of medium- to coarse-grained minerals other than plagioclase have also 

been observed. Hornblende-K-feldspar clusters occur as "islands" in the matrix. 

Homblende edges are intergrown sub-ophitically with the matrix plagioclase and form 

good crystal faces in the internal parts (Plate 6.1Ob). 

K-feldspar is anhedral and microperthitic. Some independent K-feldspar megacrysts 

also occur as anhedral "pools" of 1.5-2 mm diameter. They are microperthitic, and 

include small plagioclase laths, apatite needles, biotite flakes and opaques. Some of the 

included plagioclases form myrmekites within the K-feldspars. Myrmekitic mantles 

occur around or across the K-feldspars or along the boundaries with other K-feldspars. 

Titanite is medium-grained and occurs poikilitically, sub-ophitically with plagioclase 

laths forming straight faces only when in contact with hornblende. 

Apatite again occurs as the typical acicular needles and is included in plagioclase or 

cut across grain boundaries in the matrix (Plate 6. lOc). 

Opaques oxides are abundant (up to 6 % modally). They are subhedral and rounded 

in the matrix or occur as smaller rounded inclusions in the amphibole. 

Some very minor quartz can locally occur strictly interstitially. 

As will be shown later, these enclaves crystallised from a melt. The textural 

associations indicate that they resulted from rapid cooling. Thus, a more or less co-tectic 

precipitation of matrix plagioclase and clinopyroxene, probably together with the 

accessories must have resulted from rapid cooling. Judging from the mineral chemistry, 

discussed later in this chapter, the transformation of clinopyroxene to hornblende must 

have occurred at relatively late magmatic stages or even subsolidus conditions, similarly 

to the monzonitic hosts. The presence of megaclysts implies that the melt either 

contained crystalline material or engulfed host crystals. 

6.3.5.2. Enclaves B in granodiorite and quartz-monzonite 

The average grain-size of these enclaves is coarser than that in the enclaves A, but 

they are still fine-grained (average 0.6 mm). Mineralogically, they are similar to their 

hosts but with a greater abundance of fenonagnesian minerals. Quartz and K-feldspar 

are of very minor abundance, and thus the enclaves B are classified as quartz-diorites. 

The contacts with their hosts are sharp and well-defined (Plate 6. lOd). 
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a) Convolute zoning in plagioclase megacrvst in enclave A. Sample CK77E (XPL), Kato \Trondou 
Perithori track, about 3 km north of Kato Vrondou. b. Clusters of coarse, anhedral K-feldspar and 
hornblende. found locally in enclaves A. Note that the hornblende edges interact with matrix plagioclase. 
Sample CK79E (XPL), as in 6.lOa. c) Acicular apatite dispersed in the matrix of enclaves A. Sample 
CK79E (PPL), as in 6.10a. dl) Sharp contact between biotite-hornblende-bearing enclave B and host 

g
anodiorite. Note the fine grain-size of the enclave matrix, more equicranular texture than in enclaves A. 

Note however the abundant patcily zoned plagioclases. Sample CK75E (XPL). Enclave B in granodiorite, 
Km30 on the main road Leading to Kato Vrondou, east of the Junction. e 	Subhedral, acicular 
hornblende, with fine biotite, plagioclase and opaque oxide inclusions. Note also the dispersed acicular 
apatites, and subhedral titanites. Sample NKW4E (PPL). Enclave B in quartz-monzonite, 3 km east of 
Karydochori village. 	f) 	Pattern of sub-perpendicular acicular homblendes. Note hornblende 
concentration around coarse quartz ocelli and plagioclase megacrvst, and the acicular, but subhedral, and 
occasionally, euhedral habit of hornblendes. Sample NKW4E (PPL), as in 6.10e. 



They consist of a matrix of plagioclase-homblende-biotite-titanite-opaque oxide-

quartz-K-feldspar with rare plagioclase megacrysts and quartz ocelli. The matrix is 

medium-grained and the grain-size difference between matrix and megacrysts is not as 

pronounced as in the enclaves A. The homblende to biotite modal ratio depends on the 

host composition, being >1 in the enclaves of the quartz-monzoriites (where hornblende 

is dominant) and <i in the enclaves of the granocliorites (where biotite is more abundant). 

Homblende is subhedral to euhedral and commonly elongated (aspect ratios 5-7) 

(Plate 6.10e). It exhibits a green, green-brown pleochroic scheme and is commonly 

twinned. Homblendes bear abundant inclusions of plagioclase, biotite and opaques. In 

the homblende>biotite enclaves, hornblende is more commonly euhedral but also occurs 

as the acicular type forming "chains" or "rims" around quartz ocelli (Plate 6.10f). There 

is a pattern of sub-perpendicular grains of elongated hornblendes. There are smaller 

euhedral crystals that tend to cluster. Homblende alters to chlorite and epidote. 

Biotite in the homblende>biotite enclaves is very subordinate and commonly occurs 

as inclusions in the homblende or as scattered small flakes of 0.3 mm size. Thin biotite 

flakes also occur as inclusions in the plagioclase megacrysts. The major development of 

biotite is in the biotite>homblende enclaves of the granodiorites. There, it is the most 

abundant ferromagnesian mineral, of yellow-brown colour, and subhedral habit, 

developing straight faces with other biotites (Plate 6.11 a). Frequently, it is intergrown 

with homblende but it is also present as rounded inclusions in the homblendes. 

Generally, the homblende-biotite relationship is similar to that observed in the hosts. 

Some rounded biotite inclusions occur in the cores of the plagioclase megacrysts. 

Individual biotite seems to be "squeezed" between euhedral to subhedral plagioclase, 

implying that growth of the plagioclase rim locally overtook that of biotite. 

Plagioclase is the major mineral constituting the matrix and is also present as 

megacrysts. In the matrix it is fine- to medium-grained (0.6 mm) and it either exhibits 

normal zoning or most commonly, patchy cores surrounded by normally zoned rims 

(Plate 6.11 b). The plagioclase megacrysts are coarse but the megacryst-matrix relative 

grain-size is not as large as in the enclaves A. They invariably have skeletal, resorbed 

cores, much more An-rich than cores in the enclave matrix or the host (Plate 6.11 c,d). 

The resorbed cores are covered by mantles of more sodic plagioclase. Resorption locally 

has led to the break-down of the inner core, to which biotite has epitaxially adhered 

before being enclosed in sodic rims. Oscillatory zoning is relatively uncommon. 

Common inclusions are biotite, homblende, opaque oxides, apatite. Plagioclase alters to 

epidote and sericite preferentially concentrated in the corroded cores. 
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a) Granular matrix of enclave B in granodiorite, showing subhedral biotite grains, acicular hornblende 
and zoned plagioclase grains and euhedral titanite. Sample CK75E (XPL). friclave B in granodiorite. 
Krn30 on the main road leading to Kato Vrondou, east of the junction. b) Plagioclase "meracrysts" in a 
more fine-grained surrounding matrix. Distinctive corroded cores are observed, in both matrix and 
megacrystic plagioclase. Sample CK75E (XPL). as in 6,1 la. c Patchy zoning in matrix plagioclase. The 
whole grain is surrounded by a final. ugh-coloured, rim. Sample CK75E (XPL). as in 6.11  a. d) Matrix 
plagioclase with distinctive corroded core and surrounded by a broad, more albitic rim. Euhedral 
hornblende is in contact with the final rim. Sample CK75E (XPL), as in 6.10a. e) Quartz pool (ocelli) 
and plagioclase megacryst surrounded by a hornblende-rich rim. Sample NKW4E (PPL). Enclave B in 
quartz-monzonite, 3 km east of Karydocfiori village. f) Localised straming (bent plagioclase twins) and 
grain-boundary migration in plagioclase. Sample ItKW4E  (XPL), as in 6.11 e. 



Interstitial quartz occurs in minor amounts (4-5 %) and K-feldspar is even rarer and 

again late. Quartz "pools", however, do occur locally and are rimmed by acicular 

homblende grains and euhedral titanites (Plate 6.11 e). 

One other interesting feature is evidence for grain-boundary migration due to 

deformation in enclaves in hosts near the margins of the intrusion (Plate 6.1 If). Other 

evidence for straining is some relict bent plagioclase twins, deformation twinning of 

plagioclase and undulose extinction of quartz in the ocetli. It seems that recrystallisation 

due to high temperature deformation has occurred in some enclaves, locally obscuring 

plagioclase zoning. However, zoning can still be observed and traced with the electron 

microprobe. The acicular habit of homblendes and apatites is additional evidence of 

igneous crystallisation (Wyllie etal., 1962). 

As will be discussed later, enclaves B have crystallised from a liquid. However, it 

seems that the degree of undercooling was not as high as in the enclaves A, so the 

textures of the two types of enclaves are not similar. 

Enclaves B contain plagioclase with extremely calcic cores, denoting early 

crystallisation of calcic plagioclase from the melt. Continuation of plagioclase 

precipitation was accompanied by hornblende and/or biotite. Quartz pools can be 

interpreted as xenocrystic material or as late melt. The presence of primary hornblende 

in these enclaves indicates high water contents of the enclave magma. 

6.3.6. Lamprophyre dykes 

Basic dykes occur in the southern part of the complex. They usually have very 

coarse textures, dominated by amphiboles. They should be classified broadly as 

lamprophyres, because as Rock (1987) pointed out, there is a great deal of confusion in 

attempts to use detailed and specific nomenclature in these rocks. 

They contain amphibole, K-feldspar, plagioclase, quartz, biotite and abundant 

accessories, especially apatite and titanite. They are composed of an amphibole-

supported matrix with the interstices filled with K-feldspar, minor quartz and plagioclase 

(Plate 6.12a). 

Amphibole is coarse (2-4 mm long), usually euhedral and either elongated or 

forming hexagonal prisms (Plate 6.12b). There is a cross-cutting relationship between 

the prismatic and the elongated amphiboles thus forming a "net", the interstices filled by 

quartzofeldspathic material (Plate 6.12a). Generally, the amphibole distribution is 

heterogeneous throughout the rock, which often exhibits a "spotted" appearance. The 

amphiboles are green to green-brown and are twinned. Although euhedral, they are 
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commonly hollow and usually full of inclusions of accessory minerals. Euhedral titanite 

rhombs, both acicular and stubby apatite and opaque oxides are the commonest 

inclusions (Plate 6.12c). Titanite euhedra growing along the amphibole grain boundaries 

are very abundant. Amphibole is replaced by minor biotite. 

Most of the interstitial area between the amphibole "net" is filled with single K-

feldspar grains. These are anhedral or form good crystal faces against the minor 

interstitial quartz. K-feldspars show unusually clear crystals, slightly microperthitic, of 

dominant vein type and minor film type. Locally, some coarsening of the microperthites 

occurs near the edges of the grains. Typical myrmekites occur between the minor 

plagioclase and K-feldspar, but myrmekitic bands are present within the K-feldspar 

grains or even at K-feldspar-amphibole boundaries (Plate 6.12d). 

There is strong granulation and irregularity at the grain boundaries especially 

between K-feldspar and plagioclase or quartz (Plate 6.12d). K-feldspar is also seen to be 

replacing amphibole, creating dentate boundaries. 

Plagioclase is generally subordinate to K-feldspar, and is present as medium-grained 

subhedral crystals or as inclusions in the K-feldspars (Plate 6.12e). They are twinned in 

the Albite or combined Albite-Pericline laws; some mechanical twinning and bending are 

locally obvious. The zoning patterns are not easily visible, but when they can be seen 

they are usually simple, of normal type. Plagioclases are cracked and sericitised and 

include euhedral hornblende, apatite, opaques and titanite. 

In sheets with more abundant plagioclase, K-feldspars are medium-grained, 

interstitial and exhibit irregular microcline twinning. Biotite is more abundant as fine 

flakes associated with the dominant amphiboles (Plate 6.12e). 

The crystallisation sequence is apparently simple although very distinctive. It is 

dominated by early crystallisation of euhedral, but not uncommonly hollow, amphibole 

and abundant accessories, especially apatite and titanite. The interstices are filled with 

coarse K-feldspar and less abundant quartz. Plagioclase occurs commonly as inclusions 

in alkali feldspars and locally brown mica grows later than the amphiboles. The 

dominance of euhedral amphiboles and the abundance of accessories, such as apatite and 

titanite, indicate peculiar conditions of crystallisation in a highly fluxed magma. These 

rocks are very similar to lamprophyres described from other calc-alkaline complexes, for 

example in the Donegal granitoids (Pitcher & Berger, 1972). As the same authors 

pointed out, concentration of the volatiles after the crystallisation of the felsic part of the 

rock, leads to subsolidus alteration. This observation could thus explain the highly 

altered nature of the lamprophyres of this complex as well, usually exhibited in the 
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a) Texture of the lamprophvres. Amphibole-supported matrix, with interstices filled with K-feldspar and 
quartz. Sample 90NK1 17 (PPL). Profitis Elias stream, about 500 m north of Ano Oreini village. b) 
Elongated euhedral to subhedral amphiboles, together with euhedral prismatic amphibole hexagonal 
crystals. Sample 90NK1 17 (XPL), same as in 6.12a. c) Abundant euhedral titanite crystals, together 
with subhedral stubby apatite, are very widespread, especially seen along amphibole grain-boundaries. 
Sample 90NK117 (XPL), same as in 6.12a. d Clear coarse K-feldspar, with occasional flame perthites 
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fomiation of chlorite, epidote and calcite. A detailed review of the features of 

lamprophyric rocks can be found in Rock (1987). 

6.4. MINERAL CHEMISTRY 

Mineral analyses were obtained using the Cambridge Instruments Microscan V 

electron microprobe in Edinburgh. The analytical conditions can be found in Appendix 

H and the full results of the mineral chemical analyses of this chapter can be found in 

Appendix ifid. Mineral chemistry data and discussions of the various Vrondou rocks can 

be found also in Theodorikas (1982) and Coucoulis (1982). In this study, the main 

mineral phases of the gabbros, monzonites, granodiorites, quartz-rnonzonites and 

enclaves were analysed. 

6.4.1. Olivine-Spinel-Opaque oxide in gabbro 

Olivine was found in very minor amounts in two gabbroic samples (CK65, CK67). 

Olivines from sample CK65 were analysed. Olivine has a constant composition 

averaging F077Fa23  (named as Chrysolite, according to Deer et al., 1966). All the major 

components show limited ranges: Si02  39.45 - 40.37 wt%, MgO 39.62 - 41.13 wt%, 

FeO 20.36 - 21.43 wt%, MnO 0.61 - 0.67 wt%. The only minor components appearing 

in the analyses are maximum 0.02 wt% A1203 and maximum 0.66 wt% CaO. No zoning 

was identified and the Mg/(Mg+Fe1) is constant at 0.77. 

The relatively high forstente content and the unzomied nature imply that the olivine in 

this sample could be of cumulate nature. Olivine compositions are depicted in figure 6.2, 

in comparison with the compositions of the pyroxenes. 

A few grains of green spinel were seen enclosed in opaque oxides in sample CK65, 

which also contained olivine. Analyses of two spinel grains showed it to be a Mg-Fe 

spinel, with an average composition M907Fe03A119704. The Mg:Fe 2  ratio is close to 

2:1. Spinel contains small amounts of Fe203  (0.64 - 2.57 %), probably because it is 

being replaced by magnetite. 

From the textural analysis it was not possible to identify the position of the spinel in 

relation to other early formed minerals, especially olivine. It is always found near the 

areas where olivine is reacting to orthopyroxene and opaque oxide, but it is not 

immediately obvious whether it had crystallised from the melt or formed as a result of the 

olivine transformation. 
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The opaque oxide that is involved in the orthopyroxene-olivine reaction and that 

surrounding the spine! (and the independent grains, traced qualitatively with the probe) is 

invariably magnetite, or rather magnetite slightly oxidised to haernatite, the Fe 2:Fe 3  

ratio ranging from 0.49 to 0.51. The ulvöspinel component is very depressed, Ti02  

ranging from 0.11 to 0.79 wt%; the MgO content is also low,, ranging from 0.56 to 0.27 

wt%. The magnetite that replaces spinel shows higher A1203  wt% contents than that in 
the orthopyroxene symplectites. 

6.4.2. Pyroxenes 

6.4.2.1. Orthopyroxenes 

Orthopyroxene has a relatively constant composition and is classified as bronzite, as 

seen in fig. 6.2 (the pyroxenes diagram of Poldervaart & Hess, 1951, in Hatch et al., 
1968). The major constituents vary within limited ranges: Si02  52.29 - 55.62 wt%, FeO 
12.88 - 15.37 wt%, MgO 26.21 - 28.3 wt%, the Mg/(Mg+Fe 2) ratio ranging from 0.76 to 

0.80. Ca (atoms per formula unit, 0=6) never exceeds 2.6, CaO ranging from 0.93 to 

1.26 wt%. Other minor constituents include A1203  1.74 - 2.33 wt%, Fe203  0.81 - 3.61 
wt%, MnO 0.54 - 0.6 wt%, TiO2  0.13 - 0.22 wt% and Na20 up to 0.03 wt%. The high 
A1203  values could reflect incipient alteration of the orthopyroxenes, usually observed as 

micaceous aggregates. 

It is obvious from the textural study that orthopyroxene is not primary in the 

Vrondou gabbro, and, as was mentioned before, it formed as a result of olivine 

transformation. Speculations about the exact mechanism were discussed in section 6.3.!. 

The Mg/(Mg+Fe 2) ratio of orthopyroxenes and their respective olivine pairs are 

here nearly 1:1, being slightly higher for the orthopyroxene, which reflects its replacive 

relationship. 

6.4.2.2. Clinopyroxenes 

Clinopyroxenes are essential constituents of the gabbro. They are found either 

independently or as relics in homblende, in the monzonites and their enclaves. Both 

Theodorikas (1982) and Coucoulis (1982) studied their chemistry, and concluded that the 

clinopyroxenes are mostly salites with high Ca and Mg, and low Al and Ti contents. 

Coucoulis (1982) concluded that two types can be found in the gabbros, and that there 

seems to be an individualised evolution of clinopyroxene from each rock type (not 
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including the enclaves). He also suggested that clinopyroxenes in the gabbro crystallised 

in high temperatures and in a relatively reducing environment, whereas more oxidising 

conditions must have existed during the crystallisation of the clinopyroxenes of the 

porphyritic monzonites. 

In this study, a limited study of clinopyroxenes of the gabbro, monzonites and their 

enclaves A was carried out. in figure 6.2 the analysed clinopyroxenes plot in the 

Diopside and Salite fields, those from gabbro being more Mg-rich than those in the 

monzonites and enclaves A. Only one relict clinopyroxene from the monzonitic sample 

CK80G plots together with the clinopyroxenes from the gabbro. 

PYROXENES 	 wo 

+ Diopside 

 

FS 
Bronztte 

 

OLIVINE 

Forsterite 90 80 70 00 50 40 30 20 10 Fayalite 

Gabbro 

V Enclave A 
' Monzonite 

Figure 6.2. Compositions of pyroxenes in the Poldevaart & Hess (195 1) diagram. Strikethrougb symbols 
denote the type A clinopyroxenes from the gabbro. Olivine compositions are also shown for comparison. 

In the gabbro, two types of clinopyroxenes, similar to those of Coucoulis (1982), 

were identified. The two types differ in the relative Al, Ti, Ca, and Na contents. More 

specifically, type A - clinopyroxene in contact with olivine and orthopyroxene- shows 



A1203 3.86 - 4.66 wt%, Ti02  0.63 - 0.81 wt%, CaO 21.97 - 22.45 wt% and Na20 0.38 - 

0.42 wt%, whereas type B - clinopyroxene relics in poikilitic amphibole- shows A1203  

1.29 - 2.35 wt%, Ti02  0.16 - 0.37 wt%, CaO 22.18 - 23.23 wt% and Na20 0.13 - 0.29 

wt%. 

In general, clinopyroxenes from the monzonites and their enclaves are consistently 

more Mg, Al and Ti-poor and Fe, Mn, Na-rich than those in gabbros. Ca contents are 

similar, although always higher than the type A of the gabbros. In the monzonites, minor 

zoning was observed, the rims being consistently but slightly more Fe-rich and Mg, Na, 

Al-poor than the rims. The core compositions resemble the compositions of 

clinopyroxenes from the respective enclaves. 

Although there is an increase in Si content of clinopyroxenes with increasing Si02  

% of the whole rock (from gabbro, to enclave, to monzonite), it seems that the 

Mg/(Mg+Fe+2) ratio is also controlled by rock composition. From the Mg/(Mg+Fe+2) - 

Si diagram (fig. 6.3a) it is obvious that there is some distinction between the gabbro and 

the monzonites and enclaves. The ratio decreases from the gabbro to the intermediate 

rocks (the limit being around 0.8) and it is relatively constant in the gabbros. 

This compositional change could either signify the initiation of crystallisation of 

another Fe-Mg phase with progressive fractionation from the gabbroic magma or imply 

the existence of two distinct batches, both crystallising primary clinopyroxene with 

different Mg/(Mg+Fe+2)  ratios. In the monzonites, both minor homblende and biotite 

could be candidates for the lowering of the Mg ratio in the clinopyroxenes. However, 

neither of these phases crystallises directly from the melt in significant amounts. 

Homblende is only found as tiny euhedral inclusions in K-feldspar, whereas biotite could 

have been an important primary phase, but now it is only found as rounded inclusions. 

A compositional variation between the clinopyroxenes of the monzonites and their 

enclaves, is not very clear-cut. With the exception of two extreme monzonite analyses 

(indicated in fig. 6.3a), it seems that the Mg/(Mg+Fe+2) ratio is very similar in both 

enclave and host-monzonite clinopyroxenes. 

Ca does not correlate convincingly with Si, but an increase is detected from the type 

A clinopyroxenes of the gabbro towards the remaining of the analyses (fig. 6.3b). As 

with the Mg/(Mg+Fe+2)  ratio, the Ca contents of clinopyroxenes from the monzonites 

and their enclaves are practically indistinguishable. 

Both Al and Ti, are generally very low and show similar behaviour, decreasing with 

differentiation (fig. 6.4a and fig. 6.4.b). It is interesting to note the clear distinction of the 

Al- and Ti-rich type A clinopyroxenes in the gabbro. 
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Figure 6.3. (a) Diagram showing the variation of MgJ(Mg+Fe 2) ratio with Si content (atoms per formula 
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variation of Ca with Si contents of clinopyroxenes from the gabbro, monzonites and enclaves. 
Strikcthrough symbols denote the type A clinopyroxenes from the gabbro. 
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211 



Gibb (1972) in order to explain similar trends observed in basic sills of the Shiant 

Isles, Scotland proposed that the Al and Ti contents were controlled by the Ti content of 

the magma and the crystallisation of primary magnetite and plagioclase. These 

conclusions seem relevant to the present case, because primary magnetite was observed 

in the gabbro, the monzonites and the enclaves. However, the melts from which these 

rocks crystallised must have been poor in Ti, and in the case of the monzonites and 

enclaves primary crystallisation of titanite must have controlled the fractionation of Ti. 

Also, the decrease in Al with differentiation can be explained by impoverishment of the 

liquid in Al due to plagioclase crystallisation, which was prominent in all the types. The 

high Al and Ti type A clinopyroxenes from the gabbros could be interpreted as cumulate 

phases, precipitating slightly earlier than the "intercurnulus" type B clinopyroxenes. 

Le Bas (1962) suggested that the A1203  content of clinopyroxenes can indicate the 

nature of the magma from which they crystallised, being higher with increasing 

alkalinity. In the A1203-Si02  diagram (fig. 6.5) that he devised, the Vrondou 

clinopyroxenes plot within the field of non-alkaline rocks, indicating low Al contents. 

The type A clinopyroxenes of the gabbros plot close to the dividing line between non-

alkaline and alkaline fields, indicating thus that they crystallised from a more A1203-rich 

environment. 
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Figure 6.5. A1203  versus Si02  in clinopyroxenes, from Le Bas (1962, fig. 2, p.  275). The fields are taken 
from the original reference. Strikethrougb symbols denote the type A clinopyroxenes from the gabbro, that 
show distinctly higher A1,03  and lower SiO2  %wt values, here interpreted as cumulus grains. 
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Clinopyroxene compositions in the Vrondou monzonites and their enclaves generally 

fall within the range of clinopyroxenes from high-K caic-alkaline suites (Ewart, 1982, c.f. 

fig. 11, p. 63 and fig. 13, p. 65). However, both types of the gabbro clinopyroxenes are 

more Ca-rich than expected in normal low-K caic-alkaline to caic-alkaline basalts (c.f. 

Ewart, 1982, fig. 12, p.  64). This implies that factors other than melt composition must 

have influenced the partition of elements in the clinopyroxene framework in the gabbros. 

6.4.3. Amphiboles 

Amphiboles are the dominant ferromagnesian phase in the Vrondou complex. Only 

in the more differentiated members or in the more deformed rocks, does biotite become 

subequal or predominate over amphibole. In the monzonites, locally clinopyroxene can 

be more abundant than amphibole. 

From the studies of Theodorikas (1982) and Coucoulis (1982) some conclusions 

emerge: i) all amphiboles are calcic, with the highest Ali' and Ti in the gabbro. Major 

substitutions are edenite and tschermakite. There is a close correlation of amphibole 

composition with whole rock composition. An increase of Mg/(Mg+Fe 2) ratio in the 

amphiboles with increasing Si02 	in the host, implies progressive oxidation with 

differentiation (Theodorikas, 1982). ii) Coucoulis (1982) calculated partition coefficients 

for the major oxides between amphiboles and their hosts. He thus observed that in the 

amphiboles from the gabbros, the partition coefficients for all oxides, except the alkalies, 

are close to 1. By contrast, monzonitic amphiboles have high partition coefficients for 

Si02. Furthermore, he suggested that within each group of granitoids, homblende 

fractionation leads to silica enrichment in the melt. Finally, Coucoulis (1982) also noted 

that the amphiboles from the Vrondou granitoids are richer in Mg and Al" than 

amphiboles of calc-alkaline complexes, as observed also by Pagel & Leterrier (1980) in 

the "subalkaline potassic" (shoshonitic) granitoids of the Ballons massif in the southern 

Vosges. 

In this study, amphiboles from the gabbro, monzonite, quartz-monzonite, 

granodiorite and respective enclaves were analysed. Analytical conditions and the 

amphibole recalculation method are similar to what was described in Chapter 5. 

According to the nomenclature of Leake (1978) all amphiboles are calcic (as 

previously described) and the following types occur (fig. 6.6): in the gabbro, magnesio-

hastingsite, magnesio-hastingsitic homblende and edenitic homblende; in the monzonite 

and enclaves A, magnesio-homblende, some trending towards actinolitic homblende, and 

edenite; in the quartz-monzonite, a magnesian-hastingsitic hornblende, an edenitic 

213 



bf) Q5 

CALXIC AMPHIBOLL:S : (Ca + Na)13 > 1.34; Ni(B) < 0.(i7 

A. 	(Ni ± K)A < 0.50; 	Ti < 0.50 

c\) 
Q) 

j 0.5 

bIl 

0.0 
5.00 7.75 7.50 7.25 7.00 6.75 6.50 6.25 6.00 5.75 

Si (atoms pfti 0=2:3) 

C. 	(Na + K)A > 0.50; Ti < 0.50; 1'c(3) > A1(vi) 

4 I ) 
7 	410 

 

6 

0.0 
5.0() 7.75 7J3() 7.25 7.00 6.75 (iSO 6.25 6.00 5.75 

Si 	(i)[0111.1; pf ii 0=23) 

Galibio 

V Enclave A 	7 Mori,oi,it.e 
M Iii lave 13 	U Quarl.z—,rlor,zorlit.c' 
A Ericluvc B 	Graiiodjoijtc 
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and a magnesio-homblende; in the enclaves B in the quartz-monzonites, magnesio- 

homblende, edenitic homblende and one actinolite; in the granodiorite and enclaves, 

magnesio-homblende and one edenitic homblende. 

Therefore, the compositions of analysed amphiboles can be described in terms of 

three end-members (Leake, 1978): 

Magnesio-Hastingsite: NaCa2Mg4Fe 3Si6Al2022(OH)2  

Hornblende: Ca2Mg4A1Si7M022(OH)2  

Edenite: NaCa2Mg5Si7A1022(OH)2  

Just from the nomenclature diagrams (fig. 6.6) some first observations can be made: 

amphiboles in gabbros have the highest Mg/(Mg+Fe 2) ratios and lowest Si contents, 

there is a close compositional link between amphiboles in the enclaves and their 

respective hosts. Enclaves overlap in both M(Mg+Fe 2) ratios and Si contents, 

although some displacement towards lower Si contents is observed in some amphibole 

grains from the enclaves B, of the quartz-monzonites, iii) the monzonites and their 

enclaves A contain amphiboles with higher Si contents and Mg/(Mg+Fe 2) ratios than 

the intermediate rocks. Some break in Si content is apparent between the two groups of 

amphiboles. 

This distinction is also very obvious in the (Ca+Na+K) versus Si diagram introduced 

by Leake (197 1) in order to show the range of igneous amphiboles (fig. 6.7). 

The hornblendes from the monzonites and their enclaves plot slightly over the 

dividing line, which although empirically drawn, gives an indication of the common 

compositions of igneous amphiboles. Haslam (1968) reported amphibole analyses from 

the Ben Nevis quartz-diorite that plot similarly very close or slightly over the dividing 

line. These amphiboles, like the homblendes from the monzonites and their enclaves in 

the Vrondou complex, are not primary but replacements of pyroxene at sub-liquidus 

temperatures. Hornblendes containing Ally  appreciably less than 1 atom per formula unit 

are rather rare; this was explained by Nockolds & Mitchell (1948) by their formation at 

the expense of pre-existing pyroxenes and homblendes through later solutions. 

Leake (1971) also suggested that amphiboles from gabbros and volcanic rocks 

usually have lower Si contents, indicating that higher Al" is promoted by higher 

temperatures of crystallisation. Mason (1985) observed similar behaviour in the 

amphiboles of granitoids from the Peruvian Andes and accepted that the empirical 

observation of Engel & Engel (1962, in Mason, 1985) of APV  increase with temperature 

is generally true. Something similar can be observed in this study, considering the 

progression to higher Si in the amphiboles from gabbro to the intermediate rocks through 

to the "late-magmatic" amphiboles of the monzonites. However, within the group of 
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quartz-bearing granitoids, there is no obvious trend. As was discussed in detail in 

Chapter 5, there is a, yet unresolved, argument as to the dominant control on the total 

aluminium content of igneous amphiboles. In the present case, as was argued in Chapter 

5, the total aluminium contents of amphiboles from quartz-bearing Vrondou granitoids 

seem to be controlled by the pressure of solidification, at approximately isothermal 

conditions. 
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Figure 6.7. Plot of Si against (Ca+Na+K) of Vrondou amphiboles in the diagram of Leake (1971, fig. 3, 
p.400). The field of igneous amphiboles is taken from the original reference. Note the clear distinction 
between the amphiboles from the monzonitic rocks and those from the gabbros and quartz-bearing 
granitoids. Note also close overlap between enclave-host amphibole compositions. 

In general, possible coupled substitutions occurring in amphiboles are: 

Na,K(A) + Al(iv) for A-site + Si(iv) EDEN1TE 

Al(vi) + AI(iv) for Mg(vi) + Si(iv) TSCHERMAKITE 

or Fe 3(vi) + Al(iv) for Mg(vi) + Si(iv) 

or Ti(vi) + 2A1(iv) for Mg(vi) + 2Si(iv) 

Na(B) + Al(vi) for Ca(B) + Mg(vi) GLAUCOPHANE 

or Na(B) + Fe 3(vi) for Ca(B) + Mg(vi) RIEBECKITE 

Na(A) + Na(B) for A-site + Ca(B) RICHTERITE 

2Na(B) + Ti(vi) for 2Ca(B) + Mg(vi) 

or Na(B) + Ti(vi) for Ca(B) + Al(vi) 
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From the AILV  against A-site diagram (fig. 6.8) it is obvious that the edenite 

substitution is important to varying degrees in the various amphibole populations. 
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Figure 6.8. Plot showing Al" against A-site occupancy, to explore the dominant coupled substitutions. 
Note the existence of three groups with differing AV":A-site ratios. See text for discussion. 

The difference between the monzonitic amphiboles and the rest is apparent here as 

well. In the monzonites, the AP":A-site ratio is close to 2:1, whereas amphiboles from 

the quartz-bearing granitoids and gabbros have higher ratios (fig. 6.8), implying that the 

monzonitic amphiboles are more Si-rich with similar alkalies in the A-site. Two more 

populations can be identified by differing AVv:Asite  occupancy ratios; one composed of 

amphiboles from the gabbros and enclaves B in the quartz-monzonites, with the ratio 

close to 3:1, and a second composed of amphiboles from quartz-monzonites, 

granodiorites and their enclaves, with ratios close to 2.5:1. Some quartz-monzonite 

amphiboles plot close to the monzonitic trends, but towards both higher AP" and alkalis. 

AU these relationships indicate that the edenite exchange cannot be the only scheme 

operating. It seems that tschermakite substitutions become increasingly important in the 

amphiboles from the quartz-bearing granitoids, their enclaves and the gabbros. It is, 
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therefore, a combination of the two dominant exchanges, edenite and tschermakite, that 

better represents the observed variations. 

The operation of a linear combination of the tscherrnakite and edenite substitutions 

(hastingsite/pargasite) is particularly well presented in figure 6.9, a plot of A1IV  against 

both the total octahedral cations and A-site occupancy. It is obvious that all groups of 

amphiboles plot along the ideal 1:1 line for the hastingsite/pargasite substitution, which is 

therefore the exchange dominating the Vrondou amphiboles. Furthermore, the close 

similarity of amphibole compositions in enclaves and their respective hosts should be 

- noted. 
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Figure 6.9. Plot showing the variation of AV" with total octahedral cations and A-site occupancy. The line 
represents an ideal 1:1 relationship, for pargasite/hastingsite substitutions. It is shown that the distribution 
for all groups is close to the ideal. 

It is commonly believed that the Ti contents of amphiboles are positively dependent 

on the temperature of crystallisation (Helz, 1982). Figure 6.10, a plot of AP" against the 

Ti contents from the amphiboles of the various groups, shows a general decrease of Ti 

from gabbros through the quartz-bearing granitoids to the monzonites. The enclave 
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amphiboles again behave in a similar fashion to their hosts, indicating broadly similar 

conditions of crystallisation or equilibration. 
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Figure 6.10. Plot of A1' against Ti showing a general decrease of Ti contents, depending on bulk rock 
composition. The gabbros have the maximum Ti contents, and the generally late-magmatic monzonitic 
amphiboles have the lowest Ti contents. Enclaves are not different in Ti, but show higher Al" contents. 

It is interesting to note in the same diagram (fig. 6.10) that all populations of 

amphiboles are displaced from the ideal 2:1 line, if only tschermakite substitutions were 

involved in Ti distribution. Therefore, substitutions of the scheme 6 could also possibly 

be in operation, although the relevant diagrams did not show consistent patterns. 

Finally, one other interesting feature of the chemistry of the amphiboles in the 

Vrondou complex is the variation of Mg/(Mg+Fe 2) with Si (or AP") content. A plot of 

Mg/(Mg+Fe 2) against Si (fig. 6.11) is not as smooth as expected in simply 

differentiating plutons. Two trends are apparent : a general decrease of Mg/(Mg+Fe 2) 

ratio with increasing Si from gabbros to the rest of the rocks and an increase of the ratio 

with increasing Si content from the quartz-monzonites through granodiorites to 

monzonites. 

219 



1.0 

0.9 

I 	 I 	 I 

Gabbro 
V Enclave A 
U Enclave B 
A Enclave B (gdr) 
V Monzonite 

Qtz—monzonite 
/ 	 t Granodlorlt.e 

.. / 

V 
C 

- V 
M 	

0 

 
0 

0 DD tJ  

LL
- 

0 • 	 0 

I 	 I 	 I 

0.5 

(IL 

8.0 	 6.6 	 7.0 	 7.5 	 8.0 

Si (atoms pfu 0=23) 
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to fractionation and oxidation/cooling. See text for discus ion. 

The first trend (gabbro to the rest) could represent a fractionation trend linked to the 

bulk composition of the rocks. However, the second trend has no logical fractionation 

significance but rather, as proposed by Czamanske & Wones (1973) and Czamanske et 

al. (1981) could reflect progressively oxidising conditions. 	The increase in 

MgJ(Mg+Fe 2) ratio is thus a result of decreasing Fe 2  due to oxidation and not of 

increase in Mg contents. The amphiboles fro'n the monzonites are shown to be not 

primary, probably late magmatic, and the above trends indicate that they formed in 

relatively oxidising conditions. Although the primary crystailisation of hornblende 

necessitates high fluid contents in the magmas of the quartz-monzonites and 

granodiorites (Naney, 1983), Czamanske & Wones (1973) pointed out that "only after the 

separation from the melt can water act as an oxidising medium through dissociation and 

loss of H2 ". Sisson & Blundy (1987, in Blundy, 1989) illustrated schematically the 

trends of fractionation, consolidation and oxidation in the form of a schematic Al v 

Mg/(Mg+Fe+2) diagram. These trends are superimposed on the diagram of figure 6.11. 
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The relationships between the two parameters are similar to what was observed in the 

Vrondou rocks. 

6.4.4. Biotites 

Biotite has a rather variable occurrence in the Vrondou rocks and becomes modally 

important in the more differentiated and deformed parts of the complex. In the gabbro it 

occurs locally as interstitial late grains, and in the monzonites it is restricted to inclusions 

in feldspars and homblende. In the quartz monzonite it only becomes important and 

primary towards the progression to granite s.s. and in the deformed facies, whereas in the 

granodiorite it crystallises penecontemporaneously with homblende. Biotites from the 

monzonite, granodiorite and the quartz monzonite with a high modal abundance of 

biotite, and from their respective enclaves were analysed. Unfortunately, an estimate of 

the Fe+3 amount is not possible, and therefore the conclusions are somewhat restricted. 

In the phiogopite-biotite compositional fields (fig. 6.12, from Deer et al., 1966) it is 

immediately obvious that the biotites from the monzonites are more Mg-and Si-rich, 

moving thus towards the phiogopitic field. The rest of the analyses all cluster around a 

Mg/Fe value of 1-1.5. Again, as in the homblendes, some coupling of host-enclave 

compositions can be observed, although enclave biotites have lower Si contents than their 

hosts. 

According to Deer et al. (1966), within a particular intrusion, Mg, Si (and Ti) 

decrease and Fe+2, (Fe+3 and Al) increase with the acidity of the rocks. In the Vrondou 

rocks this relationship is only unambiguously clear between the quartz-bearing rocks 

(quartz-monzonite and granodiorite) and the monzonites. However, within the quartz-

bearing rocks, and between hosts and respective enclaves, only some minor variation can 

be seen, the Mg/Fe ratio being more or less constant (fig. 6.12). Haslam (1968) used a 

diagram involving the Fe-Mg oxides (FeOfFeO+MgO) and (CaO+MgO) as a 

differentiation index, in order to test variations in the Fe-Mg relation in the Ben Nevis 

rocks and argued that it is the oxygen fugacity that ultimately decides the final trend. In a 

closed system the f 02 decreases with differentiation and therefore, the 

FeO/(FeO+MgO) ratio increases. In an open system, however, the f 02 is buffered, and 

thus either remains constant or increases, reflecting progressive oxidation with 

differentiation, therefore resulting in an increase in Mg content. Such a progressive 

oxidation trend was observed by Czamanske & Wones (1973) and Czamanske et al. 

(198 1) in magnetite-bearing granitoids from Finnemarka and Japan. 
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In the Vrondou biotites (fig. 6.13), no simple relationship can be observed. Some 

"closed system differentiation" trend can be deduced connecting the monzonites and 

quartz-bearing rocks. On the other hand, if granodiorites are in fact fractionates of the 

quartz-monzonites, as Theodorikas (1982) postulated, then their biotites indicate an open 

system behaviour, probably progressive oxidation with differentiation, since the 

FeO/(FeO+MgO) ratio decreases from quartz-monzonites to granodiorites. 

Theodorikas (1982) came to a similar conclusion in his study of the Vrondou rocks. 

However, it should be emphasised that biotites in the monzonitic rocks have a restricted 

occurrence, only as inclusions, therefore their position in a differentiation trend is not 

crystal-clear. 

In general, except for the consistent variation of Fe, Mg, Al and less so, Ti, all other 

elements have values that either overlap or are too variable to be of any meaningful 

significance. Variations in Ti and Al are usually attributed to temperature, higher Ti and 

lower Al contents favoured by higher temperatures. The Ti content may be used more 

reliably as an indication of temperature of crystallisation because Al can show variations 

according to variation in tetrahedral and octahedral co-ordination. In the Vrondou 

biotites, Ti (average) contents are close in the various rock types, although a decrease can 

be observed from monzonites (and enclaves A) through enclaves B to quartz-grariitoid 

(enclave A 0.49, monzonite 0.33, enclaves B 0.30-0.31, quartz-monzonite 0.29 and 

granodiorite 0.23). This decrease, on the one hand, tentatively establishes a sequence of 

crystallisation with decreasing temperature, and on the other hand, indicates that the 

biotite inclusions in the monzonitic rocks were formed at a higher temperature 

environment than the primary biotites of the quartz-bearing granitoids (quartz-monzonite 

and granodiorite). Furthermore, although coupled in Mg/Fe relations, enclave biotites 

seem to show some Ti decoupling from host biotites. 

Al and Ti do not show any correlation. In an AP" v Alli diagram (not shown here) it 

is seen that Al" show a much bigger variability than the Ali '. However, as with Ti, 

enclaves have consistently more Al"' than their hosts. Czamanske & Wones (1973) 

argued that a decrease in Al"' reflects either an increase in the Si02  activity of the 

magma or an increase in Al"' because of lowering temperature. Deer et al. (1966) also 

suggested that Al" increases with increasing temperature. Therefore, although the Al" 

contents are too inconsistent to be considered meaningful, the observed decrease of Ali' 

from enclaves to their hosts and from quartz-bearing rocks to monzonites must similarly, 

reflect the increasing Si02  activity in the granitoid melts or decreasing temperature. 
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6.4.5. Feldspars 

Plagioclase and alkali feldspar are the most abundant phases in the Vrondou rocks. 

Theodoiika.s (1982; 1991) studied in detail the fe1d-pars in the complex, and so only a 

few features will be discussed here. 

Theodorikas (1982) discussed in some length the mechanisms responsible for the 

normal and oscillatory zoning of plagioclases. He also noted the extremely calcic nature 

of the plagioclases in the gabbro, which he attributed to high water pressures during 

gabbro crystallisation, further corroborated by the relatively early hornblende 

crystallisation. 

In this study, it was recognised that plagioclases from the gabbro have anorthite 

content higher than An87. The larger plagioclases are only faintly zoned from (averages) 

A.n89  cores to An879  rims. The extremely calcic and unzoned nature of these 

plagioclases, in addition to the presence of the rare un.zoned olivines, implies that at least 

some accumulative processes are reflected in the gabbro textures. However, the fact that 

even the smaller matrix plagioclases are extremely anorthitic (An87) and also the 

presence of amphibole seems to favour also Theodorikas's (1982) argument for high 

water pressures during, at least some part of the crystallisation history of the gabbro. 

As is shown in figure 6.14, there is a considerable gap between the anorthite contents 

of the gabbro and the rest of the rock types. 

CORES 
	

RIMS 

40 	50 	60 	70 	10 	50 	80 	70 	80 

5102 wt% (Rock) 	 SiO2 wt% (Rock) 

Figure 6.14. Plot of anorthite content (An%) of plagioclase cores and rims against bulk rock Si02  wt%. 
Note the high An contents from the gabbros and the variable core compositions of plagioclases from 
enclaves and hosts. Rim compositions are equilibrated in both enclaves and hosts. 
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Furthermore, it is important to note that firstly, there is no real correlation between bulk 

rock Si02  wt% and core plagioclase composition of granitoids and their enclaves, and 

secondly, plagioclase rim compositions from all granitoids and their enclaves show 

similar ranges, between ''18-32• 

The variability of core compositions of the various granitoid and enclave types can 

be correlated with the variability of disequilibrium zoning patterns observed in both 

granitoids and enclaves, which reflect the complex factors influencing plagioclase 

crystallisation. 

More specifically, plagioclase with calcic "spikes" between core and rim were 

observed in the rnonzonites and their enclaves. Theodorikas (1982) performed traverses 

along few plagioclase grains from a monzonite sample (sample 184), and stated that 

"there is a sharp decrease in Ab content from the rims (79-80 Ab%) to the next zone 

inside the crystal". The ranges in composition (from Theodorikas, 1982) are as follows: 

Cow (An%) Spike (An%) Rim (An%) 

grain A 42-43 46-39 30 

grain 44-53 59-43 21 

grain 26 34-39 21 

grain E 43-30 42 33-20 

Normally zoned plagioclase or plagioclase with resorbed cores, but no calcic spikes, 

were also observed in the monzonites. Core compositions have averages of An 39 % 

(this study and Theodorikas, 1982) and have similar compositions with plagioclase 

inclusions in other minerals (An 40-36 %. this study). Rim compositions are fairly 

uniform (in both this study and Theodorikas, 1982), falling between 34 to 18 An% in the 

outer rims. 

In the quartz-monzonite and granodiorite no plagioclase with calcic spikes were 

observed. In these rocks, both plagioclase with normal zoning and andesine/oligoclase 

cores, and plagioclase with very calcic cellular cores were observed. Such cellular cores 

can have up to 61 An% (Theodorikas, 1982), although normally, average core 

compositions have 35 An% in the granodiorites and 29 An% in the quartz-monzonites. 

Rim compositions are again very uniform, ranging (averages, this study) from 32 An% in 

granodiorites to 28 An% in quartz-monzonites. 
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Some other interesting features emerge when studying the relationship of the 

plagioclases in the enclaves and their respective hosts. The average compositions of 

plagioclases in the various enclaves types are given below (in An%, this study): 

enclaves A enclaves B(qmz) enclaves B(gdr) 

core (matrix) 28 44 39 

rim (matrix) 24 29 26 

core (megaclyst) 40 36 62 

rim (megacryst) 31 30 30 

It is remarkable to observe that although enclaves have generally higher mafic 

content than their respective hosts, and also low to minimal modal quartz and K-feldspar 

contents, plagioclase compositions are very similar to those from the host. As an 

average, enclave matrix plagioclase core compositions are slightly more anorthitic than 

average host plagioclase core compositions, but rim compositions completely overlap. 

Furthermore, in the enclaves B from the granodiorites, the cellular calcic cores of 

megacrysts have high anorthite contents, similar to host megacrysts. 

All the above would seem to suggest that either both enclaves and hosts crystallised 

under the same conditions, or that there was a considerable amount of exchanged 

material between the two entities. Further details of the significance of these features can 

be found in section 6.5, where genetic interpretations of the microgranular enclaves are 

discussed. 

Finally, one other feature of the plagioclase chemistry is the K content. K is 

generally very minor in all rock compositions, never exceeding Or(average) 1.56%. As 

also observed also by Theodorikas (1982), the plagioclases in the gabbro have the lowest 

Or content. There is a consistent pattern of higher orthoclase contents in the rims relative 

to the cores. In addition the higher K contents of the plagioclases from the monzonites 

seem to imply that the K content of the plagioclases is related to the K20 activity of the 

magma, being minor in the gabbro and higher in the monzonitic rocks. 

K-feldspar is an essential constituent of the granitoids, but it is rarely seen in the 

enclaves. Only in enclaves A of the monzonites, do K-feldspar megacrysts exist, and 

here they are interpreted to be host crystals entrained in the enclave material. 

Theodorikas (1982; 1991) studied the structural type of the alkali feldspars and 

concluded that orthoclase is restricted to the monzonites and microcline to the quartz-

bearing rocks; he attributed the difference to the lower volatile contents of the monzonitic 

rocks. He also suggested that the degree of differentiation favoured an increase of 

ordering with increasing quartz content of the rocks. These observations do not 
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contradict what was observed in this study, although some incipient microclinisation was 

observed in some monzonitic samples. 

Few analyses of K-feldspars from the monzonites and granodiorite were obtained in 

this study. All the alkali feldspars have generally restricted compositions, irrespective of 

host, ranging from Or 76.2 to 90.1 %, Ab 9.8 to 22.9 %. Anorthite contents are very low, 

never exceeding 0.9%. Apart from the occasional FeOt  showing in the analyses, no 

impurities were traced. BaO wt% contents range between 0.06 to 0.48 wt%, although 

taking into account the low analytical precision for this element, any interpretation of 

variations seems tentative. Further detailed discussion of the K-feldspars of the Vrondou 

complex is given by Theodorikas (1982; 1991). 

6.4.6. Accessory minerals 

Coucoulis (1982) studied in much detail the accessory minerals of the Vrondou 

complex, especially with regard to their contents of radioelements. From the 

examination of magnetite and ilmenite relations, he concluded that the Fe-Ti phases have 

undergone considerable re-equilibration during the sub-solidus evolution of the 

granitoids, under oxidising conditions corresponding to the stability of the 1-IM-NNO 

buffers. A late stage oxidising reaction leads to the transformation of a, now non-

existent, titanomagnetite phase to magnetite and titanite. 

Titanite has high U contents and is present both as a primary and as a secondary 

phase. 

Zircons are present in all facies and have forms that correspond to a mildly alkaline 

environment at high temperatures, 8500C (according to the zircon classification of Pupin, 

1976, in Coucoulis, 1982). Both zircon and apatite have very low U contents. 

Epidote is always late in the Vrondou rocks, present as alteration products of 

plagioclase and ferromagnesian minerals. It has a pistacitic component that varies 

between 27% to 29%. Estimated conditions of epidote formation, were, according to 

Coucoulis (1982), 630-620 °C at 2 Kb. On the other hand, allanite is primary, but occurs 

in small and variable quantities in the various granitoid facies. It was not observed in the 

monzonitic rocks by Coucoulis (1982) and was commonly seen mantled by an epidote 

rim, in few quartz-monzonitic samples. 

Thorite and uraninite, the main repositories of Th and U, were observed by 

Coucoulis (1982) to be primary phases, included mainly in ferromagnesian minerals. 

Finally, Coucoulis (1982) suggested a possible sequence of crystallisation of the 

main accessory phases that is as follows apatite and zircon are always found as 
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inclusions, especially in the clinopyroxenes. Thorite and uraninite probably followed, 

with titanite crystallisation being slightly later. Finally, allanite is probably late 

magmatic, enriched in Th and the REE. Epidote is always clearly late and secondary. 

6.5. MICROGRANULAR ENCLAVES IN CALC-ALKALINE GRANITOIDS 

6.5.1. Theories about origin and significance 

Microgranular mafic enclaves are a very common feature of granitoids, and special 

attention has been given to those occurring in caic-alkaline types because they may be 

holding genetic information, valuable in deciphering the processes involved in calc-

alkaline magma genesis. However, microgranular enclaves are not uncommon in both S-

type, peraluminous granitoids (Vernon, 1983; 1984) and alkaline types (Didier, 1987; 

Bédard, 1990). 

The term niicrogranular enclaves, refers to obviously non-xenolithic material that 

occurs as generally small (10 cm to 1 m in diameter) inclusions, with well-defined 

margins, in a given host granitoid. Their shapes, however, can be variable, rounded to 

angular in 2D and complex in 3D (Srogi & Lutz, 1990), and they are all inherently finer-

grained than their hosts. Their compositions vary, usually according to host composition, 

from basic to intermediate, and they are usually characterised as basic or mafic because 

they tend to contain more mafic minerals than their hosts (basic microgranular enclaves 

of Dither, 1973, 1987; microgranitoid enclaves of Vernon, 1983, 1984; mafic magmatic 

enclaves of Baibarin, 1990; mafic inclusions of Eichelberger, 1980; Dodge & Kistler, 

1990; Chen et al., 1990). They are usually clearly distinct from xenoliths of envelope 

rocks and are usually much more abundant than the latter, their abundance not always 

being related to the contacts of the granitoids (Vernon, 1984). They are not usually 

represented as distinct magma bodies within the plutonic complex in which they occur. 

However, there are cases, where magma interaction zones are preserved in the field, and 

there, enclave protoliths and processes responsible for enclave formation can be studied 

(e.g. Reid et al., 1983; Larsen & Smith, 1990; Castro et al., 1990b). They may also 

occur in volcanic rocks (Eichelberger, 1980). The microgranular enclaves generally 

share textural features, that will be outlined below, that have been used as arguments for 

their origin and importance. 

Various theories about the origin and significance of these enclaves in caic-alkaline 

granitoids have been proposed that either assign a genetic significance to enclaves in 

relation to host-magma genesis or interpret them as rather accidental features of the hosts. 
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In essence, there are four different alternatives for the interpretation of various 

enclave features. They can thus represent (Wail et al., 1987) i) modified accidental 

inclusions (xenoliths), ii) restites, iii) cognate cumulates or generally cogenetic magmatic 

phases (autoliths) and finally, iv) magma mixing end-members or hybrid products. 

Accidental inclusions (xenoliths) are crustal materials derived from wall rocks 

either close to the emplacement level or from deeper levels, but which are unrelated to 

source rocks. They should be readily identifiable by metamorphic textures, although 

masked by variable degrees of assimilation (Wall etal., 1987). 

The advocates of the "restite" theory (e.g. White & Chappell, 1977; McCuiloch & 

Chappell, 1982; Chen et al., 1990) interpret the enclaves as basic refractory restites, 

carried up from the source region by the host magma. The separation of the refractory 

enclave material from igneous source rocks produces, through "unmixing", the host 

granitoid magma. 

In the "cognate model" family the enclave material, by definition  igneous in this 

case, is considered to be intrinsically related with the host. In this broad category some 

specific case studies have identified: autoliths, that is fragments of cogenetic igneous 

rocks that become incorporated in and assimilated to various degrees by a fractionating 

magma (Tindle & Pearce, 1983); accumulations of early minerals (cognate cumulates) 

that crystallised in a parental magma and have been disrupted during the final intrusion 

stage (Dither, 1973, 1984; Dodge & Kistler, 1990); fragments of chilled margins of the 

plutons in which they are found, remobiised by the movement of the host magma (Grout, 

1937 and review in Dither, 1973); fragments of earlier-formed batches of magma, either 

genetically related to the host (formed at a less-fractionated stage, as in Bailey, 1984) or 

representing distinct batches of partial melts from the same source as the host (Geringer 

et al., 1987, in Chen eral., 1990). 

Results of magma mixing (and/or mingling). In this hypothesis the enclaves 

represent globules of mafic magma that are either an end-member or an intermediate 

member of a mixing process responsible for the generation of the host granitoid (e.g. 

Reid et al., 1983; Vernon et al., 1988; Zorpi et al., 1989; Dorais et al., 1990; Larsen & 

Smith, 1990; Vernon, 1990). Barbarin (1988) clarified the terminology involved, and 

stated that (p.49) : " mixing is restricted to interactions that produce hybrid rocks in 

which the identities of the original magmas are obscured. The term mingling (or co-

mingling) indicates interactions in which the original magmas retain their identities in 

the mixture. ". This latter theory is quite popular for explaining in general the generation 

of calc-alkaline granitoid magmas; one implication is that mantle-derived magmas, as 
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represented by the enclaves, in the absence of the whole member, can provide either heat 

or matter for the genesis of their hosts. 

Finally, one independent interpretation, applicable to a specific case study, is that of 

attributing enclaves to globules of liquids that are immiscible with the host magma. 

These were described by Bender et al. (1982) from the Cortlandt complex, where the two 

immiscible liquids (host-enclave) are seen to be in contact. 

However, recently, Pin et al. (1990), based on the inconclusiveness of Sr and Nd 

isotopic studies of enclave-host relationships, argued that enclaves in Hercynian 

granitoids should be interpreted as a result of second-order processes and not as major, 

crustal growth related mechanisms. This concept highlights the fact that generalisations 

can safely be applied only when all aspects of enclave-host association have been 

studied. The message behind the variability of the proposed theories is that enclaves are 

internal features unique to each particular host so no mechanism of general significance 

should be invoked to explain their presence, in the absence of detailed examination of all 

features. 

6.5.2. Enclave microtextures 

One important aspect of enclave studies is that of microtextures. This has proven 

very powerful in the identification of their nature, and especially whether they represent 

igneous or metamorphic rocks. Comprehensive reviews of these and other aspects of 

enclaves can be found in Didier (1973; 1987), Vernon (1983; 1984; 1990), and in the 

numerous specific case studies reported in the literature (for a recent compilation, see 

Didier& Barbarin, 1991). 

In a summary, some features that seem to recur and are important are: 

- Enclaves have generally uniform microtextures throughout, although finer-grained 

"chilled" margins have also been observed. They are always finer-grained than their 

hosts. 

- They share microtextures commonly observed in volcanic rocks, especially "quench" 

textures. For enclaves in volcanics, the igneous origin is indisputable because of the 

presence of glass inclusions, igneous zoning and true phenocrysts. 

- They contain acicular crystals, with apatite being the most common and prime example; 

such textures indicate quenching from a liquid (Wylie et al., 1962). 

- They are commonly porphyritic, although debate is still on-going as to whether the 

megacrysts are either true phenocrysts or xenocrysts. 
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- They commonly contain plagioclase (usually as megacrysts) that exhibit 

"disequilibrium" zoning patterns, that is corroded cores, with or without rounded 

inclusions and oscillatory zoning, covered by more sodic rims, with or without oscillatory 

zoning. 

- Occasionally, they contain "mantled" K-feldspar megacrysts and quartz ocelli, rimmed 

by fine aggregates of mafic minerals. 

- Occasionally, they show evidence for replacement of mafic minerals, such as pyroxene 

by homblende, homblende by biotite, or orthopyroxene by biotite. 

All the above commonly observed features can safely be interpreted as igneous 

microtextures and especially, as textures produced by rapid crystallisation from a melt. 

That fact then would apparently rule out, by delmition, the restite hypothesis that would 

require metamorphic rather than igneous textures. However, as discussed above, each 

case should be studied on its own merit; for instance, partial melting textures have been 

well established for particular plutons (e.g. Tindle & Pearce, 1983), whereas the restite 

theory could explain such features as mineral replacements and resorptions, and 

probably, the origin of S-type granites. 

6.5.3. Important microtextural features of the enclaves in the Vrondou 
granitoids 

In section 6.3.5 two types of microgranular enclaves were recognised in the 

Vrondou granitoids, apparently controlled by the host composition. Their main 

differences are outlined below: 

- Enclaves B have coarser grain-sizes than enclaves A. 

- Although both types are "porphyritic", enclaves A have a sharply bimodal grain-size, 

that is the megacrysts are much coarser than the matrix minerals. In enclaves B this 

difference is not as pronounced, probably due to the coarser grain-size of the matrix. 

- Although both types have relatively sharp contacts with their hosts, the matrix of 

enclaves A seems to protrude into the host, producing more irregular shapes. Also, fme-

grained chilled margins are only seen in enclaves A. 

- Enclaves A exhibit sub-ophitic textures, whereas enclaves B are mostly granular. 

- Clinopyroxene is present only in enclaves A (similar to the host mineralogy). 

- Homblende is fme-grained and of acicular habit in enclaves B, rather than coarser and 

in sub-ophitic relationship to plagioclase as observed in enclaves A. In enclaves B 

homblende is primary, whereas clinopyroxene relics are common within the homblendes 

of enclaves A. 
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5.9.3. Garnet 

Garnets were analysed from the regional sample 89NK236; the thermally altered 

89NK235, 89NK237 and from the high-grade hornfels, CK85, where they occur as relics. 

In the regional rocks garnet is invariably unstable, altering to chlorite, biotite and 

muscovite in 89NK236 and to biotite in the samples 89NK235, 89NK237. There, garnet 

inclusions in biotite and plagioclase are a widespread feature of the texture. 

Core to rim zoning is not consistent in the regional sample. Averaged core-rim 

analyses, show fairly unifonn values for both areas (Table 5.7). Generally, cores are 

slightly richer in Fe, but Mg, Mn and Ca are either subequal or lower than rim values. 

The chemistry of the regional gamets corroborates thus the textural evidence for low-

temperature alteration, as indicated by the increase of Mn and Mg rim values. 

Table 5.7 
Garnet compositions in the various associations. Values represent averages. 

REGIONAL 
(INTACT) 

REGIONAL 
(ALTERED) 

CONTACT 
RELICS 

Core Rim Incl. 	Core Rim 

Alm 69.68 67.05 63.80 	64.59 66.13 72.80 

Py 10.33 12.25 8.54 	8.54 9.20 7.36 

Sp 3.63 4.10 16.27 	15.18 15.38 10.49 

Gr 16.43 16.58 11.37 	11.72 9.33 9.34 

Garnets in the thermally overprinted regional samples have overall lower Fe, Mg and 

Ca contents, but higher Mn. Core to rim variations are again slight. Increasing Fe and 

decreasing Ca towards the rims are reminiscent of prograde growth zoning, whereas 

decreasing Mg is characteristic of retrogressive re-equilibration. The inclusions have 

lower Fe contents and higher Mn contents. 

The garnet relics from the homfels are compositionally distinct. Although the 

compositions vary considerably, they have significantly higher Fe contents, low Mg and 

Ca and intermediate Mn contents. This is not however, surprising, since according to 

Chinner (1962), garnet would remain stable in aureole conditions if the FeO of the bulk 

rock is increased. 
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- Biotite occurs only as inclusions in other minerals in enclaves A, whereas in enclaves B 

it is present as individual crystals, locally more abundant than homblende (related to host 

composition). 

- Plagioclase megacrysts are different in the two types of enclaves. In enclaves A they 

usually resemble the host plagioclases, exhibiting all the disequilibrium features observed 

there. In enclaves B they usually consist of extremely calcic, resorbed cores. Calcic 

"spikes" were not observed in enclaves B. 

- In enclaves B oscillatory zoning of plagioclases is not common, the zoning type is 

rather of a broad normal type, especially in the matrix plagioclases. 

- Only enclaves B have quartz ocelli. Other very minor quartz in both types is strictly 

interstitial. 

Both types however have some features in common. Modally, they are both 

deficient in K-feldspar and quartz, irrespective of the host, and they both have acicular 

apatites and zoned plagioclases in the matrix. Furthermore, the mineral chemistry 

analysis indicated that ferromagnesian minerals in both types of enclaves have very 

similar compositions to those in the hosts. 

Before one starts to hypothesize about the origin and significance of these enclaves, 

their microtextural features must firstly be interpreted. The main issue here is to decipher 

whether the textures represent solid-state recrystallisation (and partial melting) or 

crystallisation from a liquid (or a liquid loaded with crystals), since theories for the 

genesis of the enclaves consider them either as blobs of magma or as restitic fragments. 

The textural features of both types of enclaves in this study can be more easily 

interpreted in terms of igneous crystallisation. Sub-ophitic textures, the acicular habit of 

homblende and apatite, zoning of plagioclase, euhedral to subhedral shapes of matrix 

minerals are some of the features that can indisputably be considered as igneous. 

Lofgren (1980), from experiments on dynamic crystallisation, clearly showed that 

the elongated, hollow habits are a result of rapid cooling of a melt. He also showed 

(1974, 1980) that normal plagioclase zoning is ubiquitous in growth from a melt and 

becomes increasingly linear with increasing cooling rate. Also, oscillatory zoning in 

plagioclase has invariably been interpreted as a growth feature resulting from processes 

such as the diffusion-supersaturation mechanism (in Vance, 1962) or the constitutional 

supercooling of Sibley et al. (1976). The acicular habit of apatite has traditionally been 

considered as a typical feature of rapidly cooled melts, since the experimental results of 

Wylie etal. (1962). 
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Grain-boundary migration was observed in enclaves from the deformed part of the 

pluton, but this can be interpreted as a deformation-induced feature rather than a 

genetically-related one. 

It is therefore concluded that enclaves of both types (or at least their matrix) must 

have resulted from crystallisation from a liquid, and more specifically due to rapid 

cooling. 

Having established that, it is necessary to have a look at some other important and 

rather controversial features of the enclaves, namely the plagioclase megacrysts and the 

quartz ocelli. 

Plagioclase megacrysts are common in microgranular enclaves, and because they are 

usually much coarser than the matrix and exhibit "disequilibrium" zoning patterns, their 

origin is rather enigmatic. As a result, they have been used as arguments for all the 

various theories, with a variable degree of success. The essence of the arguments is 

whether they are xenocrystic to the enclave matrix, or whether they represent true 

phenocrysts. If they are xenocrystic, then do they belong to the host, or do they belong to 

some end-member of a mixing/mingling/early fractionation process? Again, the 

microtextures and mineral chemistry are central to interpretations. 

The "disequilibrium" zoning features that have been described in the literature can be 

summarised as: 0 cellular (skeletal, dendritic or patchy) cores, either too calcic for the 

given composition or not, ii) inner crystals covered by a cellular, dendritic more calcic 

"spike" or "ring". In both circumstances the inner parts are usually rimmed by an outer 

part that is in compositional equilibrium with the matrix of the enclaves. The presence of 

these zoning patterns indicates that the inner parts of the megacrysts were in 

disequilibrium with the final composition or grew from a liquid of different composition. 

Hibbard (1981) suggested that cellular (skeletal or dendritic) habits need not be 

interpreted in terms of resorption, but rather in terms of rapid growth from a melt. 

Similar habits have been observed in experiments by Lofgren (1974)  1980). However, 

when the cores exhibit truncated oscillatory zoning, resorption due to immersion of the 

crystal in a melt with which it is not in equilibrium, can safely be inferred (Hibbard, 

1981; Castro etal., 1990a). The calcic spikes are one other form of cellular growth, but 

the nucleation in this case is heterogeneous. This means that rapid crystallisation was 

preferentially sited on pre-existing crystals (Barbarin, 1990a). 

The obvious question is what do these "disequilibrium" features stand for. The 

notion of patchy zoning has been discussed and explained by Vance (1962, 1965), who 

advocated that abrupt changes in the physical conditions of crystallisation are responsible 

for the corrosion of the early-formed inner crystals. Mason (1985) favoured this 
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interpretation for explaining similar features in granitoids from the Peruvian Andes. 

However, more recently, since the notion of magma mixing and the recognition that 

granitoid generation operates in rather open-systems has become more popular, such 

features have been interpreted in terms of compositional disequilibrium resulting from 

the introduction of a melt of different composition within a given starting material (e.g. 

amongst many, Hibbard, 1981; Vernon, 1984, 1990; Dither, 1987; Bedard, 1990; Dorais 

a al., 1990). Consequently, they could represent hybridisation features. Similarities of 

zoning patterns and compositions between cores of plagioclase megacrysts of hosts and 

enclaves would seem to imply that they both grew from melts of similar compositions, or 

that the enclave megacrysts are xenociysts (originating from the host or some 

intermediate hybridisation stage) that have been entrained into the enclave magma 

If, fortuitously, the cores of the enclave megacrysts are more anorthite-rich than the 

plagioclases of the host granitoids, then they can represent true phenocrysts growing 

from a basic melt and being resorbed due to the hybridisation with a more acid melt (e.g. 

Castro et al., 1990a). The calcic spikes, according to Barbarin (1990a) represent a 

"reversal" of the commonly suggested model of corrosion of a basic plagioclase after 

immersion into an acid melt. The important conclusion of Barbarin (1990a) is that 

megacryst cores can be derived from both members of a mixing process or even from an 

intermediate stage. He also recognised that the crystallisation of the rims is controlled by 

the post-mixing, or even post-emplacement evolution of the system. Environmental 

factors, and especially crystallisation pressure, volatile pressure and content must leave 

their imprint at these fmal stages of the evolution of the system, as described by Vance 

(1962). 

What is also important to keep in mind is that the various magmas involved are not 

necessarily superheated and therefore nucleation and growth of the various phases are not 

only physically (in terms of physico-chemical conditions) but also "mechanically" 

controlled by the presence of crystals in a "crystal mush", that would induce 

heterogeneous nucleation and growth. 

In the Vrondou rocks zoning patterns of plagioclases in enclaves and their respective 

hosts can also be enlightening. 

Megacrysts in enclaves A are indistinguishable from the large plagioclases of their 

monzomtic hosts. They share zoning and compositions, thus indicating that the 

megacrysts in the enclaves were either host phenocrysts entrained in the enclave matrix 

or alternatively, crystallised under the same conditions. However, the absence of calcic 

compositions in the cores of the enclave megacrysts would seem to imply that they are 

probably of xenocrystic origin. It is of particular interest to note that calcic spikes are 
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only found in the plagioclases of the monzonites and their enclaves. This would seem to 

imply that at some stage, introduction of a batch of a more basic magma resulted in 

mantling of the earlier-formed crystals with more basic cellular zones After this, 

crystallisation continued with the formation of oscillatory or broadly nonrial zones. If the 

mechanism proposed by Vance (1962) for the interpretation of the final broad rims 

surrounding, indiscriminately, minerals of both matrix and megacrysts, is correct, then 

the introduction of the basic melt must have taken place at a time prior to the 

emplacement of the monzonites and their enclaves. 

On the contrary, enclaves B carry plagioclase megacrysts that have distinctly calcic 

cores, do not show any calcic spikes and exhibit generally patchy zoning, similarly to 

their respective hosts. In this case, megacrysts are either true phenocrysts growing from 

a more mafic magma than the host, or belong to an intermediate stage of evolution. 

Enclaves B contain, in contrast to enclaves A, quartz ocelli. These again have been 

interpreted in terms of hybridisation, and they either represent xenocrystic material or 

late melt from an acid member of the hybridisation process (Hibbard, 1981; Castro et al., 

1990a). Because modally, quartz is very minor in enclaves B, and when it occurs it 

crystallises strictly interstitially, it would seem plausible to conclude that quartz ocelli 

represent xenocrystic material entrained in the enclave matrix. 

It seems that there exists a textural "pattern" in the enclaves. This is characterised by 

1) early crystallisation of coarse phenocrysts (e.g. calcic cores of enclaves B), followed 

by 2) rapid cooling, forming the main matrix (e.g. matrix plagioclase cores and 

ferromagnesian minerals), and finally 3) growth of the matrix plagioclase rims, and 

minor interstitial quartz and K-feldspar. Mechanical entraining of host crystals (quartz 

ocelli, plagioclase and K-feldspar megacrysts similar to the host) probably precedes at 

least stage 3, because such a process implies considerable ductility of the enclave 

material (Castro et al., 1990b). 

Such a multi-stage crystallisation history in microgranular enclaves has been 

described from the Gerena interaction zone in Spain, where mixing-mingling processes 

have been arrested in situ and are thus available for close examination (Castro et al., 

1990a; Castro etal., 1990b; Castro etal., 1991). 

What is important in such a multi-stage crystallisation model, is the fact that enclave 

material has ample time to exchange components with the host, either through diffusional 

processes or through physical mixing. The observation in this study of similar 

compositions of ferromagnesian minerals and plagioclase (by no means unique, c.f. 

Dorais et al., 1990; Holden et al., 1991; Allen, 1992), seems to imply that in the course 

of a hybridisation processes, enclaves can equilibrate with their hosts, thus lose their 
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parental imprints, which therefore probably remain as unaffected modal distributions of 

phases: 

The chemical implications of such observations are further examined in Chapters 7 

and 8. 

3.6. SUMMARY AND CONCLUSIONS 

The main petrographical types comprising the Vrondou pluton are gabbro, 

porphyritic monzonite, monzonite, quartz-monzonite, granodiorite and granite. 

Amphibole-rich lamprophyre dykes are found locally. Microgranular enclaves are found 

mainly in the monzonitic, granodioritic and quartz-monzonitic rocks. 

Two groups of enclaves were identified. Enclaves A in the monzonites are mainly 

plagioclase-homblende microdiorites, but with a significant amount of host material, 

namely plagioclase and more rarely, K-feldspar megacrysts. Enclaves B in the quartz-

bearing rocks, are homblende-biotite quartz-diorites, with interstitial K-feldspar and 

quartz, and occasional quartz ocelli, denoting the presence of host material. 

The gabbros have features that indicate some degree of accumulative crystallisation, 

namely unzoned anorthitic plagioclase, Al-Ti-rich clinopyroxenes and rare euhedral, 

unzoned olivine (17077). Hornblende is however the main Fe-Mg phase. Orthopyroxene 

(bronzite) occurs as a reaction product of olivine. 

The amphibole-rich dykes are classified as lamprophyres and are enriched in K-

feldspar and accessory minerals (apatite and titanite). 

Clinopyroxenes are generally of salitic compositions. In the gabbros a group of 

more Al-Ti-rich clinopyroxenes are here interpreted as cumulus material. 

Amphiboles can be distinguished in three groups, broadly relating to bulk-rock 

compositions. In the gabbro magnesian-hastingsites have the lowest Si, highest 

Mg/(Mg+Fe2 ), alkalis and Ti. In the quartz-bearing granitoids (quartz-monzonites and 

granodiorites) amphiboles have edenite and magnesio-hornblende compositions, and are 

intermediate with respect to the above parameters between the amphiboles in the gabbro 

and the monzonites. Amphiboles in the monzonites are magnesio-homblendes, richer in 

Si and Mg/(Mg+Fe2 ) than the rest of the granitoids, indicating that they were formed at 

the expense of clinopyroxenes at a late magmatic stage. A linear combination of 

tschermakite-edenite substitutions, the hastingsite/pargasite substitution is dominant in all 

amphiboles. The overall trends of the amphiboles indicate fractionation from the gabbros 

to the granitoids and an oxidation/cooling from the quartz-granitoids to the monzonites. 



Biotites in the rnonzonites, that occur only as inclusions, are richer in Mg and Si than 

the primary biotites of the quartz-granitoids. The biotites from the monzonites pose the 

question of whether they represent material crystallised earlier and later resorbed due to a 

change in fluid conditions, or a hybridisation process. Although there is a considerable 

overlap in the biotite compositions of enclaves B and their hosts, a slight increase in Ti 

and Al" contents in the enclaves, may signify that the final equilibration did not 

completely erase initial compositional differences of biotites. 

The mineral chemistry is generally consistent with a final equilibration of enclaves 

and hosts, regarding clinopyroxene, amphiboles, some aspects of the biotites and 

especially matrix plagioclase rims. 

A multi-stage crystallisation history of the enclave material is suggested by the 

textural patterns. Enclaves have crystallised quite rapidly from melts, and may contain 

foreign crystalline material, represented by the quartz ocelli and those plagioclase 

megacrysts which are similar to the host plagioclases. 

Plagioclase textures in both granitoids and enclaves show features indicative of 

hybridisation processes More specifically, resorbed cores, calcic spikes and dendritic 

growth are some features found in both enclaves and hosts and denote disequilibrium 

conditions. However, all plagioclases are mantled by final normal runs of similar 

compositions with host plagioclase rims, indicating that equilibrium was attained 

between enclave and host material at the fmal stages of crystallisation. 

Considering the broad differences between the two types of enclaves and the close 

link with their respective hosts, the question of enclave origin should be addressed in 

conjunction with that of the inter-relationships of the hosts. If enclaves do actually 

represent rapidly cooled liquids, then one possible explanation for the grain-size 

difference between the two types, is a different degree of undercooling against the host 

rocks because of variable compositional and hence, temperature difference. 

Therefore, as a final conclusion it can be stressed that there are lines of evidence 

indicating the operation of some hybridisation process, especially well recorded in the 

relationships of enclaves and hosts. Furthermore, the presence of cumulate material in 

the gabbros is an indication that differentiation of a basic parent was also involved in the 

genesis of the Vrondou granitoids. The presence of lamprophyres may also indicate one 

additional basic component in the Vrondou magmatism, unless they are late and 

completely unrelated to the pluton. 

The various alternative petrogenetic models will be further discussed in Chapters 7 

and 8, in the light of the chemical and isotopic features of the various petrographical 

components comprising the Vrondou pluton. 

237 



CHAPTER 7 

The elemental geochemistry of the Vrondou-Elaion complex 

7.1. INTRODUCTION - PREVIOUS WORK AND OPEN QUESTIONS 

The Vrondou pluton belongs to the Tertiary caic-alkaline magmatism which is 

manifested in the Rhodope area in NE Greece by both volcanism and plutonism 

(Innocenti et al., 1984; Fytikas et al., 1984; Kyriakopoulos, 1987; Del Moro et al., 1988; 

Kotopouli & Pe-Piper, 1989) (fig. 7.1). It is, volumetrically, the second largest plutonic 

mass in the western Rhodope massif and has been dated as Oligocene (K-Ar in 

hornblende, 30-34 Ma, Marakis, 1969, see also Chapter 8). It is a metaluminous, high-K 

caic-alkaline complex granitoid, with both basic and evolved members. 

In Chapter 6, the Vrondou complex was shown to comprise a variety of rock-types, 

namely quartz-monzonite, granite s.s., granodionte, monzonites and gabbro (fig.7.2). In 

addition, microgranular enclaves occur in the intermediate types and lamprophyre dykes 

occur locally. 

As was mentioned before, three Ph.D. theses in the past (Papadakis, 1965; 

Theodorikas, 1982; Coucoulis, 1982) were carried out that examined the petrological and 

geochemical features of the pluton. Recently, Kotopouli & Pe-Piper (1989), re-assessed 

the chemistry of the Vrondou rocks within a geodynamic context and in relation to the 

two other volumetrically important plutonic masses in the area, the Elatia and Xanthi 

plutons. From all the above studies, various conclusions emerge, some more 

contradictory than others. In essence, two alternatives were proposed. One line of 

thinking (Theodorikas, 1982; Kotopouli & Pe-Piper, 1989) interprets the various facies as 

a cogenetic series resulting from fractional crystallisation of the same parental basic 

member, represented by the gabbro. The second alternative (Coucoulis, 1982) suggests 

that the various granitoids represent distinct magma batches from different original 

sources. 

Theodorikas (1982) highlighted the high-K calc-alkaline nature of the complex and 

concluded, using mainly major and trace element variation diagrams, that the complex 

consists of two magma "batches", originating from fractional crystallisation at depth of a 

common parent, represented by the gabbroic facies. 
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An initial "basic" batch is at the present-day represented by the gabbro, monzonite 

and microgranular enclaves and a subsequent "acid" batch by the quartz-monzonite, 

granodiorite and granite. In situ fractionation interconnected the acid members. The 

generation of the magma was attributed by Theodorikas (1982) to subduction of the 

Vardar ocean beneath a Serbomacedonian-Rhodopian active continental margin in 

Tertiary times. 

Similarly, Kotopouli & Pe-Piper (1989) proposed a more refined petrogenetic 

interpretation of the Vrondou rocks. These observations were based mainly on the data 

of Theodorikas (1982) and four new analyses, including REE data and for which [ALE 

modelling was undertaken. Fractionation of dlinopyroxene from a gabbroic magma was 

responsible for the trends observed in the rocks with less than 55 % Si02. Feldspar 

fractionation assumed increasing importance for compositions over 55% Si02. The 

mantle source was suggested to be abnormally enriched in Rb during subduction, the 

process to which magma generation was ultimately related. 

Coucoulis (1982) on the other hand, classified the Vrondou rocks as "subalkaline 

potassic". This is a term proposed by French researchers to describe "almost alkaline" 

granitoids (Page! & Leterrier, 1980) that defme a particular type of Hybrid Late Orogenic 

granitoid, related to the transition from a compressional to an extensional régime (see 

Barbarin, 1990b, for correlation of the various classification schemes of granitoids). 

Coucoulis also suggested that the Vrondou complex comprises three distinct rock 

sequences, all with quartz-monzomtic and monzonitic members, that probably originated 

from different sources. However, the question of the nature of these sources was not 

addressed by Coucoulis (1982). 

Details from these works will be referred to in following sections, but it is now 

important to assess the extent of knowledge actually obtained from the results of the 

above works and what controversies still exist. It was shown in Chapter 3, that an 

approximate emplacement sequence from west to east, that is quartz-monzonites first and 

monzonites last, would seem to indicate that if monzonites are parental to quartz-

monzonites, then any fractionation took place at depth, prior to emplacement. No sharp 

contacts between the quartz-bearing facies were identified. Furthermore, the mineral 

chemistry of these two broad groups of compositions (Chapter 6), indicates that different 

fractionation schemes apply to the internal differentiation of the two groups. Enclave 

minerals have equilibrated with their respective parents, and thus enclaves have more 

affinities with the granitoid hosts than with an assumed gabbroic parent. Any 

petrogenetic interpretation should, therefore, take into account such observations. It is 

probably difficult to envisage a simple basic to acid fractionation scheme relating all 

240 



compositions, as suggested by Kotopouli & Pe-Piper (1989), or a scheme of an initial 

(temporally), parental basic batch, comprising gabbros, enclaves and monzonites and a 

subsequent evolved batch, represented by the quartz-monzonites, as Theodorikas (1982) 

proposed. 

The problem hence is still three-fold : firstly, are the various rock-types actually 

genetically related, or do they represent distinct batches of magma from a variety of 

sources as Coucoulis (1982) suggested. If they are in some way related, then, what are 

the high-level processes ultimately responsible for the chemical variations. Secondly, 

what are the large scale parental components of the complex, that is, whether it is 

ultimately derived from the mantle, the crust, or some sort of hybrid. Finally, in the light 

of the structural position of the complex in the Rhodope saga, what sort of geodynamic 

scenarios would best fit the combination of the structural, chemical and temporal 

associations presented in this thesis. 

In this chapter some of these questions are addressed with the aid of major, trace and 

rare earth element data. in Chapter 8, the Sr an Nd isotope systematics of the Vrondou 

rocks are presented, in order to further refine the chemical character of this pluton. 

7.2. ANALYTICAL DETAILS 

Although a comprehensive set of major and trace element analyses of the Vrondou 

rocks was gathered by Theodorikas (1982), analyses of the samples collected in this 

study are presented here. Whole-rock analyses for 10 major elements (Si, Al, Fe, Mg, 

Ca, Na, K, Ti, P, Mn) and 17 trace elements (Ba, Rb, Sr, La, Ce, Nd, Y, Zr, Nb, Th, V, 

Sc, Cr, Ni, Cu, Zn, Pb) were obtained by X-ray fluorescence (XRF) at Edinburgh. 

Details about analytical conditions and sample preparation are found in Appendix V. 

Full details about the analytical procedure can be found in Thirlwall (1979) and Fitton er 

al. (1984). 

A dataset comprising 59 analyses from samples examined petrographically was used 

in this chapter. The analyses are presented in Appendix Va. They represent gabbros, 

enclaves, porphyritic monzonites from the NE part of the complex, monzonites from the 

central parts, quartz-monzonites, granites s.s. and granodiorites. In addition, analyses of 

lamprophyre dykes are included in the dataset. The collection of fresh gramtoid samples, 

away from the margins, was generally hampered by the thick vegetation and weathering. 

It was, nonetheless, attempted to present the least biased sampling. Some analyses from 

the study by Theodorikas (1982) were used for comparison and enhancement of the 

present dataset. More specifically, 11 analyses were used in order to enhance the range 
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of compositions of the various granitoids, especially in areas not sufficiently covered in 

the present' thesis. Four analyses from the central monzonites, three analyses from the 

quartz-monzonites, three analyses from the granodiorites and one granite analysis were 

used. These are found in Appendix Va, together with the data from this thesis. Sample 

locations can be found in Appendix I. 

7.3. MAJOR ELEMENTS 

7.3.1. General chemical features 

The range in Si02  wt% values of the whole complex is a quite efficient discriminant 

of the various rock-types, and thus is used as a differentiation index. More specifically, 

in table 7.1, the range of values for each rock-type can be found. The samples are from 

the present data set. 

Table 7.1 
Table showing the range, mean and standard deviation of Si02  wt% from each rock-type identified in the 
Vrondou complex. 

Rock-type (analyses No) Si02  wt% range Si02  wt% mean (stdev) 

Gabbros(9) 40.43-44.11 42.14 (1.15) 

Lainprophyres (4) 46.89-53.64 49.49 (2.55) 

Enclaves A (5) 55.07-58.61 56.15 (1.28) 

Enclaves B (4) 49.10-57.13 52.53 (2.92) 

Monzonites Centre (6) 56.36-63.48 60.74 (2.39) 

Monzonites NE (12) 63.06-65.15 64.14 (0.64) 

Quartz-monzonites (9) 64.21-68.94 67.74 (1.38) 

Granodiorites (6) 66.82-67.36 67.06 (0.23) 

Granites (4) 70.14-74.82 72.17 (1.77) 

The Vrondou rocks are metaluminous and generally conform with the 1-type 

granitoid classification (Theodorikas, 1982). The various facies are plotted on the AFM 

diagram (fig. 7.3). On the same diagram, the curve denoting the evolution of the most 

primitive modem island arc magmas with tholeiitic trends (Tonga-Marianas-S.Sandwich) 

and the curve denoting the evolution of high-K caic-alkaline volcanic arc suites 

(Cascades-N.Chile-New Guinea) are also plotted for comparison (from Brown, 1982, fig. 
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1, p.  439). The trend exhibited by the Vrondou samples is one of increasing alkalis 

towards more silica-rich members, with concomitant constant or decreasing Fe/Mg, thus 

a caic-alkaline trend (Gil], 1981; Brown, 1982). There is a gap between the gabbros and 

the rest of the samples, because the gabbros form an isolated group on the low-alkali side 

of the diagram. 

F 
Q-Monzonite 

A Granodiorite 

.. Granite as. 

Monzonhle (centre) 

c' Monzonite (NE) 

Gabbro 

Enclave S 
Y Enclave A 

* Lainprophyre 

Figure 7.3. AFM diagram of the Vrondou granitoids. Dotted symbols denote analyses taken from 
Theodorikas (1982). The fields are bounded by the tholeiitic trend of the Tonga- Mari anas-S.Sandwich 
island arc magmas and the high-K caic-alkaline trend of the Cascade-N.Chile-New Guinea magmas. These 
are taken from Brown (1982). 

Furthermore, from the K20-SiO2  diagram of Peccerillo & Taylor (1976) for the 

classification of calc-alkaline volcanic rocks (fig. 7.4), some interesting features emerge. 

Extrapolation to low-silica values was needed in order to include the gabbros, but the 

original discriminant lines of Peccerillo & Taylor are clearly denoted. The gabbros have, 

therefore, medium-K calc-alkaline compositions. The enclave samples show a scattered 

distribution, and generally plot within the medium-K and high-K calc-alkaline fields, 

with no apparent relation to the petrographical discrimination identified in Chapter 6. 

The lamprophyres fall in the shoshonitic fields, showing K-enrichment for low silica 

values. 
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Generally, K20 contents increase from the basic to the intermediate rocks, with the 

exception of the lamprophyres. However, the granitoids show a clear distinction in two 

groups. Firstly, it is seen that the monzonitic rocks plot in the shoshonitic field and 

exhibit a trend of constant or decreasing K20 with increasing Si02, from the central to 
the porphyritic northeastern monzonites. 

6 

5 

4 

2 

1 

B 	BA 	A 	D 	R i 
0 

IV 	Oc 
V 

+ 
o ' 	° 

El 

+ 

/ffl 

I 

V - 

40 
	

45 	50 	55 	80 	65 	70 	75 

Si02 %wt 

aahbro 
V Enclave A 

Enclave B 
Lamprophyre 

V Monzonite (NE) 
Monzonit. 
(centre) 
Q—Uonzonite 
Granodiorit.e 

+ Granite cc. 

Figure 7.4. K20-Si02  variation diagram, with the discriminant fields of Peecerillo & Taylor (1976). 
Dotted symbols represent analyses taken from Tbeodorikas (1982). B = Basalts, BA = Basaltic andesites, 
A = Andesites, D = Dacites, R = Rhyohtes, I = Low-K calc-alkaline trend, II = Medium-K caic-alkaline 
trend, 111= High-K calc-alkaline trend, W = Shoshonitic trend. 
Note the clear distinction of two groups of granitoids, one represented by the monzonitic rocks and one by 
the granodiorites, quartz-monzonites and granites. Extrapolation to low-silica values is needed in order to 
include the gabbros. Dykes have shoshonitic compositions and enclaves are scattered. 

On the other hand, the quartz-bearing granitoids (quartz-monzonite, granodiorite, 

granite) plot in the high-K calc-alkaline fields and exhibit a smooth positive trend of 

increasing K20 with increasing Si02. 

As will be shown later, this K20-enrichment in the monzonitic rocks is accompanied 

with similar enrichments in the incompatible trace elements, a feature of petrogenetic 

significance. 
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7.3.2. Major element variation diagrams 

In this section the variation of the major elements with Si02  wt% is discussed. 
Figure 7.5 shows the variation diagrams for all major element oxides, except K20, which 

was described above. Such diagrams can be used to examine the role of basic to acid 

fractional crystallisation in producing the range of compositions in the Vrondou rocks. 

Lamprophyre dykes are also plotted in the same diagrams, in order to show their 

compositions compared to the other basic facies of the complex. 

A1203  vs. Si02. A generally smooth decrease of A1203  with increasing Si02  is 

observed from enclaves to granites s.s.. The gabbros show a scattered range of A1203  

values, from 23.53 wt% to 14.40 wt%. Three gabbro samples have the highest A1203  

values and are responsible for the observed scattering. These values can be attributed to 

plagioclase accumulation. The remaining gabbro samples have lower A1203  values 

(16.82 wt% to 14.4 wt%) than the enclaves. This feature could indicate that fractionation 

of ferromagnesian minerals was earlier than plagioclase, which is the major aluminous 

phase in these rock compositions. Finally, the larnprophyres have the lowest A1203  

values (12.92 wt% to 14.23 wt%), consistent with their plagioclase-poor and amphibole-

rich nature. One lamprophyre sample plots together with the enclave samples (and in all 

following diagrams), and could thus represent a modified composition. 

Fe203(0)  vs. Si02. A smooth negative trend of decreasing Fe2O3()  with 

increasing silica is observed from the gabbros to the granites s.s.. This trend is consistent 

with early and continuous fractionation of Fe-Ti oxides and/or ferromagnesian phases 

(e.g. Gill, 1981). A control of Fe-Ti oxides is also consistent with the petrographical 

observation of early magnetite in the gabbros (Chapter 6). The lamprophyres show high 

Fe2O3() values (around 13 wt%), consistent with their high content in ferromagnesian 

minerals. 

MgO vs. Si02. MgO shows a similar negative trend as Fe2O3()  from gabbros to 

granites s.s. Some scattering in the gabbro samples indicates the variable effects of 

olivine accumulation (for example, the high value of 9.49 wt%). Again, the trend is 

consistent with early fractionation of ferromagnesian phases, olivine and, and to a less 

extent, clinopyroxene. Enclaves A of the monzonites have higher MgO values than 

enclaves B, indicating the presence of clinopyroxene and Mg-rich homblende (see 

Chapter 6). 

Ti02  vs. SiO2. Ti02  exhibits a negative trend with increasing Si02  from the 

gabbros to the granites s.s.. 
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This trend, coupled with what was observed above from the Fe2O3()  variation diagram, 

indicates the early control of a fractionation process by Fe-Ti oxides. The lamprophyres 

are enriched in Ti02  (1.71 wt% to 1.34 wt%), a feature that probably reflects their high 

titanite and opaque oxides contents. 

CaO vs. Si02. The smooth negative trends with increasing Si02, exhibited by 

both MgO and Fe2O3(),  are also observed by CaO. Plagioclase accumulation is the 

probable cause of abnormally high CaO values (19.08 wt% to 15.16 wt%), similar to 

what was observed from the A1203  variation diagram. The decrease from gabbros to the 

rest of the samples can be interpreted as early fractionation of anorthite-rich plagioclase 

or Ca-rich clinopyroxene (as observed in the gabbros, Chapter 6). The A1203  trends 

would seem to indicate the latter. 

Na20 vs. Si02. Setting aside the lamprophyre samples, a clear compositional 

gap between the gabbros and the rest of the rocks can be seen in this diagram. The 

gabbros have very low Na20 (and K20, see fig. 7.4) contents (0.038 wt% to 0.34 wt%), 

as indicated also by the extremely anorthite-rich nature of their plagioclase. The 

fractionation of more albitic plagioclase, therefore, controls the trend observed from the 

enclaves to the granites s.s. Both types of enclaves have the highest Na20 contents, 

probably due to the increased modal abundance of plagioclase in these rocks. The 

constant/slightly negative trend of decreasing Na20 with increasing Si02, as seen from 

enclaves to the granites s.s., attests to a continuous plagioclase fractionation, important in 

these intermediate compositions. The lamprophyres have generally low Na20 contents, 

with high K20/Na20 ratios (2.68 to 1.38), consistent with their shoshonitic compositions 

(Morrison, 1980), and plagioclase-poor nature. 

P205  vs. Si02. The trend defined by the P205  with increasing Si02  variation 

from the gabbros to the granitoids, is typical of apatite crystallisation. Apatite was not 

observed in the gabbros, but was an important accessory phase in the enclaves and the 

granitoids (Chapter 6). Therefore, the inflection in the basic-to-acid trend signifies that 

the first introduction of apatite occurred during the crystallisation of the enclaves and 

central monzonites, at 50 to 60 wt% Si02  contents. After this, P205  contents decrease 

due to the continuing apatite fractionation. The lamprophyres have very high P205  

contents, consistent with the observation of high modal abundance of apatite (Chapter 6) 

and generally high contents of incompatible trace elements. 

MnO vs. Si02. Although MnO can be a component of major crystallising 

phases, such as pyroxenes, it can also be concentrated in Fe-Ti oxides and accessory 

phases. The fractionation of both clinopyroxene and Fe-Ti oxides was probably early in 

the gabbros, as seen above from the Fe2O3(),  MgO and Ti02  trends. Therefore, MnO 
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was mainly accommodated in accessory phases (titanite, apatite) that started crystallising 

later, at 50 % Si02, in the enclaves. The depletion in MnO with increasing Si02  from 

the enclaves to the granitoids, implies continuous fractionation of accessory phases, 

similar, for example, to the P205  trend. The lamprophyres show the maximum contents 

of MnO, indicative again of the importance of accessory phases in their mineralogy. 

Summarising, from the major element variations across the compositional range of 

gabbros-enclaves-granitoids, it is seen that firstly, early fractionation of ferromagnesian 

phases and Fe-Ti oxides, together with slightly later fractionation of (anorthite-rich) 

plagioclase can explain the observed negative trends of A1203, Fe2O3(). MgO, Ti02  and 
CaO, with increasing Si02  content. Plagioclase and olivine accumulation are responsible 

for the high A1203  and MgO values, respectively, of some gabbro samples. Variable 

degrees of mineral accumulation is a possible cause of the low Si02  wt% contents of the 

gabbros (40.43 wt% to 44.11 wt%), especially since LOl values are also relatively low 

(0.39 wt% to 1.12 wt%). A change in plagioclase composition to higher albite contents, 

can explain the flat/negative trend in Na20, as observed from the enclaves to the 

granitoids. P205  and MnO variations attest to the fractionation of accessory phases, 

apatite and titanite. The K20-Si02  variation, seen in fig. 7.4, indicates that although 

K20 behaves incompatibly from gabbros to granitoids, a maximum is reached in the 

central monzonites, and thereon, K20 contents decrease with increasing Si02. This 
behaviour can be explained either by the initiation of K-feldspar (or biotite) 

crystallisation in the central monzonites, or better, by the existence of two distinct 

batches with differing initial K20 contents. Finally, the composition of the lamprophyre 

dykes is consistent with their amphibole-, K-feldspar-, accessories-rich and plagioclase-

poor mineralogy. 

7.4. TRACE ELEMENT VARIATION DIAGRAMS 

The variation with Si02  wt% of the trace elements that commonly reside in major 

mineral phases (V, Sc, Cr, Ni, Ba, Rb, Sr, Pb) is shown in figure 7.6. The variation 

diagrams of the highly incompatible elements La, Nd, Ce, Y, Zr, and Nb are shown in 

figure 7.7. 

From figure 7.6, three trends, from gabbros to granitoids, are apparent. One is of 

generally compatible behaviour, exhibited by decreasing contents (in ppm) of V, Sc, Cr, 

Ni and to a lesser degree, Sr, with increasing Si02  wt%. The second trend, exhibited by 

Ba, is of an initial increase and then decrease, the change occurring at around 60 wt% 

5i02, in the monzonitic rocks. 
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Finally, a third trend of generally incompatible behaviour, is shown by Rb and Pb. 

More specifically, V and Sc (fig. 7.6) mirror the behaviour of Ti02, Fe2O3()  and 

MgO (fig. 7.5). V usually enters olivine and clinopyroxene, but the main V repository is 

the Fe-Ti oxides. Therefore, the smoothly decreasing V contents, signify the early and 

continuous control of Fe-Ti oxides, and to a lesser extent ferromagnesian phases, from 

gabbros to the granites. A similar interpretation of the Sc trend can be put forward. 

However, because clinopyroxene has a higher Kd  for Sc than olivine (Nicholson, 1990), 

it can be considered as more important than olivine, together with Fe-Ti oxides, in 

controlling the Sc trend. 

Cr and Ni (fig. 7.6) are highly compatible elements, residing in dlinopyroxene/spinel 

and olivine, respectively. The low Cr and Ni contents of the gabbros (Cr = 25.3 to 88.7 

ppm, Ni = 8.2 to 62.0 ppm), indicate that they cannot represent primary compositions, 

derived directly from a mantle peridotite source (Wilson, 1989), but they have been 

affected by variable degrees of fractionation processes. 	Although olivine and 

clinopyroxene accumulation is a possibility in these rocks, as seen from the MgO and 

CaO values (see fig. 7.5), plagioclase accumulation is modally more important; therefore 

effective dilution of Cr and Ni values is expected. Both Cr and Ni decrease rapidly 

within the gabbro samples, to the rest of the facies, indicating therefore the operation of 

clinopyroxene and olivine fractionation. The enclaves and the lamprophyre dykes also 

have low Cr and Ni contents, implying that their compositions are modified by 

fractionation processes. Within the enclaves A, however, an individualised trend of 

decreasing Cr can be observed, probably indicating clinopyroxene control, a mineral 

identified petrographically in such rocks (Chapter 6). 

Sr (fig. 7.6) shows a complex behaviour. In the gabbros, high Sr contents (up to 

1200 ppm) probably signify plagioclase accumulation, similar to the high alumina values 

(fig. 7.5). A general decrease of Sr values from the gabbros to the enclaves indicate 

plagioclase fractionation. However, Sr trends within the enclaves and the various 

granitoids is not consistent with simple plagioclase fractionation from one more basic to 

one more acid component. The range of Sr values of 300 to 800 ppm is common for both 

enclaves and granitoids, but individual (negative) trends can be identified in the various 

rock-types. 

A more or less continuous trend of decreasing Sr with increasing Si02  is observed 

from the gabbros, through enclaves B, to enclaves A. In the granitoids, despite some 

scattering and overlap, it seems that each facies (with the exception of the granites s.s. 

that follow the trend of the quartz-monzonites) defines an individual negative trend, with 

slightly different slope. It is difficult to envisage that such changes in slope are 
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connected, during a simple basic-to-acid fractionation process, to changes in the bulk 

distribution coefficient of Sr, or to the fractionation 'of other phases that control Sr 

distribution. It seems more likely that the individual trends imply separate pulses of 

magma, with individual bulk I) for Sr. These observations will be discussed further in a 

later section, where major and trace element modelling of fractional crystallisation are 

discussed. What is also remarkable is the fact that enclaves show comparable values to 

their hosts, a feature discussed in more detail in chapter 8, in conjunction with the Sr 

isotope systematics. Anyway, it is clear from the behaviour of Sr that no simple "basic to 

acid" fractionation process, such as exhibited by the major elements, is responsible for 

the observed trends. Finally, it is observed that the lamprophyres show scattered Sr 

values, from around 600 ppin up to 1100 ppm Sr. 

Ba (fig. 7.6) shows a clear increase from the basic rocks to the granitoids, although 

the lamprophyres share the high Ba values of the monzonites. The low Ba values of 

gabbros and enclaves are consistent with the K-feldspar-free mineralogy, and by contrast, 

the high Ba values of the lamprophyres indicate the high modal contents of K-feldspar 

and amphibole in these rocks. The central rnonzonites have the highest Ba contents (up 

to 1200 ppm), and from there on, Ba behaves compatibly, decreasing with increasing 

Si02  values. Although individual trends will be discussed in a later section, this general 

behaviour indicates the initiation, and then continuous, K-feldspar fractionation at around 

60 wt% Si02  values, which is also consistent with the observation of primary K-feldspar 

in the monzonitic rocks. The two granite s.s. samples that fall off the decreasing trend, 

may indicate some K-feldspar accumulation at the final stages of crystallisation. 

Rb (fig. 7.6) behaviour mirrors that of K20 (see fig. 7.4). There is a consistent 

increase of Rb from the gabbros to the granitoids. However, within the latter, the 

distinction of generally two groups of compositions is again immediately apparent. Rb 

shows maximum enrichment in the monzonites, although the negative trend from central 

to porphyritic monzonites is not as obvious here as it is in the K20 trends (c.f. fig. 7.4). 

A decrease in Rb from the monzonitic rocks to the quartz-bearing granitoids is observed, 

and within this latter group, an incompatible behaviour is observed, from quartz-

monzonites to granodiorites and granites s.s. As with K20, these trends can be explained 

either by a drastic change of fractionating phases from the monzonitic to the quartz-

monzonitic rocks, or alternatively, individualised evolution can be inferred. 

Finally, in fig. 7.6, it is seen that Pb behaves as a normal incompatible element, 

increasing from gabbros to granites s.s. in a disciplined fashion. Pb contents in these 

rocks are low (from around 3 ppm in gabbros to a maximum of 45 ppm in one granite 

sample) and are thus generally susceptible to analytical uncertainties. However, the 

251 



disciplined behaviour, indicates that K-feldspar, important in the monzonitic rocks (as 

seen in the complex behaviour of Ba), does not control in any significant way the Pb. 

The variations with SiO2  of highly incompatible trace elements (La, Nd, Ce, Y, Zr, 

Nb), that commonly reside in accessory phases, are shown in figure 7.7. Setting aside the 

lamprophyres, that show invariably high values of these elements, distinctive "bell-

shaped" patterns are observed from the gabbros to the granitoids in all these variation 

diagrams. The "inflection" usually occurs at enclave and central monzonite 

compositions. 

La increases from the gabbros to the enclaves A, and thereafter, decreases from the 

monzonitic rocks to the granites s.s. A clear distinction exists between the two types of 

enclaves. Enclaves B in the quartz-monzonites and granodiorites have lower La contents 

(around 25 ppm) than enclaves A in the monzonites (from around 35 ppm to 65 ppm). 

The relative abundance of accessory phases, such as, apatite and titanite, and to a lesser 

extent, major phases, such as hornblende (abundant as primary mineral in enclaves B) 

could be responsible for the opposing trends. Increasing control of accessory phases 

(apatite) leads to the final decrease in La contents from enclaves A to the granitoids. In 

the granitoids, the central monzonites have the highest La contents, although three 

granodiorite samples also show high La contents. The granodiorites show a significant, 

slightly negative, fractionation trend. 

Nd, on the contrary, reaches a maximum in enclaves B, from the quartz-monzonites 

and granodiorites. Nd contents of enclaves A and their respective hosts are comparable, 

indicating some degree of equilibration, that will be discussed in more detail in Chapter 

8, in conjunction with the Nd isotopic systematics. The granitoids show overlapping Nd 

contents, although some general decrease of Nd contents with increasing Si02  wt% is 

observed. 

No distinction between the two types of enclaves can be observed in Ce trends. Ce 

reaches maximum values in the enclaves and the monzonitic rocks, similar to what was 

observed in the P variation diagram (fig. 7.5). Apatite and allanite are the main 

repository phases for Ce, and to a lesser extent, Nd, (Clark, 1984), and their fractionation 

at this stage can be responsible for the decreasing Ce values from enclaves to granitoids. 

Y and Zr behave in a similar fashion (fig. 7.7). The gabbros contain the least 

amounts of both elements (average Y = 16 ppm, average Zr =40 ppm), whereas enclaves 

B contain the maximum amounts (average Y = 38 ppm, average Zr = 228 ppm). Zircon 

fractionation can be mainly responsible at this stage, for further depleting the trends in Zr 

and Y (that behaves in a similar fashion as the 1-IREE (Henderson, 1984). 
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In addition, the increased modal abundance of hornblende in these enclaves would 

further fractionate 1-IREE from LREE, a feature apparent when comparing the Y and Zr 

trends to those from La. A more or less continuous decrease in both Zr and Y is observed 

from the monzonites to the granites s.s. 

Nb reaches maximum concentrations in the enclaves and the central monzonites, 

although a scattering is observed in the Nb distribution in the rest of the granitoid facies. 

The gabbros have the lowest Nb contents (average 3 ppm). A general decrease in Nb is 

observed from the central monzonites to the granites s.s. 

Finally, a common feature of the distribution of these elements, is their high 

abundances in the lamprophyre dykes (fig. 7.7). A high modal content of accessory 

phases, especially apatite and titanite, was identified in Chapter 6. This enrichment in 

incompatible elements (c.f. similar enrichments in [AL elements and K, P) must be a 

feature partly related to the degree of (mafic) source partial melting or to source 

enrichment, since their low Si02  wt% contents preclude crustal contamination as the sole 

enriching process. 

In summary, from the above trace element variation diagrams it was seen that the 

trends of compatible elements, such as V, Sc, Cr and Ni, can be explained by the early 

and continuous fractionation of Fe-Ti oxides and, to a lesser extent, ferromagnesian 

phases (olivine, clinopyroxene) from the gabbros, consistent with major elements 

variations. The behaviour of the large ion lithophile elements (Sr, Ba, Rb) is complex, 

indicating that very involved schemes of fractionating phases or changes in fractionating 

assemblages would need to be invoked, in order to connect all facies by simple fractional 

crystallisation. The fractionation of feldspars, both plagioclase and K-feldspar, was 

important in these compositions. Finally, all highly incompatible elements, such as the 

LREE (La, Nd, Ce) and Y, Zr, Nb, are invariably depleted in the gabbros and enriched in 

the enclaves, and/or the central monzonites, their abundances decreasing in the more 

evolved granitoids. Such patterns indicate the fractionation of several accessory phases, 

such as, apatite, allanite and titanite. In general, enclaves B from the quartz-monzonites 

and granodiorites, seem to be more enriched in Zr, Y, Nb and Nd, relative to enclaves A 

from the monzonitic rocks, that only show a consistent enrichment in La. Enclaves A 

show similar contents of the incompatible elements (except La) to their monzonitic hosts, 

possibly indicating that an equilibration process has taken place. The presence of 

captured host mineral phases in the enclaves A, identified petrographically in Chapter 6, 

is a physical feature consistent with such chemical observations. 

Coucoulis (1982) studied in much detail the distribution of Th and U in the Vrondou 

complex, his study concentrating on the northeastern parts of the area. Although minor 
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differences exist in the petrographical characterisations between Coucoulis (1982) and 

this thesis, reliable results can be found in that study and will be referred to here. 

More specifically, Coucoulis (1982) concluded that in the Vrondou complex as a 

whole, two main granitoid groups can be distinguished, on the basis of Th and U 

contents. The first group comprises the NE parts of the area, where the monzonitic rocks 

crop out, and is characterised by U, Th and K enrichment and low silica values. The 

second group comprises the quartz-monzonites of the central and more westerly areas, 

with lower U, Th contents and higher silica values. A Th, U enriched quartz-monzonitic 

facies was also recognised in the SW, although this area was not studied in detail. 

Coucoulis (1982) also demonstrated that these Th and U variations are primary and not 

related to liydrothennal processes. Thorites, which are the major Th- and U-residing 

minerals, are primary and magmatic. Moreover, Instrumental Neutron Activation 

analyses of Th and U, from a small number of samples in the study of Theodorikas 

(1982), seem to be consistent with the above results. 

A compilation of all these results, with petrographical types corresponding to those 

described in this thesis, can be found in Table 7.2. 

Table 7.2 
Representative Th and U values, in ppm, analysed by Coucoulis (1982) and Theodorikas (1982). The 
petrographical types broadly correspond to the ones described in this thesis. Analyses by Coucoulis (1982) 
represent averages, whereas those of Theodorikas (1982) represent individual samples. 

Rock-type Th (ppm) U (ppm) Si02  wt% Reference 

Gabbro <5.0 0.3 42.70 Coucoulis (1982) 
Monzonite (NE) 25.3 4.5 61.47 (Group 1) 
Monzonite (centre) 56.9 8.2 60.88 (Group 1) 
Q - monzonite 22.3 3.6 67.57 (Group 2) 

Gabbro 2.16 0.61 46.51 Theodorikas (1982) 
Enclave A 11.20 9.10 52.02 
Enclave B 14.4 4.01 57.05 
Monzonite (NE) 19.10 5.69 59.54 
Monzonite (centre) 62.50 17.70 62.78 
Q-monzonite 18.80 3.64 62.98 
Granodiorite 19.40 5.00 69.13 
Granite 13.70 5.40 68.93 

As can be seen from Table 7.2, the monzonitic rocks of the central areas have the 

greatest abundances of both Th and U, at low silica values. These rocks were also shown 
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above to contain high abundances of other incompatible elements, such as LREE, Y, Zr 

and Nb (fig. 7.7). This feature, as reported by Coucoulis (1982), is primary, and 

therefore related to an enrichment either in the source or during some differentiation 

process. In the following sections, these questions will be assessed. 

7.4. 	MAJOR ELEMENT MODELLING OF FRACTIONAL 

CRYSTALLISATION 

In order to test whether the various rock-types comprising the Vrondou complex, are 

related by a process of simple basic-to-acid fractional crystallisation, major element 

modelling was undertaken. The principles of such modelling methods are based on the 

simple notion that a derivative liquid is formed from a parental liquid by the fractionation 

of a specific amount of mineral phases of a given composition. The simplest of cases, 

when one or two minerals control the compositional range, can be adequately modelled 

graphically by applying the lever rule in element-element variation diagrams (Cox et al., 

1979). However, mass balance mixing programs (e.g. Wright & Doherty, 1970) are able 

to perform such calculations using more mineral phases and all the major elements 

simultaneously. Least-squares fitting statistics are performed, in order to test the viability 

of the results. In this study, the mass balance mixing routine of the GPP program of 

Geist et al. (1985) was used. The calculations are based on a matrix inversion procedure 

originally devised by Bryan et al. (1969, in Geist et al., 1985), that determines the 

proportions of the mineral phases which, when subtracted from, or added to a parental 

liquid, yield the best least-squares fit to a given daughter composition. The best fit 

solution is obtained by minimising the sum of the squares (2)  of the residuals 

(calculated daughter-observed daughter compositions). A generally accepted maximum 

value of r2  is 0.10 (Wright, 1974). Values of r2  higher than 0.10 usually indicate that 

processes other than simple fractional crystallisation are responsible for linking the 

compositions used in the mass balance calculations. 

There are a number of limitations to such calculations: 1) plutonic rocks, especially 

of granitoid composition, range from true liquids, through crystal mushes, to cumulates, 

and therefore, difficulties are expected in applying such calculations (Wright & Doherty, 

1970; Tindle, 1982). 2) Analytical error may be significant. 3) When a large number of 

phases is involved in such calculations, a wide range of solutions with good degrees of fit 

can be found, but not all have petrogenetic significance (Wright & Doherty, 1970; Geist 

et al., 1985). 4) Although following similar fractionation paths, different compositions 

may have originated from different batches of magma, or processes other than simple 
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fractionation may mask the trends (Nicholson, 1990). AU these limitations dictate that 

the following results should be taken as indicators, rather than truly quantitative 

representations of a fractionation model. 

During a basic-to-acid fractionation process, mineral phases can change in both 

composition and relative abundance. It is, therefore, useful to divide mass balance 

calculations into stages, based on petrographical and chemical (here based on Si02  wt%) 

observations. The various steps that were followed in this study are: 1) test of derivation 

of enclave compositions from the gabbros, or some other suitable basic parent, 2) test of 

derivation of the porphyritic rnonzonites (average 64.14 Si02  wt%) from the central 

monzonites (average 60.74 Si02  wt%), and internal differentiation within each facies, 3) 

test of derivation granites s.s. from the quartz-rnonzonites, and internal differentiation 

within the quartz-monzonites, and 4) test of derivation of granodiorites from the quartz-

monzonites. The proportions of minerals in the fractionating assemblages and the sum of 

weighted residuals (r2) are presented in Table 7.3 and used in the following discussion. 

In testing the derivation of both types of enclaves from a basic parent, represented by 

the gabbros, the compositions of plagioclase, clinopyroxene, olivine and magnetite that 

were analysed in this study from the gabbro sample CK65 (Chapter 6, Appendix Hid) 

were used. A gabbro sample with the least A1203  wt% and Sr contents, to avoid the 

effects of plagioclase accumulation (see above), was used. The sum of the residuals was 

consistently high (lowest Er2  = 3-4), especially due to the high alkali and Si contents of 

the enclaves, indicating, therefore, that it is not possible to derive the enclaves from the 

gabbro. When the composition of a high-alumina basalt from a typical island-arc 

environment was used as parental material, the fractionation was more satisfactorily 

modelled. More specifically, an analysis of a high-alumina basalt from the Lesser 

Antilles (Black Rocks, St. Kitts) was taken from Baker (1982, Table 2, p.18). This was 

selected because in an island-arc environment, a substantial contribution from the 

continental crust, which would complicate the chemistry, can be discounted (Baker, 

1982; Pearce, 1983). 

In order to derive the Vrondou gabbro from the high-Al basalt, 68 wt% addition of 

an assemblage, comprising 6 wt% olivine, 44 wt% clinopyroxene, 36 wt% plagioclase 

(An=87), 12 wt% magnetite and 3 wt% ilmenite was needed, giving Xr2  = 0.094 (Table 

7.3, basic rocks). Thus, the gabbro can be effectively considered to be a cumulate 

composition, probably derived from the fractionation of a high-Al basalt. 
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Table 73 

Major element modelling results. In the granitoid rocks, numbering refers to trends that will be further 
discussed in section 7.5. 

A. BASIC ROCKS 

Parent = Lesser Antilles high-Al basalt 

Gabbro Enclave A Enclave B 
PLAGIOCLASE 36 63 14 
OLIVINE 6 13 14 
CLINOPYROXENE 44 15 63 
MAGNETITE 12 9 7 
ILMENITE 3 
F 0.77 0.89 
Er2  0.094 0.626 0.855 

B. MONZONITES 

Trend! Trend  Trend  
PLAGIOCLASE 59 65 53 
CLINOPYROXENE 17 12 12 
BIOTITE 16 
K-FELDSPAR 23 27 
MAGNETITE 1 6 7 
APATITE 1 0.13 
F 0.88 0.79 0.88 
E12  0.412 0.110 0.082 

C. QUARTZ-MONZONITES, GRANITES, GRANODIORITES 

Stage I Stage 2 Stage 3 
Trend 4 Trend 5 Trend 6 Trend 7 

PLAGIOCLASE 54 59 75 61 
HORNBLENDE 30 23 
QUARTZ 15 16 
K-FELDSPAR 34 
BIOTITE 16.5 
TITANITE 1 2 7 1 
MAGNETITE 4 1 
APATITE 2 
F 0.65 0.92 0.88 0.65 
E12  0.074 0.190 0.080 0.173 

Remarks 
Mineral proportions are in wt% 
F = Weight fraction of remaining melt 
Er2  = Sum of squares of the weighted residuals between observed and calculated derivative melt. 
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Using the same parent to model the composition of the enclaves, the Ir2  decreased 

considerably, although it is still much higher than the accepted maximum value (Table 

7.3, basic rocks). Enclave A, from the monzonites, was shown to result from 23 wt% 

fractionation of 13 wt% olivine, 15 wt% clinopyroxene, 63 wt% plagioclase (An=87) and 

9 wt% magnetite, r2  = 0.626. Enclave B, from the quartz-monzonite, was shown to 

result from 15 wt% fractionation of 14 wt% olivine, 63 wt% clinopyroxene, 14 wt% 

plagioclase (An=69) and 7 wt% magnetite, 	= 0.855. Na, K and Si were the main 

contributors of the high yr2,  indicating that contamination with an "acid" component, is a 

prominent feature in the chemistry of the enclave material. 

It was not possible to derive any monzonitic composition from a parent with the 

composition of the enclave A. It was possible, however, to derive the porphyritic 

monzonites from the central monzonites by 12 wt% fractionation of an assemblage 

comprising: 23 wt% K-feldspar, 59 wt% plagioclase (An=45), 17 wt% clinopyroxene and 

1 wt% magnetite, r2  = 0.412 (Table 7.3, monzonites, trend 1). The composition of 

clinopyroxenes analysed from the monzonites was used (Chapter 6, Appendix ifid). 

Furthermore, internal differentiation of the two monzonitic facies was also modelled, by 

changing the fractionating assemblage. More specifically, within the porphyritic 

monzonites, 12 wt% fractionation of 53 wt% plagioclase (An=45), 12 wt% 

clinopyroxene, 27 wt% K-feldspar, 0.13 wt% apatite and 7 wt% magnetite, r2  = 0.082, 

derived the most evolved (65.15 Si02  wt) from the least evolved (63.91 Si02  wt%) 

composition (Table 7.3, monzonites, trend 3). Within the central monzonites, 22% 

fractionation of 65 wt% plagioclase (An=45), 16 wt% biotite, 12 wt% clinopyroxene, 1 

wt% apatite and 6 wt% magnetite, r2  = 0.110, was responsible for deriving the most 

evolved (63.03 Si02  wt%) from a less evolved composition (61.93 Si02  wt%) (Table 7.3, 

monzonites, trend 2). The high L2  (0.412) seen in the model deriving the porphyritic 

monzonites from the central monzonites, is an indication that possibly some other 

process is also responsible. Furthermore, the marginally high Xr2  (0.110) seen in the 

internal differentiation of the central monzonites, together with the high proportion of 

fractionation for such a small Si02  range, indicate that the internal differentiation of the 

central monzonitic facies is not modelled very accurately. It is likely that the central 

monzonites either contain some amount of cumulate material that masks true liquid 

compositions, or that a perfect fractionation model is not adequate to explain the trends, 

as McCarthy & Hasty (1976) pointed out from trace element variations. 

It was not possible to derive the least evolved quartz-monzonitic composition from 

any of the monzonitic samples. It was, however, possible to model the fractionation of 

granodiorite and granite s.s. compositions, from the least evolved quartz-monzonitic 
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composition. Internal differentiation of this original composition in three stages was 

needed to derive more evolved quartz-monzonitic and granitic s.s. compositions. More 

specifically, n stage 1, 35.5 wt% fractionation of an assemblage comprising 54 wt% 

plagioclase (An-40), 30 wt% homblende, 15 wt% quartz and 1 wt% titanite (r2  = 

0.074) derived an evolved quartz-monzonite from the parental material (Table 7.3, stage 

1, trend 4). In stage 2, the parent of the granite s.s., by 9 wt% fractionation of the 

evolved quartz-monzomte, by 59 wt% plagioclase, 34 wt% K-feldspar, 4 wt% magnetite, 

2 wt% apatite and 2 wt% titanite, Xr2  = 0.190 (Table 7.3, stage 2, trend 5). Finally, in 

stage 3, a granite s.s. composition was derived from this parent by 12 wt% fractionation 

of 75 wt% plagioclase, 16.5 wt% biotite, 7 wt% titanite and 1 wt% magnetite, r2  = 0.08 

(Table 7.3, stage 3, trend 6). 

The granodiorite was modelled as the result of 35.4 wt% fractionation of the least 

evolved quartz-monzonite of an assemblage comprising: 61 wt% plagioclase, 23 wt% 

homblende, 16 wt% quartz and 1 wt% titanite, a2  = 0.173 (Table 7.3, trend 7). 

The high Xr2  observed in intermediate stages of quartz-monzonite fractionation 

(trend 5) may imply a change in the bulk distribution coefficient of Sr, or involvement of 

cumulate material during the protracted fractionation process. The high r2  observed in 

the granodiorite trend (trend 7) could, in addition to the above factors, indicate that some 

other process (e.g. contamination) may be also responsible for the generation of 

granodioritic compositions from a quartz-monzonitic parent. 

It has to be noted that no specific separation mechanism is implied by all these 

models, that require variable degrees of crystal fractionation. Tindle (1982) suggested 

that in granitoid compositions chemical processes such as coupled diffusion and 

convection, or physical processes such as loss of melt from a crystal mush by filter 

pressing, could be responsible for in situ fractionation. On the other hand, if the early 

stages of differentiation took place in a site other than the emplacement level, crystal 

settling with the formation of cumulate bodies at depth need to be invoked. 

From the above major element models, it was seen that (at least) two batches of 

granitoid magma exist in the Vrondou complex. One is represented by the monzonitic 

rocks, that can be internally related by fractionation. The second batch is represented by 

the dominant quartz-monzonite, from which, granodiorites and granites s.s. can result, by 

invoking several fractionation stages and changes in precipitating phases. Furthermore, 

simple fractionation of a more basic magma batch cannot produce any of the parental 

granitoids. In the following section, large ion lithophile elements (Ba, Rb, Sr) are used to 

further assess the above conclusions. 
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7.5. TRACE ELEMENT MODELLING 

in this section, the fractionation models deduced from major elements above are 

tested against the variations of large ion lithophule elements (LILE). Ba, Rb and Sr are 

especially useful because they are accommodated in major silicate minerals. The data 

are presented as logarithmic plots of Ba against Rb and Sr against Rb, as in McCarthy & 

Hasty (1976). According to these authors, the trace element distribution in plutonic rocks 

is detennined by the composition of the parental magma and by the nature of the 

crystallisation process. During crystallisation, it is the extent to which crystals separate 

from the melt that also affects trace element distribution. 

In theory, there are two extremes of trace element behaviour during crystallisation 

(McCarthy & Hasty, 1976). 

Perfect (Rayleigh) fractional crystallisation is described by C,C0  = F D-1  and 

implies perfect separation of the crystals from the melt. 

Equilibrium crystallisation is described by CL/CO = 1/(F+D(1-F)) and implies that 

newly-formed crystals continuously re-equilibrate with the melt. In both cases, 

CL = concentration of element i in the residual melt 

Co  = concentration of element i in the original melt 

F = weight fraction of remaining melt 

D1  = bulk distribution coefficient for element i (Dj= jKjX, where Ki= distribution 

coefficient for element i in phase a; X. = weight fraction of mineral phase a). 

In the present case, the Rayleigh fractional crystallisation equation was used for the 

calculation of theoretical mineral vectors and the vectors of the trends recognised in the 

major element modelling (Table 7.3). 

Figure 7.8a is the Rb-Ba logarithmic plot in which, the variation of the gabbros and 

enclaves in relation to the bunched field defined by the granitoid data, is shown. in the 

same diagram, the effect on fractionation of individual mineral phases is shown. This is 

described by the theoretical mineral vectors, assuming Rayleigh fractionation and using 

crystal/liquid distribution coefficients for basic compositions from Henderson (1982) 

(Table 7.4), except for the case of biotite and K-feldspar where the distribution 

coefficients for intermediate compositions reported in Tindle & Pearce (198 1) were used 

(Table 7.4). 

Figure 7.9a shows the Ba against Rb variations in the granitoids. The mineral 

vectors were calculated in a similar fashion, using distribution coefficients applicable to 

intermediate compositions, from Tindle & Pearce (1981) (Table 7.4). Figures 7.8b and 

7.9b are the respective diagrams for basic-to-acid (fig. 7.8b) and the granitoids (fig. 
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7.9b) for the Sr against Rb variations. Theoretical mineral vectors are calculated in the 

same way as in figures 7.8a and 7.9a. 
Table 7.4 

Distribution coefficients used in the calculation of the mineral vectors and fractionation trends. Biotite and 
K-feldspar vectors plotted in figures 7.8a,b are for intermediate rocks, as shown in this table. 

BASIC COMPOSITIONS (from Henderson 1982) 

Olivthe Orthopyroxene Clinopyroxene Plagioclase Hornblende 

Ba 0.006 0.013 0.07 0.23 0.31 

Rb 0.006 0.025 0.04 0.10 0.25 

Sr 0.010 0.015 0.14 1.80 0.57 

INTERMEDIATE COMPOSITIONS (from Tindle & Pearce, 1981; * hornblende from Hanson, 

1978) 

Plagioclase K-feldspar Clinopyroxene Biotite Hornblende*  

Ba 0.360 6.12 0.079 6.36 0.081 

Rb 0.048 0.34 0.032 3.26 0.014 

Sr 2.840 3.87 0.318 0.12 0.220 

From figures 7.8a and 7.8b, it can be seen that there is some internal differentiation 

within the gabbros that is mainly controlled by ferromagnesian phases. However, some 

Ba-bearing phase is buffering the Ba concentrations in the gabbros, probably K-feldspar 

(fig. 7.8a). Some combination of plagioclase and ferromagnesian phases could control 

the fractionation trend in figure 7.8b. More specifically, early fractionation of olivine 

and pyroxenes can drive compositions to higher Sr values. Subsequent plagioclase 

fractionation can drive liquids towards intermediate (lower Sr, higher Rb) compositions. 

Plagioclase accumulation may be locally responsible for high Sr values. From figures 

7.8a,b it is seen that fractionation of plagioclase and ferromagnesian minerals (possibly 

homblende) can drive compositions towards the enclaves and granitoids. Nonetheless, it 

was shown from the major element modelling that it was not possible to derive the 

granitoid compositions in a straightforward fashion from the enclaves, and these from the 

gabbros. Some enclaves have LILE contents that clearly overlap with their hosts, 

indicating once again a degree of interaction. 

It is immediately obvious from figures 7.9a and 7.9b, that a number of trends can be 

identified within the various grarntoid facies. Homblende and plagioclase control the 

fractionation of the least evolved quartz-monzonite towards both the granodiorites and 
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and more evolved quartz-monzonites. Addition of K-feldspar in the fractionating 

assemblage is needed to control the trend within the quartz-monzonites, and probably 

addition of biotite can drive these compositions to the granites, as is better seen in figure 

7.9a. Feldspar control is also obvious in the Sr vs. Rb trends (fig. 7.9b), where it is seen 

that combinations of plagioclase and K-feldspar are required to either buffer Sr in quartz-

monzonites, or deplete residual granitic liquids in Sr. 

In the monzonitic rocks, at first inspection, plagioclase and either biotite or K-

feldspar control the differentiation trends, especially well exhibited by the Ba vs. Rb 

variations (fig. 7.9a). However, trends towards much higher Rb with moderate Sr 

depletion, indicate the additional role of clinopyroxene or homblende in the 

differentiation of both types of monzonitic rocks. Finally, it is noted that only large 

degrees of biotite and K-feldspar fractionation could potentially drive monzonitic liquids 

towards the least evolved quartz-monzonite (fig. 7.9a,b). 

All the above observations are not at odds with what was calculated by the major 

element modelling, although various discrepancies exist. In figure 7.10a and 7.10b the 

modelled Ba-Rb and Sr-Rb variations of the various granitoid trends identified by major 

element modelling (Table 7.3) are shown. Bulk distribution coefficients for the 

fractionating assemblages were calculated using the mineral distribution coefficients of 

Table 7.4 and the calculated weight fractions of the main mineral phases, found in Table 

7.3. Quartz and accessory phases are considered to have D = 0 for Ba, Rb and Sr. 

Vectors for each trend are named according to the trend nwnber of Table 7.3 and 

annotated for remaining melt. 

It can be seen in the Ba vs. Rb diagram that some trends modelled by the major 

element calculations are quite satisfactorily followed by the trace elements. Observed 

(from the trace elements) and calculated (from major elements compositions of 

individual samples ) are consistent for trends 2, 3 and 7, which represent the internal 

differentiation of both types of monzonitic rocks and quartz-monzonite to granodiorites. 

Trends 4 and 5, representing the internal differentiation of the quartz-monzonites are 

satisfactorily modelled in the Ba vs. Rb variations, although in the Ba vs. Sr diagram a 

more complicated picture is seen (fig. lOa,b). Derivative, more evolved quartz-

monzonites have similar values to the parental rock. Furthermore, observed trend 6, 

representing fractionation of quartz-monzonite to granite, is consistent as a general 

variation, but the calculated trend from the individual samples does not seem to follow 

the observed trend. Finally, trend 1, the calculated fractionation of a central monzonite to 

a porphyritic monzomte does not seem to follow any of the observed trends. 
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On the assumption that closed system fractional crystallisation is the dominant 

process connecting the various compositions, such discrepancies can be the result of a 

variety of factors. The choice of the distribution coefficient of the ilL elements, or its 

change during differentiation (not predicted by major element modelling), could be 

contributing factors. Furthermore, it is possible that the assumption of perfect separation 

of crystals from the melt may not in fact hold for the case of quartz-monzonite 

differentiation, especially since the quartz-monzonitic facies represents, volumetrically, a 

large magma batch. McCarthy & Hasty (1976) discussed in detail the effects of the non-

perfect separation of crystals during a differentiation process, and concluded that curved 

distribution of compositions in logarithmic plots (as for example seen in the Sr vs. Rb 

variation in the quartz-monzonites) can be the result of either incremental equilibrium 

crystallisation or a combination of variable proportions of retained cumulate minerals, 

mixed with intercumulus melt. Since plagioclase and K-feldspar (with high distribution 

coefficients for the LILEs and especially, Sr) are heavily involved in all the major 

element models proposed above, their effect on ULE distribution can be detrimental in 

trace element models. 

Finally a logarithmic plot of Ce against Y was created (fig. 7.11) in order to assess 

the contribution of accessory phases in the crystallisation of the Vrondou rocks and also 

the truth of the previous observations. Although some major mineral phases such as 

hornblende and clinopyroxene have large distribution coefficients for certain (heavy) rare 

earth elements, the accessory phases strongly control the distribution of all the REE 

(Clark, 1984). In fig. 7.11 data from all the various facies are plotted, together with the 

theoretical mineral vectors, assuming Rayleigh fractionation. 	The distribution 

coefficients were taken from Tindle & Pearce (1981), with the assumption that since Y 

behaves as a FIREE (Henderson, 1984), its distribution coefficients in the various phases 

is not considerably different from those of Yb. This assumption was made because Yb 

data are available only for a small number of samples in this study. The emphasis, 

therefore, is put on trends and not absolute values. The homblende vector was calculated 

using the Ce and Yb values for intermediate rocks found in Henderson (1982). All these 

distribution coefficients are presented in Table 7.5. 
A number of observations can be made from figure 7.11. Firstly, it is seen that a 

large degree of fractionation of major phases (olivine, plagioclase and pyroxenes) is 

needed in order to derive enclaves from the gabbros. Enclaves A have Ce/Y ratios 

overlapping with their monzonitic hosts, whereas enclaves B have lower Ce/Y ratios than 

either their hosts or enclaves A. If this feature is to be interpreted as a fractionation line 

from enclaves B to enclaves A, then homblende or zircon fractionation would explain 



such a trend. Homblende fractionation can also be responsible for the very shallow trend 

exhibited by the lamprophyre samples. 

Finally, the rnonzonites, granodiorites and the parental quartz-monzonite all plot in 

the same field, with same Ce/Y ratios. Internal fractionation of the quartz-monzonites is 

controlled by allanite, apatite and titanite, whereas apatite, titanite and zircon seem to 

control the granite compositions. It is interesting to note that the quartz-monzonite to 

granodiorite trend is not justified by the Ce vs. Y distribution. Only homblende 

accumulation, and to a much lesser extent plagioclase removal, can move the parental 

quartz-monzonite towards higher Y values, in order to result in a granodiorite 

composition. This is at odds with the major and ilL element modelling data and implies 

that the granodiorites could in fact be a quite distinct batch. Internal differentiation 

within the granodiorites is controlled mainly by allanite, although some contribution of 

titanite and apatite can also be considered. Finally, it is seen that titanite and apatite 

control the differentiation of the monzonitic rocks and no discordances with the major 

and ilL element models are observed. 

7.6. SOURCE AND PARENT MAGMA CHARACTERISTICS 

It was shown above, that high-level crystal fractionation can explain, to some extent, 

the inter-relationships of the various granitoid fades in the Vrondou complex, a 

conclusion which is partly in agreement with the suggestions of Theodorikas (1982). 

However, it was not possible to get any feeling about what is the connection between the 

various magma batches and how they are related to the basic rocks. In that sense the 

original debate about whether they are all connected by the fractionation of the same 

basic parent or whether the parental material was different is still unresolved. To address 

such questions, rare earth element data and the trace element patterns are presented in 

this section. 

7.6.1 Rare earth elements 

Rare earth element data for a small number of samples were obtained by inductively-

coupled (ICP) atomic emission spectrometry at Royal Holloway & Bedford New 

College, University of London (Egham, Surrey). Full analytical details can be found in 

Appendix VI. One gabbro (CK65), three enclaves (CK75E, CK77E, CK79E), one 

central monzonite (AV1), two porphyritic monzonites (CK77G, CK79G), one 

granodiorite (CK75G) and one granite (NKW3) were analysed. 
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Table 7.5 
MincralJmelt distribution coefficients of Ce and Yb for the major and accessory minerals, from Tindle & 
Pearce (1981). Values for accessories are order of magnitude only. The value of the Yb coefficient for 
homblende comes from (Henderson, 1982). 

Olivine Orthopyroxene QinopyToxene Plagioclase Hornblende* 

Ce 	0.007 0.087 0.33 0.240 1.2 

Yb 	0.014 0.600 1.10 0.179 6.2 

K-feldspar Biotite Zircon Apatite Titariite Allanite 

Ce 	0.044 0.037 3 25 80 5000 

Yb 	0.012 0.179 250 25 60 100 

Cpx KI 0pi 
01 

Bi 

.60 
~Lavpll 

H 50 	
50 

Zr 95 V 	0 .& 	
• 

	

V + 
	 U 

Eb 
7

99
AII • 

TI 	 0 

+ 	

+ . •. 	. 
. 	I•G 

Enclaves A 
IUEnCIiLYeIB 

Central monion. 
V Monionite (NE) 
o Q-inonzonitei 

Granodloritea 
+ Granite. 
• Lexnprophyrei 

10 	 100 

Y ppm 
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Furthermore, REE data (obtained by INNA) for quartz-monzonites, from Kotopouli 

& Pe-Piper (1989) are also used in the following discussion. All the data are presented in 

Appendix VIa. 

The gabbro has the lowest total REE contents (REE = 35.76), normalised values of 

10 times chondrite. It shows a modest fractionation of the HREE (normalised La/Lu = 

2.81), and a small positive Eu anomaly (fig. 7.12, normalising values of the R1{BNC 

internal set, indicated in the figure caption). The enclave B from a granodiorite host (fig. 

7.12), has much higher XREE contents (159.79), fractionated LREE (normalised La/Lu = 

5.16), a flat HREE pattern and a small negative Eu anomaly. Both enclaves A, from 

porphyritic monzonite hosts ( fig. 7.12), have high MEE contents (157.09-202.52) and 

show a stronger enrichment in the LREE, than the enclave B, with normalised La/Lu 

ratios of 17.76-19.12. In general, however, they have lower YREE contents than 

enclaves B. Enclaves A also show flat HREE and small negative Eu anomalies. 

The positive Eu anomaly in the gabbro pattern is an indication of plagioclase 

accumulation (Henderson, 1982; 1984), a feature justified from both the major (e.g. high 

A1203  contents) and trace (e.g. Sr) element data. The modest fractionation of the HREE 

indicates either clinopyroxene accumulation (which fractionates HREE, Gromet & 

Silver, 1987) or melting of a spinel-lherzolite source, since residual garnet would result 

in very steep REE profiles, characterised by low HREE and high (CefYb)n (Gromet & 

Silver, 1987). 

The two types of enclaves have similar REE shapes, especially with regard to the flat 

HREE patterns, but the least evolved enclave B (Si02  49.10 wt%) has a lower LREE 

enrichment, especially in La, Ce and Pr and a greater total normalised enrichment relative 

to chondrite, than enclaves A. These differences can be explained either in terms of 

fractionation from a common source, or by different degrees of partial melting of a 

common (garnet-absent) source. Although the garnet-absent nature of the source is 

indicated by the flat HREE pattern, the latter hypothesis is not justified, on account of the 

relative normalised enrichment seen in the two types of enclaves. 

Haskin (1984) showed that small degrees (1-5 %) of equilibrium partial melting of 

an idealised garnet-free peridotite source, would result in a high selective enrichment in 

the LREE, combined with an overall enrichment in total REE (fig. 7.13, from Haskin, 

1984, fig. 41, p.  124). With increasing degrees of melting, both the normalised YREE 

and the LREE enrichment decrease, towards patterns similar to the original source at 20 

% melting. Furthermore, the liquids formed by the lowest degrees of melting of a 

peridotite source would be more Si-rich (Gill, 1981). The opposite is seen in the patterns 

of the two types of enclaves. 
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S102 wt% 
CK65 (Gabbro) 	4116 

' CK77E (Enclave A) 55.07 
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Figure 7.12. Ciiondrite normalised REE patterns of the gabbro, enclave B in the granodiorite, and enclaves 
A in the monzonitcs. Normalising values La 0.33; Ce 1.09; Pr 0.12; Nd 0.63; Sm 0.20; Eu 0.08; Gd 0.27; 
Dy 0.34; Ho 0.08; Er 0.22; Yb 0.22 Lu 0.03). 
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Figure 7.13. From Haskin (1984, fig. 4.1, p. 124). Concentrations in liquid and solid phases after modal 
partial melting of a source with 80% olivine, 10% plagioclase, and 10% clinopyroxene, as a function of 
fraction melted. Solid lines are for equilibrium melting and dashed lines are for incremental partial melting. 
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Enclaves A, with higher Si02  wt% contents (around 55 %), show patterns of the 

least degree of melting, whereas the enclave B (Si02  49%) shows patterns of a higher 

degree melting but nonnalised contents of smaller degree melting (c.f. figures 7.12 and 

7.13). 

Such discrepancies can be explained by different degrees of fractional crystallisation 

of a common parent, or by some contamination process, leading to LREE enrichment but 

overall REE depletion. Assuming a parent with the composition of enclave B, then 

fractionation of accessory phases, and in particular zircon, can lead to an overall 

depletion of REE and selective enrichment of LREE. A contamination scenario, is more 

difficult to assess, especially with respect to the total Si02  wt% contents of the enclaves, 

since this may be buffered at a 102=1 from earlier on. For example, assuming that a 

parent representing a low degree of melting (to account for REE fractionation seen in 

both types of enclaves) is enclosed in a granitoid host, then the total Si02  wt% will 

depend on the amount of interaction with the host on the way to equilibration, only prior 

to the point when the activity of Si02  is fixed to 1 (e.g. when free quartz appears). The 

extent to which enclave REE compositions may be modified during this process will be 

attendant to the interaction mechanism and to what phases are involved (c.f. Chapter 8). 

The various granitoids have similar REE patterns (fig. 7.14). They have high total 

REE contents (137.42 to 202.86 ppm). They are characterised by LREE enrichment 

(normalised La/Lu ranging from 7.75 to 13.96), modest negative Eu anomalies and flat 

HREE patterns. The close similarity of the REE patterns in all granitoid facies is a strong 

argument for a common source. This source does not have residual garnet during 

melting (flat HREE). Furthermore, if plagioclase was residual during melting of the 

source, stronger negative Eu anomalies would be expected. Clinopyroxene in the source 

would induce a fractionation in the REE, especially LREE enrichment, relative to HREE. 

Hornblende in the source would induce more fractionated HREE patterns than actually 

observed, as homblende has a higher distribution coefficient for the HREE than 

clinopyroxene (Hanson, 1978). 

The REE shapes of the granitoids in the Vrondou complex are very similar to the 

high-K suites of the Arequipa segment of Andean Linga super-unit (Agar & LeBel, 

1985), and generally with the patterns observed in the Andean Coastal Batholith (with the 

exception of the Tiabaya super-unit, Atherton & Sanderson, 1985). These magmas, with 

LREE-enriched and flat HREE patterns, are considered to have a complex origin, 

invariably including a basic component from partial melting of enriched subcontinental 

spinel peridotite, coupled with crustal contamination and high-level fractionation. 
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High-level fractionation of accessory minerals could induce a depletion in REE with 

differentiation (Cullers & Graf, 1984). In the monzonitic rocks (fig. 7.14a), fractionation 

of apatite and titanite would explain the progressive depletion of total REE. The 

observed REE depletion in the most evolved granite with respect to a quartz-monzonitic 

parent is (fig. 7.14b) could be explained by the fractionation of zircon, apatite and titanite 

(Hanson, 1978). These observations are compatible with the Ce vs. Y theoretically 

modelled variations, as seen in the previous section (fig. 7.11). Plagioclase fractionation, 

generating large negative Eu anomalies, was indicated by the REE data of one late-stage 

alkali-feldspar granite vein, in Kotopouli & Pe-Piper (1989). However, it was previously 

seen from both major and trace element modelling, that plagioclase fractionation is 

important in the crystallisation of the various facies. The fact that no considerable 

progressive negative anomalies are observed here may indicate that high oxygen fugacity 

in the magma may prevent Eu2+  from entering plagioclase, and thus mask plagioclase 

fractionation (Henderson, 1982). 

Therefore, the REE data would seem to indicate that the Vrondou granitoids are 

broadly cogenetic. The gabbro patterns indicate the effects of accumulation, as was also 

seen in major and trace elements, and probably a garnet-absent source. The enclaves 

have similar patterns to their hosts (c.f. fig. 7.13 with figs. 7.14a,b), a feature that 

indicates a broadly cogenetic nature or trace element equilibration. Aspects of this latter 

possibility are further discussed in Chapter 8, where isotopic equilibration of the enclaves 

with their hosts is postulated. The shapes of the REE patterns strongly indicate the 

absence of garnet, hornblende and plagioclase in the source of the Vrondou magmas, 

unless the degree of melting is such that these phases do not exert control by being left in 

the refractory residue (Wilson, 1989). 

Similar REE patterns are observed in other contemporary granitoids in the Rhodope 

area (Del Moro et al., 1988; Kotopouli & Pe-Piper, 1989). More specifically, the Xanthi 

and Leptokarya plutons, both of Oligocene age and high-K caic-alkaline affinities show 

LREE enriched patterns (around 50 times chondrite) and unfractionated HREE. 

Additionally, similar REE contents and patterns are observed in contemporary high-K 

caic-alkaline basic and intermediate volcanic rocks from the Kotani-Kalotycho and 

Dipotama-Kotyli areas in the Central Rhodope (Eleftheriadis, 1990). All these magmas 

are considered to have been derived from a subcrustal source, primary compositions 

having been affected by combined contamination-fractionation during ascent and 

emplacement. 
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Figure 7.14. (a) Chondrite normalised REE patterns of the mouzonilic rocks (central and porphyritic). (b) 
Choodrite normalised REE patterns of the quartz-monzonites, granodiorite and granite s.s. Analyses SRI 
and SR1O, are from Kotopouli & Pe-Piper (1989). Normalisation values are as in figure 7.12. 
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7.6.2. Trace element patterns 

The incompatible trace element characteristics of the various Vrondou magmatic 

facies are here presented in the form of normalised spidergrams. The data are nonnalised 

to a typical tholeiitic MORB (from Pearce, 1983). The effects of variable degrees of 

partial melting or fractional crystallisation, affecting the level of the patterns, do not 

fundamentally alter their shape, unless the elements become compatible to fractionation 

or partial melting processes (e.g. Sr in plagioclase, P in apatite, Ti in Fe-Ti oxides, 

Pearce, 1983). 

The gabbros (fig. 7.15) have generally low normalised abundances of incompatible 

trace elements. Their patterns are characterised, with the exception of K, and Ba in two 

samples, by enrichment in LIL elements and Ce, and by depletion in HFS elements (Zr to 

Y), relative to MORB. Their patterns are very similar to caic-alkaline basalts from 

island-arc environments (e.g. Krakatoa, Pearce, 1982), especially with respect to the 

overall low normalised abundance of trace elements, LILE/HFSE fractionation, Ce 

enrichment and the trough at Nb. The distinctive troughs observed in K (and less so, Ba) 

and P argue for fractionation of K- and P-bearing phases, or retention of these elements 

in the source, or alternatively, alteration. 
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Figure 7.15. MORB-normalised trace element patterns of the gabbros. Normalising values are from 
Pearce (1983). 
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The fractionation argument is rather suspect, since K-feldspar and apatite 

fractionation occurred later in the evolution of the Vrondou rocks, as seen in figures 7.4 

and 7.5. Alkali-enrichment in a mantle source would lead to an enrichment in all alkalis 

and alkaline earths, thus overall enriched patterns. However, phiogopite in an enriched 

source could result in selective K, and also, Ba depletion in the residual melts (Wilson, 

1989). 

The enclaves (fig. 7.16) have patterns typical of continental calc-alkaline basalt to 

basaltic andesite rocks (Pearce, 1983). They are enriched in LILE (except Ba), Th and 

Ce and show a lesser enrichment in HFS elements, with troughs in Nb and Ti. They 

show a higher overall enrichment in normalised abundances than the gabbros. There is a 

remarkable trough in Ba, which suggests either fractionation of K-feldspar or a Ba-

bearing phase in the source. Crustal contamination is discounted, since that would have 

the opposite effect (Wilson, 1989). 
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Figure 7.16. MORB-normalised trace element patterns of the enclaves A and B. Normalising values are 
from Pearce (1983). 

The lamprophyre dykes (fig. 7.17) show the maximum normalised abundances, for 

the given degree of fractionation. They are characterised by both LIL and HFS element 

enrichment, with some LILE/HFSE fractionation, with the exception of Ti, leading to a 

considerably "humped" pattern, resembling within-plate basalts (Pearce, 1983). They do, 

276 



however show troughs in Nb and relative enrichment in Ce, feature seen in subduction-

related environments. These patterns strongly resemble shoshonites from both active 

continental margins (Arequipa section of the Linga super-unit, Andes, Agar & LeBel, 

198 5) and, especially, post-collisional environments (Karakorum, Pognante, 1990). The 

generation of such magmas is commonly attributed to low degrees of melting of 

enriched, probably sub-continental, lithospheric mantle sources (Mysen, 1982; Pearce, 

1982; Foley etal., 1987). 
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Figure 7.17. MORB-normalised trace element patterns of the shoshonitic lamprophyre dykes. 
Normalising values are from Pearce (1983). 

Finally it is seen in figures 7.18a and 7.18b, that the trace element features of all the 

granitoids are strikingly similar. They also show a typical subduction signature, with 

LILE/HFSE fractionation, irrespective of the degree of fractionation. Troughs in Ba can 

be attributed to K-feldspar fractionation. Similarly, a progressive depletion in P, Zr, Ti 

and Y can be attributed to the fractionation of accessory phases, apatite, zircon and 

titanite or Fe-Ti oxides, respectively. The granitoid patterns are typical of high-K caic-

alkaline suites, from active continental margin settings (e.g. Andes, Atherton & 

Sanderson, 1985). Ocean-ridge granite (ORG) normalised patterns (Pearce et al., 1984) 

of representative samples of the Vrondou granitoids exhibit trends related to both active 

continental margin and post-collisional settings (fig. 7.19). 
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Figure 7.18. (a) MORB-normalised trace element patterns of representative samples form the monzorntic 

rocks (central and porphyritic). (b) MORB-normalised trace element patterns of representative samples 

from the quartz-monzonites, granodiorites and granites s.s. Normalising values are from Pearce (1983). 
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Figure 7.19. ORG-normalised trace element patterns of representative samples from each granitoid facies. 
Normalising values are from Pearce et at. (1984). 

The distinction of pre- from post-collisional caic-alkaline granitoids is one of the 

most difficult problems in granitoid geochemistry, especially in areas, such as the 

Rhodope, where the geodynamic setting is far from clear. Pearce et al. (1984), Harris et 

al. (1986) and Barbarin (1990b) attempted to rationalise the correlation between granitoid 

magmatism and setting. The core of the problem really lies in the fact that the relative 

contribution of mantle vs. crust component to granitoid magma genesis is not easily 

traced, as is the case for basalts. In this sense, granitoids can represent anything between 

pure crustal melts, as is the case of the S-type leucogranites, to fractionates of pure 

mantle melts, as is the case of the A-type, peralkaline anorogenic granites. Furthermore, 

the source identity is usually well hidden behind high-level fractionation processes, 

especially in plutonic rocks (e.g. Fourcade & Allegre, 1981). 

The caic-alkaline granitoids, that show both crustal and mantle features, are highly 

sensitive to crust-mantle dynamics. The issue is really whether the calc-alkaline 

chemistry is inherited from a parental basic member, or is a solely crustal feature. There 

are three main groups of theories, regarding the genesis of caic-alkaline granitoids. They 

can represent i) crustal melts, from (meta)igneous crustal protoliths (the I-types, of 

White&Chappell, 1977), ii) differentiation products of mantle-derived basic magmas or 

279 



mantle partial melts, enriched due to subduction (e.g. orogenic andesites, Gill, 1981), 

and iii) mixtures of crust and mantle-derived melts. The last hypothesis requires that 

mantle-derived magmas intrude or underplate the continental crust, and thus promote 

crustal melting, the products of which mix with, or contaminate the basic magma to 

produce hybrid, evolved magmas (Hildreth, 1981; De Paolo, 1981; Huppert & Sparks, 

1988; Castro etal., 1990a, among many). 

The presence of gabbros, microgramilar enclaves and lamprophyres in the Vrondou 

complex is an indication that basic magmas were involved in the petrogenesis of the 

granitoids, and the strong "mixing" textural features observed in both enclaves and 

granitoids, would seem to suggest that a process akin to the latter theory described above 

is largely responsible for the genesis of the Vrondou granitoids. The generally potassic 

nature of these granitoids, together with the enrichment in incompatible trace elements, 

for example Th, Rb, and U, argue for either an enriched (mantle) source or the 

involvement of continental crust, with high content of radioelements, or both. 

Furthermore, fractional crystallisation is principally responsible for the variations 

amongst the members of the two granitoid batches, although the genetic connection 

between the parental compositions of the two batches is not immediately obvious from 

the elemental characteristics; different sources seem improbable. Therefore, as will be 

discussed in more detail in Chapter 8, a large scale hybridisation process, involving the 

interaction of mantle-derived magmas with the crust, is probably the alternative that 

would explain most of the chemical and textural features of the Vrondou complex. 

The extensional structural setting of emplacement of the Vrondou complex and its 

subduction-related chemical signatures can be combined in two alternative settings : a) 

magma generated during subduction under an active continental margin and emplaced in 

a back-arc extensional setting, and b) magma generated and emplaced during the post-

collisional collapse of thickened crust. The problem in the Rhodope area lies with the 

very limited knowledge of the exact setting. 

Barbarin (1990b) has discussed the general chemical character of granitoids in 

relation to tectonic setting, especially with regard to crust-mantle interactions. He 

defined a group of Hybrid Late Orogenic granitoids, signifying a transition from a late 

orogenic compressional to an extensional regime, similar therefore with the post-

collisional granites of Pearce et al. (1984) and Harris et al. (1986). It is the combination 

of extensional structural setting and hybrid potassic calc-alkaline chemical character that 

defines such granitoids, as is well exemplified by the Ballons massif in southern Vosges, 

France (Page! & Leterrier, 1980), or some British Caledonian plutons (Brown et al., 

1981). Similarly, Harris et al. (1986) identified the group of late to post-collisional calc- 
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alkaline granitoids that are mantle-derived but with considerable crustal contamination. 

They show, however, considerable chemical similarities with the volcanic-arc granitoids, 

feature that makes unequivocal distinction difficult, if not impossible. The only chemical 

tracer of these granitoids that distinguish them from volcanic-arc granitoids, is the 

generally (but not universally) higher Ta/Zr or Ta/Hf ratios, for similar Rb contents, as 

demonstrated in the Rb-Ta-Hf ternary diagram (fig. 7.20). In this diagram, a small 

number of points, representing Ta, Hf, Rb data from the Vrondou granitoids (taken from 

Theodorikas, 1982) are plotted. 	Although the value of generalised empirical 

interpretations of tectonic setting-defined geochemical features is quite tentative when 

examined in isolation, the fact that the Vrondou samples plot in the post-collisional, and 

not the volcanic-arc field, together with the extensional emplacement environment, is a 

strong indication that the main process responsible for the genesis of these magmas is an 

extensional collapse of thickened crust. A more detailed discussion on a possible model 

for generating caic-alkaline granitoids in such a tectonic setting, using the various lines of 

evidence gathered in this thesis and the Vrondou pluton as an example, can be found in 

Chapter 9. 
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Figure 7.20. Rb-Hf-Ta ternary tectonic setting discrimination diagrams, devised by Harris et al. (1986). 
The Vrondou data were taken from the INNA analytical results of Theodorikas (1982). Samples with more 
than 65 wt% Si02  were plotted, as only such compositions are considered representative for tectonic 
setting predictions based on granitoid chemistry (c.f. Pearce etal., 1984; Han-is etal., 1986). Note that the 
Vrondou samples plot well away from the volcanic arc field in (a), and clearly in the post-collisional field 
in (b). 
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7.7. THE ELAION (;RANII0ID 

The geochemistry of the Elaion granitoid (Chapter 4) is very poorly known. The 

main feature of this body is the nearly pervasive subsolidus deformation that has affected 

most of its present outcrop. In Chapter 4 it was shown that the main deformation features 

of the Elaion body can be attributed to the unroofing process, through a ductile-to-brittle 

transition, related to the extension observed in the adjacent Serres basin. One of the main 

objectives of any geochemical study, in this case, is to assess how deformation has 

affected the geochemistry, and whether unaltered geochemical tracers show any genetic 

relationship with the main Vrondou body. Furthermore, metasomatic changes inferred 

from the chemistry of altered rocks, can have considerable effects on mass, or volume 

transfer in deformation zones, which in turn affect strain distribution. 

Wintsch (1985), Tobisch et al. (1991) and Barovich & Patchett (1992) have all 

discussed the variable effects of deformation on the composition of rocks in shear zones. 

There are three main ways by which deformation affects the chemistry of sheared rocks: 

a) by the control of mechanical work, which during deformation is converted to different 

forms of stored energy (chemical energy, elastic strain energy, defect energy, surface 

energy and heat), and thus can affect the solubility of components, b) by fluid flow, that 

can occur at any stage before, during, or after deformation and metamorphic reactions, 

and c) by the mechanical mixing of components, especially enhanced if deformation 

occurs during the emplacement of granitoids, in which case the chances for local 

envelope assimilation are increased. 

Metasomatic changes in granitoids during mylonitisation are not, of course, 

universal. There are cases of isochemical behaviour (Kerrich et al., 1980), as there are 

cases where detailed examination of local shear zones in granitoids have identified large, 

but variable, gains and losses of components (e.g. Anderson, 1983; Sinha et al., 1986; 

O'Hara, 1988, 1991, Glaz.ner & Bartley, 1991, among others). Furthermore, Tobisch et 

al. (1991) discussed the possible controls of such variability and proposed that the 

following factors are important in any given case: 1) original composition of the 

granitoids, including mineral assemblages, bulk composition and primary textures, 2) 

temperature, 3) pressure, 4) porosity changes, 5) strain rate, 6) tectonic environment, 7) 

fluid/rock ratio (fluid flux), 8) fluid source and 9) fluid path. They pointed out that such 

variations indicate that fluid-rock systems are highly dynamic and can be chaotic, 

deviating from expected paths following small changes in initial conditions. 

As was shown in Chapter 4, mineralogical changes and macroscopic alteration occur 

in the Elaion mylonitic granitoid, with increasing intensity of deformation. An attempt to 
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quantify the metasomatic changes that have occurred has, therefore, been made. Only a 

small number of samples were collected from the Elaion area that are not pervasively 

mylonitised and affected by the further brittle evolution of the deformation event. The 

original nature of the Elaion magma, therefore is somewhat obscure. The best reference 

sample is 90NK8.2, collected under a thicker-marble cover, thus recording the least brittle 

deformation. The progressively deformed Elaion samples are compared with this 

standard. Furthermore, this sample is similar to sample 90NK8 1, for which homblende 

geobarometry indicated that reliable pressure estimates can be made (Chapter 5). The 

"altered" samples represent areas, where a) the progressive mineralogical changes in a 

ductile régime were observed (amphiboles to biotite and epidote, syn-tectonic growth of 

muscovite, albitisation of plagioclases), and b) the brittle stage of the event has produced 

cataclastically deformed mylonitic granitoids. Analytical (XRF) procedure is the same as 

before and the analytical results can be found in Appendix Va. 

According to Tobisch et al. (1991), in order to calculate any metasomatic changes, a 

knowledge of the variation of at least one parameter (mass of a chemical component or 

volume) during these changes is needed. Because volume changes are difficult to assess, 

the variation of a chemical component, for which a specific behaviour (immobility) can 

be assumed, should be sought for. Then, using that chemical component as a conserved 

one, the variation with deformation of other chemical components can be assessed. 

The Elaion samples, therefore, were normalised to the least deformed sample 

90NK82, conserving the same component, in this case Ti02, which is considered to be 

relatively insoluble in fluids (Correns, 1978). The normalisation procedure follows the 

equation: 

M1A/MiF = (CIA/CiF). (CCO,JCC0,A) 

where MiA, M1F and CA, C1F are the masses and concentrations, respectively, of the 

components i in the reference rock (F) and altered rocks (A), respectively, whereas 

CCO,.,F and CCOflSA,  are the concentrations of the conserved component (cons) in the 

reference rock (F) and altered rocks (A) (from Tobisch et al., 1991). 

The results are presented in the form of spidergrams (figures 7.21, 7.22, 7.23), where 

the normalised compositions (y axis) represent the 100*M1A/M1F  parameter, and the x 

axis refers to the progression from an amphibole-biotite protomylomtic granitoid 

(reference sample, No. 1), to a biotite-white mica-epidote mylonitic granitoid (Nos. 2, 

3), to a cataclastic white mica-biotite mylonitic granitoid (Nos. 4, 5, 6, 7, 8,) and finally 

to quartzofeldspathic cataclasites/ultracataclasites (Nos. 9, 10, 11, 12, 13, 14). In all 

cases, an "error-band" of 20% (including, analytical uncertainty, effects of poor 

constraints on the reference sample, and deviations from an assumed immobility of the 
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conserved component, Ti02), indicates that major gains or losses should be assumed only 

for components that deviate considerably from that error level. 

In figure 7.21, the changes in major elements are shown. It is immediately obvious 

that a "quartzofeldspathic" (Si, Al, K, and Na) component is "added" to the rocks with 

progressive deformation, accompanied with variable small depletions in total Fe (as 

Fe203), Mg, Ca, and large depletions in Mn and P. 
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Figure 7.21. Plot indicating major element changes during approximately increasing deformation 
intensity. Samples are normalised to least deformed sample 90NK82, assuming conservation of Ti02. 

The various trace elements show variable behaviour (figs. 7.22, 7.23). Rb, Ni, Sc, Pb and 

variably, but significantly also La are enriched. Most of the remaining, usually 

immobile, trace elements for example, Zr, Y, Ce, Nd, Nb and also Ba, with the exception 

of the ultracataclasite sample No.14, are relatively conserved. Sr shows a variable 

behaviour, it is generally conserved, but shows also localised considerable depletion 

especially in the cataclastic samples. Finally, V and Cr are seen to be depleted, whereas 

Th is, more or less, conserved. 
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Figure 712. Plot indicating changes in Rb, Ba, Sr. La, Nd, Ce, Y, Zr and Nb, during approximately 
increasing deformation intensity. Samples are normalised to least deformed sample 90NK82, assuming 
conservation of Ti02. 
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Figure 7.23. Plot indicating changes in Sc, Ni, V, Cr, Zn, Pb and Th during approximately increasing 
deformation intensity. Samples are normalised to least deformed sample 90NK82, assuming conservation 
of Ti02. 
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The shifts seen in the major elements are compatible with mineralogical changes 

during the transition from a protomylonitic rock to a mylonite: increase in quartz content 

(Si), increase in the albitic component of both plagioclases and K-feldspars (increase in 

Na, decrease in Ca), homblende breakdown (mobilisation of Fe, Mg, Na, Ca) to biotite-

epidote-titanite, growth of white mica at the expense of K-feldspars. Quartz-filled 

microfractures in feldspars are commonly seen. Furthermore, with increasingly brittle 

conditions, white mica, feldspars, quartz and kaolinite dominate the mineralogy; such 

features are compatible with the increasing "quartzofeldspathic" component seen in 

figure 7.21. 

The immobility of most trace elements - with the marked exception of Rb, Ni, Sc, V, 

Cr and locally La and Ba - indicates that volume loss, due to high fluid/rock ratios during 

deformation has probably not occurred in the Elaion granitoid body. Volume loss is 

usually indicated by large enrichments in many low-mobility elements (Ti, Zr, P, Cr, 

REE), accompanied with large depletions of mobile elements, such as Si, K, Rb (Glazner 

& Bartley, 1991). For example, Glazner & Bartley (1991) identified such correlations in 

mylonites from central Mojave Desert metamorphic core complex, and estimated large 

(up to 70%) volume losses and large fluid/rock ratios, in the range of 70-600. 

The observations in the Elaion area of enrichment in Si, Al, K, Na, and Rb, with the 

coherent behaviour of low-mobility elements, indicate some mass transfer during 

increasingly brittle conditions of deformation. Such transfer can be accomplished 

(Tobisch et al., 1991) by localised mechanical and diffusional segregation, and b) by 

infiltration of chemically distinct fluids across the area. Although mechanical 

segregation may accentuate original modal differences, in the Elaion case, the samples 

were collected from uniformly deformed samples, and not from localised small-scale 

shear zones; consequently, approximately representative whole-rock samples were used, 

which were not affected by localised mechanical segregation. Furthermore, although 

there exists a general complementarity in enriched "quartzofeldspathic" with depleted 

"ferromagnesian and calcic" components (figure 7.21), these depletions are less 

pronounced, more variable, and not accompanied by similar depletions in those trace 

elements which have high distribution coefficients for ferromagnesian minerals, such as 

Ni or Sc (fig. 7.23). Furthermore, the immobility of most trace elements is not 

consistent with mechanical or diffusional accentuation of original modal differences. 

The invoking of large-scale fluid flow requires that these fluids were saturated with 

the components now enriched in the mylonites and cataclasites, and that progressively 

cooling conditions led to precipitation of these components, as inferred by Tobisch et al. 

(1991), from a somewhat similar situation in the Santa Cruz Mountain tonalite, Sierra 



Nevada. This notion is not too difficult to envisage, if fluids originating from deeper 

levels in the granitoid body, or even from quartzofeldspathic wall-rock (as indicated by 

the Sr isotopic composition, Chapter 8), leach alkalis and alkaline earths and dissolve 

silica. For example, quartz solubility in water-rich fluids is known to increase with 

temperature and depth, and becomes negligible at very low temperatures (200-100 'C), 

irrespective of the nature of other dissolved components (Holland & Malinin, 1979). 

Hydrolysis reactions in feldspars and micas, although usually facilitated by decreasing 

temperatures and pressures, could be responsible for alkali transfer in fluids, and also for 

the observed growth of white mica or kaolinite at the expense of feldspars (Helgeson, 

1979), under increasingly brittle conditions in the Elaion body. 

Regardless of the exact mass transfer mechanism involved, it is tentatively proposed 

that some (unknown degree) of mass gain took place in the Elaion body during 

deformation. Since densities are not usually significantly affected by alteration (cf. 

Tobisch eta!, 1991; Glazner & Bartley, 1991), it can be also tentatively proposed that the 

gain of mass was accompanied by dilation (volume gains). Although it is impossible at 

this stage to quantitatively estimate any such changes, such a "dilational" phenomenon is 

not unreasonable, given that the deformation was shown to represent an extension-aided 

unroofing process of the Elaion granitoid body (Chapter 4). 

As was seen above, no major mobilisation of alteration-resistant trace elements (high 

field strength elements and REE) took place in the Elaion granitoids during deformation. 

Large-ion lithophile elements, especially Rb, and locally Sr and Ba were affected, as was 

K. Therefore, the original nature of the Elaion granitoids can be more or less traced, 

even if major element compositions have been altered. 

The trace element patterns, normalised against MORB (Pearce, 1983), of 

representative samples from the Elaion body, were compared with undeformed Vrondou 

quartz-monzonites in figure 7.24. In the Elaion case, samples 90NK82, 89NK1 and 

89NK92, represent progressively deformed samples, from an amphibole-biotite 

protomylonite, to a biotite-white mica mylonite, to a cataclasite, respectively. In the 

Vrondou case, samples NKRS1 and NKRS2 represent least evolved and more evolved 

quartz-monzonitic compositions. 

Two observations can be made from figure 7.24. Firstly, in accordance to the 

previous observations, the Elaion samples show an increase in K, Rb, and Ba with 

progressive deformation. Secondly, although the patterns are identical with that of the 

Vrondou quartz-monzonites, there is an increase in the level of the patterns, particularly 

well-exhibited by the Th, Nb, Ce and Zr levels. There is an indication, therefore, that 

either the Elaion granitoid was more evolved with respect to the Vrondou quartz- 
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monzonites, or that it was produced from a more enriched parent. If degree of 

fractionation is responsible, then only major phases can result in the relative enrichment 

in incompatible trace elements, as they commonly reside in accessory minerals (c.f. the 

Vrondou quartz-monzonite to granite differentiation scheme, involving accessory 

minerals, in the Ce vs. Y diagram, figure 7.11). Fractionation of clinopyroxene or 

amphibole, would potentially result in increasing CePf ratios in the Elaion granitoids. 

1000 

100 

10 

0.1 
Elalon granitoids v. Vrondou qtz—monzonite5 

S 90NK82 	 0 NKRS1. NKRS2 
v 89NX1 
V 89N1C92 

001 
SR K RB BA TH TA NB CE P ZR HF SM TI Y 

Figure 7.24. MORB-normalised trace element patterns of the Elaion granitoids compared with the 
patterns of quartz-monzonites from the Vrondou pluton. Normalising values are from Pearce (1983). 

This inference of a differentiation-related feature is consistent also with the REE 

patterns. The Elaion samples 89NK1 and 89NK92 have LREE fractionated patterns, 

small negative Eu anomalies and relatively unfractionated 1-IREE patterns, that show 

broad similarities with the patterns from the Vrondou rocks. A comparison with the 

deformed Vrondou samples (fig. 7.25a) indicates that the more fractionated pattern is not 

a deformation-related feature, since the deformed Vrondou granitoids are identical to 

their undeformed parents (with the exception of sample 89NK43, which exhibits an 

anomalous depletion in the middle REE). The REE profiles are therefore related to the 

original genetic process connecting the Elaion body with the main Vrondou. 

With respect to the undeformed Vrondou quartz-monzonites, granodiorites and 

granites (fig. 7.25b), the Elaion samples show a greater fractionation of the REE, as 
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Figure 7.25. REE patterns of two Elaion deformed samples compared with (a) deformed Vrondou 
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of undeformed Vroedou granitoids. Normalisation values are as in section 7.7.1. 
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indicated by somewhat steeper FIREE shapes accompanied by more enriched LREE 

patterns. Such a behaviour is strongly reminiscent of either clinopyroxene or homblende 

fractionation, which both fractionate the HREE (Hanson, 1978; Gromet & Silver, 1987), 

although it is not possible to pin-point exactly which of the two is responsible. 

7.9. CONCLUSIONS 

In conclusion, therefore, it has been shown that deformation of the Elaion granitoid 

body resulted in modification of the major element composition, and specifically, 

enrichment in Si, Al, K and Na, accompanied by moderate depletion in total Fe, Mg, Ca 

and larger depletion in Mn and P. 

hnrnobile trace elements were not modified, and only Rb, Ni, Sc, and variably La 

and Ba, were enriched. It was tentatively proposed that such modifications signify an 

overall fluid-assisted mass transfer, possibly resulting in a relative volume increase, 

related therefore with the unroofing process. The original chemical character of the 

Elaion magma, although masked by the deformation-related metasomatism, can be traced 

with the aid of the immobile incompatible elements. It was thus shown that the Elaion 

body is genetically related to the main Vrondou body to the North, and that fractionation 

of clinopyroxene, or homblende, from a common (probably parental quartz-monzonitic) 

magma, can explain minor differences in the trace and rare earth element patterns, 

between the Elaion and Vrondou quartz-monzonites. 
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CHAPTER 8 

Sr and Nd geochemistry of the Vrondou complex 

8.1. INTRODUCTION 

In chapter 7, it was shown that two main granitoid entities exist in the Vrondou 

complex. The first is represented by the monzonites (central and porphyritic in the NE), 

that are characterised by enrichment in incompatible elements at low silica values (mean 

62 wt% Si02), causing remarkable inflections in trace element variation diagrams of the 

whole complex. The second group is represented by the quartz-bearing granitoids 

(quartz-monzonites, granodiorites and granites) generally the more evolved rocks. 

Although being relatively enriched in incompatible elements, this enrichment is lower in 

these higher silica quartz-bearing rocks (mean 67 wt% Si02), than in the monzonitic 

rocks. Fractional crystallisation can explain major and trace element trends, within the 

two groups of granitoids, but cannot explain the connection between the two major 

groups, and their field relations. All granitoids have fundamentally the same source, and 

their trace element signatures argue for a subduction-type enrichment, and thus for 

generation in a subduction-related setting. Furthermore, the presence of a variety of 

basic phases, such as the gabbros, enclaves and lamprophyres, and also the low Si02  

wt% of the monzonitic rocks, argue against a purely crustal provenance of the Vrondou 

granitoids. The gabbros and enclaves, although probably modified by fractionation 

processes (the gabbros), or hybridisation (the enclaves), together with the shoshonitic 

dykes (which are relatively unmodified), all show a volcanic arc-type enrichment of a 

possible basic component to the Vrondou magmas. 

In order to further assess the processes occurring during the genesis of the Vrondou 

magmas and to try to fingerprint the source materials, the Sr and Nd isotopic 

compositions of the various phases were measured. Furthermore, a limited number of 

deformed Vrondou and Elaion granitoids were also analysed in order to test the effects of 

deformation on Sr and Nd isotopic compositions in this area. 

The Sr and Nd isotopic systematics in granitoid rocks are widely used in the study of 

their origin. The value of such studies lies on the fact that Sr and Nd isotopes are tracers 

not affected by partial melting or fractional crystallisation processes, and which can have 

distinctively different values in the large scale components contributing to granitoid 
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magma compositions, that is the mantle and the crust (McBirney, 1984). However, 

although the Sr and Nd composition of the mantle is relatively better studied from recent 

and ancient basic volcanic rocks (for reviews, see Hawkesworth & van Calsteren, 1984), 

the isotopic identity of the crust, is still very much a "locality-related" feature. 

The Sr and Nd isotopic compositions of granitoids, unlike basic rocks, vary widely 

from mantle-like values (for example, A-type, alkaline anorogenic, mantle-derived 

granites) to purely crustal (metasedirnentary) values (for example, S-type, crust-derived 

granites). In these extreme cases, isotopes can be used as unequivocal evidence for the 

nature of their source, by-passing the problem of open-system behaviour, or source 

heterogeneity. The problem really lies in the identification of the sources of granitoids 

with intermediate isotopic values (commonly the caic-alkaline granitoids), where the 

operation of open-system processes, such as contamination, assimilation or mixing (c.f. 

De Paolo, 1981), combined with heterogeneous crustal sources (c.f. Pin & Duthou, 

1990), require complex interpretations and result in tentative source identification. 

Nonetheless, Sr and Nd isotopes can provide information regarding both the sources from 

which magmas are derived and also the processes that modify the source and product 

compositions (Faure, 1986). 

As will be shown in a later section, no unequivocal evidence for the source of the 

Vrondou enclaves can be deduced from isotopic compositions in this study. A large 

degree of equilibration has probably erased the isotopic memory of the enclaves, which 

therefore can now essentially be considered as parts of the hosts. Therefore, besides the 

gabbros, there still exists a main problem of the identification of the identity of the basic 

component. 

8.2. ANALYTICAL METHODS AND SAMPLES 

Twenty-four samples from various groups were analysed for Sr and Nd isotopic 

ratios at the S.U.R.R.C. in East Kilbiide. The location of these samples is seen in figure 

8.1. They comprise gabbros (CK65, NKRS12), quartz-monzonites (NKRS1, NKRS2), 

granites (NKRS3, NKRS4), granodiorite (CK75), central monzonite (NKRS9), 

porphyritic monzonites (CK77G, CK79G, NKRS11G), enclaves A in the porphyritic 

monzonites (CK77E, CK79E, NKRS11E), enclave B in the granodiorite (CK75E), an 

amphibolitic xenolith-granitoid host pair (CK63E-CK63G), deformed granitoids from the 

southern Vrondou margin (89NK183, NK13I4), one Elaion deformed granitoid (89NK1), 

one regional amphibolite (NKD16), one mylonitic wall-rock from the southern shear 

Wj 



2330' 	 2335' 	 23a,40 	 23°45' 

Vathytopos 

KataPhYtO 

4 1°20'_ - 

6 	KS2 'NKRS3 

(NKRS4 	. 	 'CK79G CK79E 

XapnophytO 	 - ,Ano Vrot4ou 	CK77Gj1 
/.......................... 
/ 	NKS1 	 CK75E v  —Kato Vrondou 

CK65 	- 
.•••••,,.•,.••.••••.••. - '.'NKRS12 4115 	

CK17 

- 

-__ 	- 	_ 
NKDI4 	'7L 

.. -NKD20 - 

89N)( 183 Qceini 	 vRONDOU PITRUSIVES 
- 	 Quertz-monzont. 

" 1Zi Giants ss. 

4110' 	- 	 •' 	 Marginal bi-anits 

Grarodporite - 	89NK1 	•: 
* .'w' .. 	•: 	 Uonzonil. 

Etaion 	
• 	•. *• . 	 E:JPomhyrilic monzonile 

Gbbro 

4 1 05' 
L.p'oplyrs 

- - - Inferred entemat contacts 
RH000PE ENVELOPE 	 _..-' Faults 

Massive marbles (Meriko, Orvilos) 	 Tons 

Schists-Gneisses-noItes-MwbIss (Pangeo-Potaim Series) 

Schists-Gn.issss (Dassoto-Nevrokooi Series) 

	

0km 	4 
LMiocene-Ouatornary sediments 

Figure 8.1. Map of the Vrondou-Elaion area showing the location of the samples analysed for Sr and Nd 
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zone (NKD20), and biotite gneiss homfelses from the southern (CK17) and eastern 

(89NK23 1) envelope, respectively. 

Sample preparation and analytical techniques are fully described in Appendix VII. 

The data are presented in Tables 8.1 and 8.2. Both Sr and Nd isotopic analyses, as well 

as Nd and Sm elemental analyses, were performed using a VG Isoinass 54E Mass 

Spectrometer. Rb and Sr elemental analyses were obtained by the XRF method at 

Edinburgh (as in Chapter 7). 

8.3. AGE OF THE COMPLEX 

The Vrondou complex and surrounding minor intrusions have been previously dated 

by the K-Ar method on homblendes and biotites (Papadakis, 1965; Meyer, 1968; 

Marakis, 1969; Durr et al., 1978). Papadakis (1965) reported a 54.9 ± 4.2 Ma age on one 

homblende separate. This value was recalculated, according to Dalrymple (1979), using 

the K-Ar decay constants of Steiger & Jager (1977). Marakis (1969) performed K-Ar 

analyses on 6 homblende separates and reported ages (recalculated) ranging from 30 ± 1 

to 34 ± 2 Ma. Dürr et al. (1978) reported a K-Ar biotite age of 30 ± 3 Ma. Finally, 

Meyer (1968) reported K-Ar biotite mineral ages of (recalculated) 27.5 ± 0.5 and 28.9 ± 

0.5 Ma from the Panorama and Granitis intrusions, respectively. Both of these bodies 

crop out to the east of the Vrondou complex, and have been genetically related to it. 

During this study, an attempt to date hornblendes by the K-Ar method using well- 

characterised samples was completely unsuccessful, so the results are not presented here. 

However, a lesson was learned, regarding the K-Ar systematics in the Vrondou 

homblendes, which can have some impact on the previously reported ages. The samples 

analysed in this study all invariably contained "excess argon", and therefore they 

recorded old and variable ages (44 to 123 !! Ma), with no apparent geological meaning. 

The equation that expresses the amount of Ar in a unit weight of a K-bearing 

mineral of age t is expressed by: 

40Ar = 40Ar, + ( A) 40K(eA - 1) (Faure, 1986) (1) 

The 40Ar1  parameter of the equation expresses the nonradiogenic component that 

was not formed by the decay of 40K since closure of the mineral. This component can be 

related to a variety of sources (Faure, 1986), namely: 1) atmospheric argon adsorbed on 

the crystal lattice or on microfractures during exposure of the sample to the atmosphere. 

Corrections for atmospheric Ar are however routinely perfoimed during any K-Ar 

analytical procedure, 2) argon that was added to the system during later thermal 

metamorphism, and 3) argon dissolved in the magma, originating from the mantle or by 
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oulgassing of old K-bearing crustal minerals. The Vrondou rocks were not observed to 

record any post-magmatic thermal perturbation, with the exception maybe of the 

deformed southwesterly areas, which could record open-system behaviour due to 

continuing post-consolidation deformation. The extraneous argon could therefore be 

tentatively related to a genetic process. 

Conventional K-Ar mineral ages can, therefore, be severely affected if the minerals 

dated contain either metamorphic or magmatic 40Ar, because they are based on the 

assumption that all initial 40Ar is of atmospheric origin, for which corrections are readily 

available. 

With the above cautionary remarks in mind, the 54.9 ± 4.2 Ma homblende age of 

Papadakis (1965) is considered unreasonable and is strongly reminiscent of the discarded 

results of this study. The results reported by Marakis (1969) are more consistent, have 

small errors and they are also comparable with the other studies mentioned above. 

However, in the absence of a detailed report of the measured Ar/38Ar, 36Ar/38Ar ratios 

and sample weights in the original paper, it was not possible to assess the excess argon 

problem in that case, by employing the K-Ar isochron method. 

Nonetheless, as a first approximation, an average age of 30 Ma seems reasonable for 

the intrusion/cooling of the Vrondou complex. This age is generally acceptable. 

In the present study, the Rb-Sr isotope results of whole rock samples of the 

granitoids and their enclaves were plotted on a Rb-Sr isochron diagram (fig. 8.2). 

The dating of comagmatic whole rock samples of igneous rocks by the Rb-Sr 

method is based on the following assumptions (Faure, 1986): 1) the Sr of the original 

magma was isotopically homogeneous throughout the cooling period, and therefore, 

comagmatic rocks should have the same initial Sr isotopic ratio, 2) time required for 

crystallisation is relatively short (compared to the age of the rock) 3) the system remained 

closed for Rb and Sr after crystallisation, and 4) the dated rocks have the same age. 

These assumptions are required in order to assign a meaningful interpretation to the 

resulting isochron. This is the line along which all points have the same age and the 

same initial ratio, and is described by the Rb-decay equation: 

(87Sr/86Sr)m = (87Sr/86Sr)i + 87Rb/86Sr (e" - 1) (2), 

where m=present-day measured ratio, i=initial ratio 

For the present case, granitoids and enclaves were plotted on the 87Rb/ 86Sr vs. 87Sr/ 

86Sr isochron diagram. If the samples are considered as a whole, a considerable 

scattering is observed, and a regression line through all the points (not shown here) 

exhibited a poor linear correlation with very low regression coefficients. However, better 

results were obtained by actually separating the samples into groups. 
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Therefore, one line was fitted through points that represent quartz-monzonitic and 

granitic samples from the western parts of the complex, that were collected away from 

enclaves (fig. 8.2). These samples are NKRSI, NKRS2, NKRS3 and NKRS4. The 

method of York (1969) was followed, assuming a 2 error of 1% on the Rb (ppm) and Sr 

(ppm) values, measured by XRF, and 2 errors on the 87Sr/86Sr measurements by mass 

spectrometry (see Table 8.1). The results, shown on fig. 8.2, indicate an age of 28.2 ± 

14.3 Ma with MSWD = 0.21 and a value of 0.7061 ± 2 (2(y) for the initial 87Sr/86Sr ratio. 
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Figure 8.2. Rb-Sr isochron diagram of the Vrondou samples. Note the existence of two apparent 
isochrons with subparallel slopes, but clearly different initial ratios. 

The other set of samples through which a line was fitted, includes the porphyritic 

monzonitic samples CK77G, CK79E, NKRSI 1G and their enclaves CK77E, CK79E and 

NKRS1 IE. It is remarkable that the slope of this second isochron is nearly equal to the 

previous one, with similar errors (30.8 ± 14.8 Ma, MSWD = 0.20), but the initial 

87Sr/86Sr ratio is higher at 0.70710= ±2 (2). 

There are two alternative interpretations of these data. On the one hand, both lines 

could represent true isochrons, in which case the data indicate contemporaneous batches 

296 



of magma with different initial ratios. In this case, the enclaves A in the monzonites 

could be cognate, earlier fractionates of the monzonites. On the other hand, only the first 

line may represent a true isochron and the one between enclaves and hosts either 

represents a mixing line, or a measure of isotopic equilibrium of enclave and host 

material. If the second line represents a mixing line, then it is fortuitously parallel to the 

true isochron; alternatively, it may indicate that the two entities, enclave and host, were 

in equilibrium at the time of intrusion, which was temporally close to the intrusion of the 

quartz-monzonites to the west. 

The extent of enclave-host isotopic equilibration is further discussed in the following 

section. Here, as far as the age is concerned, it is probably not too erroneous to conclude 

that, although the errors in the calculated ages are high for both cases, an average value 

of 30 Ma is consistent with the results of Marakis (1969). This age is used in the 

following discussions for the age correction of the present-day Sr and Nd data, as seen in 

Tables 8.1 and 8.2. 

8.4. ISOTOPIC RESULTS 

The Rb-Sr and Sm-Nd isotopic results from all the analysed samples are shown in 

Tables 8.1 and 8.2. In the same tables, initial ratios calculated to 30 Ma are shown. 

Some consistent variations are seen in both present-day and initial isotopic ratios and 

three features generally emerge, as is shown on the initial 87Sr/86Sr vs. 143Nd/144Nd 

diagram (fig. 8.3). Firstly, the various groups of granitoids have different Sr and Nd 

isotopic ratios, and different values from the gabbros. Secondly, the Sr and Nd isotopic 

values of enclaves and hosts are overlapping, within experimental error. It is remarkable 

that these features are observed in both present-day and, more importantly, initial isotopic 

ratios (Tables 8.1, 8.2), a fact that indicates that they are genetically-induced, and not the 

result of post-crystallisation processes. 

The quartz-monzonites (NKRS1, NKRS2) and granites (NKRS3, NKRS4) have 

initial (corrected to 30 Ma) 87Sr/86Sr ratios ranging from 0.70598 to 0.70611 and initial 

143Nd/144Nd ratios ranging from 0.5 12456 to 0.512564. The central monzonitic sample 

NKRS9 has somewhat higher Sr initial ratio of 0.70637 and similar Nd initial ratio of 

0.5 12474. The granodioritic sample CK75G has even higher Sr initial ratio of 0.70665 

and lower Nd initial ratio of 0.512421. Finally, the porphyritic monzonite samples 

(CK77G, CK79G, NKRS1 1G), from the northeast part of the complex, have the highest 

Sr ratios and lowest Nd ratios of all undeformed granitoids, in the range of 0.70711 to 

0.70719, and 0.512387 to 0.512400, respectively. All these values, therefore, indicate 
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that the various facies cannot be related by simple closed-system fractional crystallisation 

processes, since such a process is not capable of altering these isotopic ratios. 

Furthermore, the granitoids have different initial ratios from the gabbros. These 

(samples CK65, NKRS12) have consistent initial 87Sr/86Sr ratios of 0.70520 to 0.70523. 

Their Nd isotopic ratios are, however, different for the two samples, the most radiogenic 

being sample CK65 with a value of 0.512621. Sample NKRSI2 has Nd isotopic ratios 

comparable to that of the granitoids (0.512447). Again, these data indicate, as was also 

shown in Chapter 7, that closed-system fractional crystallisation processes deriving 

granitoids from the gabbros can be effectively ruled out. The petrogenetic significance of 

these variations will be further discussed in a later section. 
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Figure 83. Sr and Nd initial isotopic compositions of the various groups of samples analysed in this 

study. All values are corrected to 30 Ma. 

Both types of enclaves have identical Sr and Nd initial ratios to their hosts, within 

experimental error. More specifically, enclaves A in the porphyritic monzonites 

(CK77E, CK79E, NKRSI 1E) have Sr initial ratios in the range of 0.70704 to 0.707 18, 

and Nd 
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Table 8.1 
Sr ISOtOI)iC results 

Sample Rb ppm Sr ppm Rb/Sr 87Rb/86Sr (87Sr/86Sr)m (+/-) 2a (87Sr/86Sr)30 E Sr (30 Ma) 

Quartz Morizonite NKRSI 105 586 0.18 0.5184 0.70628 4 0.70606 19.8 QuartzMonzonjte NKRS2 151 571 0.26 0.7650 0.70644 4 0.70611 20.6 Granite NKRS3 215 272 0.79 2.2868 0.70699 3 0.70601 19.1 Granite 
Granodiorjte 

NKRS4 147 522 0.28 0.8147 0.70633 4 0.70598 18.7 

Monzonjte (centre) 
CK75G 
NKRS9 

146 
140 

439 0.33 0.9622 0.70706 4 0.70665 28.2 

Monzonjte (NE) CK77G 192 
636 
515 

0.22 
0.37 

0.6368 0.70664 3 0.70637 24.2 

Monzoriite(NE) CK79G 212 444 0.48 
1.0787 
1.3815 

0.70765 
0.70771 

4 0.70719 35.8 

Monzonite (NE) NKRSI IG 226 411 0.55 1.5910 0.70779 
4 
4 

0.70712 34.9 

Enclave B CK75E 	 221 425 0.52 	 1.5044 	0.70731 4 
0.70711 
0.70666 

34.7 
28 4 Enclave A CK77E 56 328 0.17 0.4940 0.70738 3 0.70717 35.6 Enclave A CK79E 31 261 0.12 0.3436 0.70733 4 0.70718 35.8 Enclave A NKRS11E 14 345 0.04 0.1174 0.70709 4 0.70704 33.8 Xenolith CK63E 119 	267 0.45 1.2896 0.70846 4 0.70791 46.1 Gahbro NK.RSI2 14 718 0.02 0.0564 0.70522 4 0.70520 7.6 Gabbro CK65 3 864 0.0035 0.0101 0.70523 4 0.70523 8.0 Host to xenolith CK63G 4 651 0.01 0.0178 0.70792 3 0.70791 46.2 Deformed  south 89NK183 179 487 0.37 1.0635 0.70847 4 0.70801 47.6 Deformed south NKDI4 196 538 0.36 1.0540 0.70761 3 0.70716 35.4 Deformed Elaion 89NK1 195 626 0.31 0.9013 0.70825 3 0.70786 45.4 Envelope gneiss (S) NKD20 76 276 0.28 0.7969 0.71067 

Envelope gneiss (S) CKI7 228 134 1.70 4.9326 0.72783 
4 
4 

0.71033 80.4 

Envelope gneiss (E) 89NK231 172 149 1,15 3.3477 0.73179 4 
0.72571 
0.73035 

298.7 

Envelope amphbolite (SNXD16 31 480 0.06 0.1868 0.70671 4 
364.6 

0.70663 28.0 



Table 8.2 
Nd isotopic results 

Sample 	 Sm ppm 	Nd ppm 
	

Sm/Nd (147Sm/144Nd) (143Nd/144Nd)m 	(+1-) 2 a (143NdJ144Nd)3() 	E Nd (30 Ma) 

Quartz Monzonite NKRSI 4.985 19.990 0.25 0.1507 0.512594 42 0.512564 -0.7 Quartz Monzonite NKRS2 3.638 17.140 0.21 0.1283 0.512493 21 0.512467 -2.6 Granite NKRS3 0.853 5.676 0.15 0.0871 0.512473 33 0.512456 -2.8 Granite NXRS4 2.710 21.630 0.13 0.0757 0.512528 29 0.512513 -1.7 Granodiorite CK75G 4.377 25.530 0.17 0.1037 0.512442 33 0.512421 -3.5 Monzonite (centre) NKRS9 7.498 27.100 0.28 0.1673 0.512507 25 0.512474 -2.4 Monzonite (NE) CK770 5.194 27.471 0.19 0.1143 0.512423 20 0.512400 -3.9 Monzonite (NE) CK79G 3.805 21.880 0.17 0.1051 0.512409 35 0.512388 -4.1 Monzonite (NE) NKRS11G 3.123 38.550 0.08 0.0886 0.512405 18 0.512387 -4.1 Enclave B CK75E 5.233 27.649 0.19 0.1140 0.512462 24 0.512439 -3.1 Enclave A CK77E 2.719 16.030 0.17 0.1025 0.512428 23 0.512408 -3.7 Enclave A CK79E 3.055 19.010 0.16 0.0972 0.512414 36 0.512395 -4.0 Enclave A NKRS11E 3.270 17.660 0.19 0.1120 0.512423 29 0.512401 -3.9 Xenolith CK63E 1.199 5.445 0.22 0.1331 0.512404 29 0.512377 -4.3 Gabbro NKRS12 2.155 8.150 0.26 0.1599 0.512479 37 0.512447 -3.0 Gabbro 0(65 1.797 6.831 0.26 0.1590 0.512621 24 0.512589 -0.2 Host to xenolith CK630 4.759 27.420 0.17 0.1056 0.512459 26 0.512438 -3.1 Deformed south 89NK183 4.181 26.080 0.16 0.0969 0.512335 33 0.512316 -5.5 Deformed south NKD14 5.105 29.383 0.17 0.1050 0.512486 34 0.512465 -2.6 DefomiedElajon 89NK1 5.283 33.880 0.16 0.0943 0.512477 32 0.512458 -2.7 Envelope gneiss (S) NXD20 5.235 23.590 0.22 0.1371 0.512453 20 0.512426 Envelope  gneiss (S) CK17 4.583 22.300 0.21 0.1242 0.512260 31 0.512235 
-3.4 
-7.1 Envelope gneiss (E) 89NK231 3.925 21.580 0.18 0.1100 0.512260 23 0.512238 -7.0 Envelope axnphibolite (S) NKD16 4.305 18.980 0.23 0.1342 0.512376 21 0.512349 -4.9 



initial ratios in the range of 0.512395 to 0.512408. One enclave B (CK75E) from a 

gEanodiorite parent (CK75G) shows similar behaviour. It has an identical Sr initial ratio 

with its host, 0.70666 and, within error, an identical Nd ratio of 0.512439. 

Furthermore, one granitoid-amphibolite xenolith pair (CK63G-CK63E), as well as 

an envelope amphibolite (NKDI6) were analysed for comparison. It is clear that yet 

again, the Sr initial ratios of the xenolith and its host overlap completely, showing a 

common value of 0.70791. 

The initial Nd ratios, however, do not show comparable homogeneity. The initial 

Nd ratio of the xenolith (0.512377) nearly overlaps that of the envelope amphibolite 

(0.512349) within error, but it is distinct (lower) from that of its host (0.5 12438). It has 

to be noted that this xenolith-host pair was collected at the deformed southern contact of 

the pluton, and hence, the granitoid host shows isotopic affinities with the deformed 

granitoids. 

The deformed granitoids show generally higher Sr ratios and lower Nd ratios, than 

their undeformed quartz-monzonitic counterparts. More specifically, initial Sr isotopic 

values of two deformed Vrondou granitoids (89NK183, NKD14) and one Elaion sample 

(89NK1) range within 0.70719 to 0.70805, and initial Nd isotopic values range from 

0.5123 16 to 0.512465. 

The envelope samples show a range of Sr and Nd ratios, age-corrected at 30 Ma. 

Two samples (CK17, 89NK231), both representing biotite gneiss homfelses, have the 

highest (87Sr/86Sr)30  ratios and the lowest (143Nd/Nd)30  ratios, 0.72571-0.73035, and 

0.512235-0.512238, respectively. The amphibolite (NKDI6) has (87Sr/86Sr)30  of 

0.70663, and (143Nd/1 Nd)30  of 0.5 12349, whereas the mylonite (NKD20), has 

corresponding values 0.71033 and 0.512426. These values indicate upper crustal 

characteristics, and represent a variety of crustal components that can potentially 

contaminate the granitoids. 

Any petrogenetic model for the Vrondou rocks should therefore try to explain: a) the 

actual values of the Sr and Nd initial ratios, b) the correlation of isotopic values with 

degree of differentiation, c) the correlation of isotopic with elemental enrichment, d) the 

correlation of isotopic values with emplacement sequence, and e) the petrological aspects 

of the Vrondou rocks. 

In the following sections three main questions will be addressed, in the light of all 

the above results. Firstly, what is the significance of the enclave-host association 

(section 8.5)? Secondly, what petrogenetic scenario can explain the range in isotope 

ratios seen in the various granitoid facies (section 8.6), and thirdly, what is the 
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significance of the difference in isotopic ratios between the undeformed and the 

deformed granitoids (section 8.7)? 

8.5. THE ENCLAVE-HOST ASSOCIATION- A STORY OF EQUILIBRATION 

The various theories regarding the origin of microgranular enclaves were presented 

in Chapter 6. On textural grounds, it was shown that the enclaves in the Vrondou 

granitoids represent rapidly cooled magmas, with a multi-stage crystallisation history. 

Furthermore, in Chapter 7 it was shown that they cannot be considered as an intermediate 

fractionation stage in a fractionation process deriving granitoid compositions from a 

gabbroic parent. Their REE patterns are very similar to their hosts, indicating a common 

source. With the addition of the isotope data, two main alternative interpretations can be 

put forward for the present case. One interprets the enclaves as cognate material, and the 

second as witnesses of a hybridisation process, responsible for both generating the 

granitoid host and modifying enclave isotopic compositions. 

Firstly, the enclaves may represent cognate more basic material, fractionated earlier 

and mechanically incorporated in, but not mixed with, the hosts during ascent. This 

alternative would require cumulate textures, rather than multi-stage crystallisation of a 

rapidly cooled melt (Chapter 6), and could not readily explain the hybridisation features 

implied by the plagioclase textures and the coupling in the chemistry of most mineral 

phases (Chapter 6). Chemically, it could explain the similarity of the isotopic values of 

the two materials (enclaves and hosts) and the smooth patterns of major element 

behaviour. For the Sr and Nd isotopic data, it would require that enclaves are earlier 

fractionates of separate magma batches, representing the respective hosts. However, the 

overlapping Sr isotopic ratio of the xenolith with that of its host, indicates that some 

process is responsible for "dragging" enclave values towards those of their host. 

The second alternative invokes the operation of hybridisation. Enclaves could 

represent more basic members of a, generally speaking, hybridisation process between 

magmas of differing composition. In this case, the igneous textures and disequilibrium 

features would be more readily explained. For example, it was shown that enclaves, of 

both types, contained xenocrystic material, closely comparable to host material, such as 

plagioclase and K-feldspar megacrysts in enclaves A and quartz ocelli in enclaves B. 

Texturally, therefore, some degree of interaction between enclaves and hosts, especially 

when the enclaves have very small sizes, is to be expected. The existence, on the other 

hand, of mineral evidence of an early history of a more basic phase (e.g. calcic cores in 

enclaves B) as a component in the enclaves, indicates that their original nature is not 
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totally obscured. If the enclaves represent unmodified basic material then the basic 

magma which entered the rnonzonitic magma chamber had to have exactly the same 

isotopic composition as the host monzoriite, and, by analogy, the basic magma and the 

granodiorite magma had to have the same isotopic composition as each other, but this 

was different to that of the monzonites. Such a fortuitous coupling seems unlikely. 

Alternatively, a near perfect isotopic equilibration could have taken place between the 

enclaves and their hosts. 

The general significance of such a theory lies in the potential of enclaves to provide 

a glance back to the mantle end-members, which provided either heat or matter for 

granitoid generation (e.g. Holden eral., 1987; Castro et al., 1990a, 1991, among many). 

On the other hand, the same hybridisation process could be responsible also for erasing 

the mantle memory of the enclaves, as seems to be the case in the Vrondou pluton. 

At face value, the Sr, Rb and Nd, Sm elemental contents of the enclaves and hosts 

are reasonable for the given nature of the materials, that is, basic versus acid. In order to 

test the degree of equilibration of enclave-host material, the Sr and Nd concentrations 

were plotted as enclaves versus host, from data in Chapter 7 (figure 8.4a and 8.4b). The 

isotopic data of this chapter are also plotted in the same way (figure 8.4c and 8.4d) for 

comparison. 

According to Holden et al. (1991), linear correlations in such diagrams should 

indicate the dependence of enclave concentrations on the host composition. As is shown 

in figure 8.4, there is some relationship of both elemental and isotopic Sr and Nd 

compositions between the enclaves and the host. Closer examination of figures 8.4a and 

8.4b, reveals that the Sr elemental concentrations of the enclaves are strongly correlated 

with those from their hosts, since the 1:1 line of perfect equilibration is closely followed. 

However, Nd does not behave in a similar fashion. Nearly all the enclave-host points are 

displaced off the 1:1 line, indicating that Nd elemental equilibration has not taken place. 

The Sr isotopic behaviour (figs. 8.4c,d) is one of perfect equilibration; even the xenolith 

plots on the 1:1 line. Nd initial ratios also follow a 1:1 trend, although the xenolith falls 

below this line, the xenolith having a lower (143Nd/144Nd)30  than its host. 

The above chemical evidence for elemental interdependence of the host with the 

enclave material is not, however, totally unexpected. As was mentioned above and 

described in detail in Chapter 6, evidence for close behaviour is also provided by the 

petrographical and mineral chemistry data. 

The case of isotopic equilibration, even in the absence of total homogenisation on an 

elemental scale, is a commonly observed one regarding Sr isotopes. 
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More specifically, there are numerous cases in the literature which describe enclaves 

with similar Sr initial isotopic signatures with their hosts, although the enclave material 

in fact represents an end- or intermediate member of a mixing process (Holden et al., 

1987; Allen, 1991; Holden etal., 1991). Furthermore, there are also cases of coupling of 

both Sr and Nd initial isotopic ratios (Pin etal., 1990). 

Holden et al. (1987) explained the apparent Sr isotopic equilibration by the fact that 

Sr resides in plagioclase, which commonly undergoes grain-boundary re-adjustments in 

the enclaves or a multi-stage crystallisation history during a hybridisation process (c.f. 

Barbarin, 1990a; Castro et al., 1991). Accessory minerals, on the other hand, are less 

affected by re-equilibration, and therefore Nd isotopes have a smaller chance to 

homogenise (Holden et al., 1987). 

Paterson & Stephens (1992), analysing natural samples from British Caledonian 

metaluminous granitoids, argued that titanite, a major repository phase of the REE, 

exhibits kinetically-induced sector-zoning, defined by REE, Y, Nb, Al and Fe, which is 

not necessarily related to melt chemistry composition or mineral/melt equilibrium 

partitioning, but depends on kinetic factors. Furthermore, this zoning is preserved after 

crystailisation (if no sub-solidus alteration has taken place), which indicates that post-

crystallisation internal diffusion of the REE is not significant. Additionally, Paterson et 

al. (1992) suggested that other accessory phases exhibit different degrees of Sm-Nd 

diffusional isotopic equilibration with their host magma. Apatite is found to be 

susceptible to equilibration with their host granitoid, whereas zircon, as in U-Pb 

systematics, behaves as a refractory phase and exhibits "inherited" Nd initial ratios. 

Solid-state diffusion alone, therefore, is to a variable, but small degree, responsible for 

homogenising Nd elemental and isotopic values in a magmatic environment. 

Decoupling of elemental from isotopic behaviour of Sr and Nd has been 

experimentally proven for the case of diffusive mixing of dacitic and rhyolitic melts, 

under both hydrous and anhydrous conditions (Baker, 1989; 1991) and between basic and 

acid melts (Lesher, 1990). 

According to Baker (1989), the transport of ions in non-convecting silicate melts or 

glasses takes places by i) self-diffusion, the movement of an element through the melt in 

the absence of a chemical gradient, and ii) chemical diffusion, which refers to elemental 

movement driven by a chemical gradient. Chemical diffusion is the mechanism by which 

non-convecting melts of differing composition homogenise. If the element is present in 

trace quantities, its diffusion in the presence of a small chemical gradient will occur 

through self-diffusion. Tracer diffusivities are therefore governed mainly by self-

diffusivities and not by chemical diffusivities. Isotopic homogenisation occurs by self- 
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diffusion, when the contacting melts have similar compositions and by a combination of 

self- and chemical-diffusion if the two melts are chemically diverse. 

Baker (1989, 1991) showed that for the case of liquid systems, Sr self-diffusivities 

that govern, the isotopic composition, are higher than chemical diffusivities. This 

happens because the latter are ultimately dominated by the chemical diffusivities of the 

network-forming elements, Si and Al, and thus reach a steady-state, similar to the Si and 

Al diffusivities. Furthermore, the presence of H20 in the melts will enhance both 

diffusivities. This diverse behaviour will ultimately lead to a decoupling of the elemental 

from the isotopic composition of Sr in the hybridised melt (fig. 8.5). 

Lesher (1990) carne to the same conclusions for the case of Nd, although he noted 

that the rates of isotopic exchange of Sr and Nd are different, related to subtle differences 

in bond energies and coordination to oxygen. The rate of Sr isotopic exchange is two 

times faster than Nd (fig. 8.6). 

Although the above diffusion experiments of Baker (1989, 1991) were based on 

liquid only charges, and not on natural systems, which would include crystals, their 

general results are reproduced in the present natural example. In fig. 8.4 it was seen that 

for the Vrondou enclave-host pairs, Sr and Nd isotopic equilibration was more effective 

than the elemental equilibration (c.f. Baker, 1989; 1991), and that Sr (both on an 

elemental and isotopic scale) was more equilibrated than Nd (c.f. Lesher, 1990). 

Diffusion, however, is not the sole mechanism by which two magmas, or crystal 

mushes, can homogenise through mixing or mingling (Zorpi et al., 1989, 1991). Besides 

sell and chemical diffusion, homogenisation can also result by i) mechanical exchanges 

of crystals, leading to chemical modifications of the smaller volume member, ii) volatile 

migration that promotes chemical transfer; and iii) residual liquid migration. 

The textural features of the enclaves, especially the multi-stage crystallisation 

history, as evinced by plagioclases, and also, host-crystal capture, provide ample 

evidence that besides diffusion, physical mixing has also taken place. As Castro et al. 

(1990a) demonstrated from the Gerena interaction zone, enclaves can be considered as 

having a framework of early crystals with a "porous" matrix, that entrains foreign 

material and isotopically homogenised melt. For example, the uniform compositions of 

plagioclase rims, in both enclaves and hosts, is a strong physical argument for such a 

process. 

The behaviour of Sr and Nd isotopes in the case of the xenolith, however, is not as 

straightforward. Although the Sr isotopes are completely homogenised, the Nd isotopic 

composition of the xenolith is closer to the original protolith than the host (fig. 8.3 and 

Tables 8.1; 8.2). 
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Figure 8.6. Chemical and isotopic variations measured normal to the original interface of experimental 
nerdiffusion couples of mafic and acid reservoirs. Results for 10 kb experiments. The initial compositions 
of the mafic (MF-R) and acid (FS-R) reservoirs are indicated by bold and open arrows,respectively. 
Diffusivity for Sr isotopic exchange in the mafic portion of the couple (50 wt% SiO2) is 1.9 x 10 cin2j, it 
decreases with increasing silica content, and at 70 wt% SiC)2  it is 5.1 x 10 cm2fs. This range of values is a 
factor of two greater than that determined for Nd isotopic exchange and exceeds the rate of chemical 
homogenisation, by a factor of 5-7. From Lesher, 1990 (fig. 1, p. 235). 

307 



The xenolith, however, was definitely a solid, crystalline rock at the time of 

enclosure in its host. Therefore, the above elegant experiments are not directly relevant, 

unless complete melting of the xenolith and re-equilibration of the newly-formed liquid 

with the host is postulated. However, this is not justified on textural grounds. Solid-state 

diffusion is therefore a more suitable process in this case, and here, the work of Paterson 

& Stephens (1992) and Paterson etal. (1992) is clearly relevant (see above). 

Consequently, there is strong evidence to suggest that the enclaves found in the 

Vrondou granitoids have isotopically equilibrated with their hosts. It is not possible to 

pin-point the exact process by which the equilibration has occurred. Nonetheless, the 

comparison of Sr and Nd elemental and isotopic behaviour, coupled with textural 

evidence, suggests that the present observations are compatible with both the theoretical 

liquid-liquid diffusion results and the operation of physical mixing processes, involving a 

liquid-crystal framework. Although it is unknown how the presence of crystalline 

material would affect theoretical liquid diffusion paths, the totality of the equilibration 

process, could indicate that a combined operation of both diffusion and physical mixing 

could be responsible. 

One major corollary of the observed enclave behaviour is that the original isotopic 

identity of the basic member of this hybridisation process cannot be traced using the 

enclaves (see also Pin et al., 1990). In other cases, (e.g. Holden et al., 1987; Davidson et 

al., 1990; Eberz et al., 1990) only partial equilibration has been recognised, especially 

affecting Sr isotopes. There, Nd isotopes have been used as tracers of the identity of 

basic components to a hybridisation process generating the granitoid magmas. However, 

the results of this study indicate that such processes, apart from being responsible for the 

isotopic signatures of the granitoid products, can also, in the same time, effectively erase 

the isotopic memory of the end-members. 

8.6. PETR0(;ENEsIs 

The range of Sr and Nd initial ratios in the Vrondou granitoids (Sri  = 0.70598 to 

0.70718, Nd = 0.512564 - 0.512387) indicates that they cannot have been formed by 

closed-system fractionation of a basic parent with the initial ratios of the Vrondou 

gabbros (Sri  = 0.70523, Nd = 0.512589-0.512447). Furthermore, the different ratios 

seen in the various granitoid facies (Fig. 8.3, Tables 8.1, 8.2) indicate that there is a 

distinct possibility that they were generated from isotopically different sources, since on 

an elemental basis (especially REE compositions, Chapter 7), chemically diverse sources 

are not readily justified. 
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The actual Sr and Nd isotopic values of the Vrondou granitoids indicate that they 

cannot be derived directly from metasedimentary upper continental crust, unless this 

crust is isotopically young, and has therefore relatively unradiogenic Sr aid radiogenic 

Nd values (c.f. Pin & Duthou, 1990). Very little is known about the isotopic composition 

of the Rhodope envelope. Del Moro et al. (1990) present Sr isotopic data from the 

envelope of the Kavala pluton, occurring to the south of the Vrondou area. This 

envelope, like the Vrondou envelope, belongs to the Lower Tectonic Unit of the Rhodope 

Massif and consists of quartz-mica paragneisses, marbles and amphibolites. According 

to Del Moro etal. (1990) the paragneisses define a 260 ± 5 Ma isochron, representing an 

early metamorphic event. Furthermore, Sr isotopic ratios corrected to 30 Ma from these 

rocks range between 0.70953 to 0.72969 (mean 0.71827), thus showing upper crustal 

isotopic compositions. 

Three gneiss samples from the immediate envelope of the Vrondou complex were 

analysed in this study, for both Sr and Nd isotopes (samples CK17, 89NK231, NKD20). 

These results are in accord with those of Del Moro et al. (1990) : initial (corrected to 30 

Ma) Sr values, ranging from 0.71033 to 0.73035. The initial Nd isotopic values are also 

typical of metasedimentary upper crust, ranging from 0.5 12235 to 0.5 12426. The initial 

Sr and Nd isotopic compositions of one envelope amphibolite sample (NKD 16, Sr 

0.70663, Nd 0.512349) indicate that, possibly, a young meta-igneous crustal source could 

be postulated for the generation of at least some of the Vrondou granitoids, those with 

higher initial Sr isotopic values (e.g especially, granodiorites and porphyritic 

monzonites). However, the REE patterns (Chapter 7) and the Nd isotopic values are at 

odds with a direct derivation of these rocks from an amphibolitic source with the isotopic 

composition of sample NKD 16. 

It was shown in the previous section that the enclaves have isotopically equilibrated 

with their hosts. Therefore, the only window to the mantle, in the case of the Vrondou 

complex, is represented by the gabbros, since no isotopic analyses of the lamprophyres 

are available. The two gabbro samples have uniform Sr initial ratios, 0.70520 to 

0.70523, but sample NXRS12 shows a lower, crustal-like, Nd initial ratio (0.512377) 

compared to sample CK65 (Nd 0.5 12589). It is unlikely that alteration would result in 

shifting only the Nd isotopes, leaving the Sr isotopes unaffected. Possibly, some 

contamination with old lower crustal material, which is generally considered to have low 

Sr and Nd isotopic ratios (Moorbath & Taylor, 1986) and mafic to intermediate 

composition (Kay & Kay, 1986), could be responsible for this discrepancy. However, as 

Hawkesworth (1982) pointed out, it is uncertain whether in young orogenic areas there 

would be enough time to induce such a lower crustal depletion, attributed to a lengthy 
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exposure to granulite fades metamorphism. Unfortunately, there is no evidence that 

would argue for or against the presence of a depleted lower crust in the Rhodope area. 

The Sr and Nd isotopic composition of the gabbro sample CK65 (Sri 0.70523, Nd1 

0.512589) indicates either the presence of an enriched mantle at the time of generation of 

the Vrondou complex, or that the Vrondou gabbros were contaminated by continental 

crustal material during the passage through the crust. The isotopic composition of the 

Vrondou gabbro is comparable to that of recent basic volcanic rocks from subduction-

related environments, for example the Sunda arc of Indonesia (see fig. 8.7, from Faure, 

1986, and also Hawkesworth, 1982; Hawkesworth & Van Calsteren, 1984), or basic 

rocks from the Andes (c.f. Rogers & Hawkesworth, 1989). 
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Figure 8.7. Initial Nd and Sr isotopic compositions of the Vrondou gabbros, enclaves and graniioids 
compared with the Nd and Sr isotopic compositions of volcanic rocks from island arcs and continental 
margins adjacent to subduction zones (from Faure, 1986, fig. 13.6, p.  227, and references therein). The 
solid line represents the mantle array. 

Caic-alkaline basic magmas from volcanic arcs are characterised by higher Sr 

isotopic ratios than MORBs, which are generated from unaltered depleted mantle 

compositions (see fig. 8.7). In the case of island arcs, this isotopic enrichment, has been 
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attributed to enrichment of the mantle wedge by fluids, or partial melts from the 

descending altered oceanic crust. In the case of active continental margins, the presence 

of thick continental crust or subcontinental lithospheric mantle, is probably recorded in a 

combined increase of Sr and decrease in Nd isotopic ratios, and thus sets the problem of 

the unequivocal distinction between crustal contamination during the emplacement of 

mantle-derived magmas in the crust, and mantle source enrichment prior to emplacement 

in the crust (see Rogers & Hawkesworth, 1989 for a discussion of this issue from 

Northern Chilean volcanic rocks, and von Blanckenburg et al., 1992, from the Bergell 

Alpine intrusion). A mantle source enrichment was postulated by Del Moro etal. (1988) 

for the Maronia monzonitic intrusion in the Eastern Rhodope and Kotopouli & Pe-Piper 

(1989a) for the Western Rhodope area, based on Sr isotopic and trace element data. 

Furthermore, Juteau et al. (1986), based on Pb isotopic compositions of K-feldspars, 

suggested the presence of an enriched mantle component beneath the Aegean sea, not 

seen in the compositions of other circum-Mediterranean magmatic rocks. The nature of 

the mantle beneath the Rhodope area is certainly still an open subject. 

In figure 8.8 the initial isotopic compositions of the Vrondou granitoids, gabbros and 

envelope rocks are plotted in a Nd-Sr isotopic diagram. In the same diagram, the fields 

of present-day isotopic compositions of Phanerozoic and Precambrian granitic rocks from 

various areas are shown (all taken from Faure, 1986, fig. 13.7, p.  230, and references 

therein). The Vrondou samples have similar compositions with granitoids from the 

Sierra Nevada and the Caledonian granitoids of Scotland. It is also observed that the 

envelope samples are typical of Phanerozoic continental crustal material. 

In the same diagram, two generalised binary mixing curves representing two-

component mixing between a typical continental tholeiitic basalt and typical upper 

crustal (trend 1) and lower crustal (trend 2) material are shown (all the parameters are 

taken from Faure, 1986, p.  229, Table 13.1). It is seen that binary mixing between a 

depleted mantle composition and either lower or upper crustal material does not 

satisfactorily simulate the trend followed by the Vrondou rocks. However, assuming an 

enriched mantle end-member with the isotopic composition of the Vrondou gabbro 

sample CK65 and a crustal end-member with the isotopic composition of the Vrondou 

envelope sample 89NK23 1, a binary mixing curve seems to follow the trend observed by 

the Vrondou granitoids (plotted on fig. 8.8). The parameters used in modelling this 

mixing curve, following the general mixing equation of Langmuir et al. (1978) can be 

found in Table 8.3. As a first approximation, therefore, it can be concluded that binary 

mixing of an enriched mantle component with an upper crustal component may 
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satisfactorily explain the apparent distribution of Nd and Sr isotopic compositions of the 

Vrondou granitoids. 
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Figure 8.8. Nd and Sr compositions of the Vroodou granitoids compared with Phanerozoic and 
Precambrian granitic rocks. The fields are taken from Faure (1986, fig. 13.8, p. 231) and represent: 1. 
Peninsular Ranges granites, California and Baja California, IL Sierra Nevada granites, ifi. Scottish 
Caledonian granites, IV. and V. S-type granites from the Lachlan Fold Belt, Australia. Mixing hyperbola 1 
represents mixtures of granitic rocks from southeastern Australia with basalt from the Columbia River 
Basalt. Mixing hyperbola 2 represents mixtures of Precambrian granulites from East Antarctica with the 
same basalt component. The Vrondou mixing hyperbola was calculated using the mixing equation of 
Langmuir etal. (1978), gabbro CK65 and envelope 89NK231, as end-members. See text for details. 

Table 8.3 
Isotopic compositions and concentrations of Nd and Sr of gabbro and envelope end-members used in 
calculating the Vr9ndoy binary mixing curve. 

Envelope (89NK231) Gabbro (CK65 
Component A B 
Nd (ppm) 21.58 6.83 
(143Nd/144Nd)30 0.5 12238 0.512589 
Sr (ppm) 149 864 
(87Sr/86Sr)30 0.730305 0.70523 
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A closer examination of the distribution of isotopic compositions within the various 

rock-types of the Vrondou complex, indicates that although such a hybridisation process 

may be responsible for the large scale petrogenesis of the Vrondou magmas, on a local 

scale, a more complex model should be invoked. 

More specifically, the variation of Sr and Nd initial ratios with Si02  wt% is a first 

indication of that. In figure 8.9a and 8.9b the Sr and Nd initial ratios of the Vrondou 

granitoids, gabbros and enclaves are plotted against the respective Si02  wt% content. A 

straightforward increase in Sr ratios and decrease of Nd ratios, with increasing degree of 

differentiation is not observed, as would be expected by a single-stage process, 

connecting a mantle-derived component with a crustal one. The quartz-monzonites and 

granites, with higher Si02 wt%, have the lowest Sr and highest Nd values, whereas the 

central monzonites and porphyritic monzonites have higher Sr and lower Nd values, with 

lower Si02 wt%. This observation again poses the problem, seen in elemental 

compositions (Chapter 7), of the presence of distinct granitoid magma batches, defined in 

figure 8.9a, on the basis of Sr and Nd isotopic compositions, as i) quartz-monzonites and 

granites, ii) granodiorites, iii) central monzonites, and iv) porphyritic monzonites of the 

northeastern areas. The major and trace element compositions indicated the presence of 

mainly two parental batches for the granitoids, those being quartz-monzonites and central 

monzonites, from which the remaining compositions were derived by fractional 

crystallisation. The variable degree of success in major and trace element modelling of 

closed-system fractionation, may in fact be connected with the isotopic variations 

observed here, which are an indication that the petrogenesis of the Vrondou granitoids 

should be examined in two levels, the level of emplacement and a deeper level, where the 

initial "mixing" took place. 

Furthermore, it is remarkable that the isotopic enrichment process has a geographical 

depiction (fig. 8.10). The western areas, covered by quartz-monzonites and granites, 

shown in Chapter 3, to be emplaced first, have less radiogenic Sr and more radiogenic Nd 

than the porphyritic monzonites in the eastern areas, that were emplaced later, recording 

only pre-CMF fabrics. Any petrogenetic model, therefore, should explain firstly the 

large scale derivation of the parental granitoid batches by mixing of a mantle-derived 

component with a crustal one, process which gave genesis to more contaminated, but less 

evolved magmas with time, and their subsequent evolution, more specifically, the 

connection of the quartz-monzonites to granodiorites and the connection of the central 

monzonites to the northeastern, porphyritic monzonites. 
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Figure 8.9. Variation of initial Sr and Nd ratios with SiO, wl% in gabbros, enclaves and granitoids of the 
Vrondou plulon. Note that a straightforward Sr isotopic enrichment and Nd isotopic depletion with 
increasing differentiation is not observed. 

314 



Sr Isotopes 
km 

, 
/ 

/ 
/ 

/ 

dQmz 

Nd isotopes 

0. 

Gb 	' 

7 26,2 '8 \ \MZ\_PMz  

4.  

Gdr 	
3. 

3.5 

(1

dQmz 
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Figure 8.11 is a plot of the initial Sr ratios against the Sr elemental compositions for 

the analysed samples. In the same diagram, gabbros and envelope samples have also been 

plotted, representing the end-members of a large-scale mixing process. Two trends of 

negative correlations can be seen, with Sr concentrations decreasing with increasing 

differentiation (from gabbros to quartz-monzonites to granodiorites, and from gabbros to 

central monzonites to porphyritic monzonites in the NE) accompanied with increasing 

initial Sr ratios. Such a behaviour clearly indicates the presence of at least two parental 

granitoid batches (quartz-monzonites and central monzonites), generated at depth by 

interaction of the two end-members. However, simple binary mixing cannot satisfactorily 

explain the negative correlations of Sr isotopes with Sr concentrations, especially the 

trend followed by the quartz-monzonitic batch (fig. 8.11). This behaviour is better 

explained by a combined assimilation with fractional crystallisation process, connecting 

the two end-members (AFC, De Paolo, 1981). 
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Figure 8.11. The correlation of Sr concentrations with initial Sr isotopic ratios in the Vrondou granitoids. 
Note the closed-system fractionation trends displayed by quartz-monzonites to granites and by the 
porphyritic monzonites in the NE, and the existence of two negative mixmg" trends, attributed here to a 
two-stage AFC process. See text for details. 

When assimilation of crustal material accompanies fractional crystallisation of basic 

magma, the trace element and isotopic composition of the hybridised residual liquid 
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depends on the ratio of the mass assimilated against the mass crystallised (r = Ma/Mc) 

and the bulk distribution of the given trace element (D) (De Paolo, 1981). Furthermore, 

in an AFC process, highly incompatible trace elements (D << 1) are more enriched in the 

residual liquid than that expected from simple fractional crystallisation, and the rate of 

this enrichment is higher than that of compatible elements (fig. 8.13, from De Paolo, 

1981). Additionally, isotopic ratios of highly incompatible elements will tend to suffer 

smaller shifts towards the isotopic composition of the contaminant, relative to elements 

with higher bulk distribution coefficients, that suffer laijge isotopic shifts, for a given 

value of r. This behaviour, for example, can explain the shallow trends of the AFC curves 

observed on Nd-Sr isotopic diagrams (e.g. De Paolo, 1981), which are shallower than 

those expected by simple binary mixing, for which only the Sr and Nd isotopic 

compositions and concentrations of the end-members govern the trends (c.f. Langmuir et 

al., 1978). 
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Figure 8.12. Relationship between the relative concentration of an element in a magma experiencing 
assimilation-fractional crystallisation and the mass of the magma as a fraction of the original mass. Dashed 
lines are for closed-system fractional crystallisation. The numbers on the curves give the values of Ca/Cm 
(element concentration in assim.ilant / element concentration in the original magma). Note the greater 
enrichment in incompatible elements during AFC compared to simple fractional crystallisation, and the 
obtaining of a "steady-state" relative concentration of strongly compatible elements during AFC, compared 
to fractional crystallisation. From De Paolo (1981, fig.2, p.192). 
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If the assumed parental granitoid compositions generated by a two-stage AFC 

process are the least evolved quartz-inonzonite (NKRS1) and the central rnonzpnitic 

sample (NKRS9), and if samples CKI7, 89NK231 are used as representative envelope 

and the gabbros as representative basic component, then following the observations of De 

Paolo (1981), there are two ways to interpret qualitatively the schematic trends exhibited 

by the two deep-level "batches" of Vrondou granitoid magmas (fig. 8.11). They could 

either represent similar assimilation/crystallisation ratios (r) but different DSr,  or 

alternatively, similar bulk distribution coefficients for Sr but different 

assimilation/crystallisation ratios (r). It would be highly tentative to strongly suggest 

either alternative, given the lack of solid constraints on the composition of the parental 

(basic magma) and the wall-rock end-members. However, given that the quartz-

monzonites are generally more evolved, but less radiogenic than the monzonites, which 

show the highest incompatible element enrichments (e.g. Th, K, Rb etc.) it is tentatively 

proposed that it is the difference in assimilation/crystallisation rate that is mainly 

responsible for the observed trends. Although not quantified, the above reasoning would 

seem to suggest that the first batch has a smaller assimilation/crystallisation ratio, leading 

to more evolved, but less contaminated compositions. The second batch, probably 

resulting by the further influx of basic magmas at depth, has a larger 

assimilation/crystallisation ratio, leading to less evolved but more contaminated 

compositions. 

Therefore, unlike most cases where an AFC process has been identified (e.g. Leeman 

& Hawkesworth, 1986; Rogers & Hawkesworth, 1989; von Blanckenburg et al., 1992), 

in which isotopic contamination accompanies differentiation, the deep-level AFC process 

has generated more contaminated, but less evolved magmas. The Vrondou case bears 

some similarities to what Barnes et al. (1990) described from the Klamath Mountains in 

California. in this area, two Mesozoic granitoid bodies, the Slinkard pluton (SP) and 

Wooley Creek batholith (WCB), were found to represent components of a layered 

magma chamber, where the firstly emplaced dacites (the upper WCB) are less 

contaminated and enriched in incompatible trace elements than the subsequently 

emplaced andesites (lower WCB and SP). Although their detailed model involves in situ 

fractionation and contamination of the various components, two major points emerge, 

that seem applicable to the Vrondou case. Firstly, the need for the continuous influx and 

mixing of basic magma in the chamber, in order to maintain the bulk composition of 

andesite, and the operation of the AFC process in order to achieve enrichment of the 

incompatible elements in the andesitic component, relative to the parental basic magmas 

and the dacitic products of a similar process. Furthermore, Hill et al. (1988) identified a 
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two-stage model for the petrogenesis of the Eagle Peak pluton of the central Sierra 

Nevada batholith, that closely resembles the mechanism proposed in this study. 

In fig. 8.11 it is also seen that the differentiation trend from quartz-monzonites to 

granites, and internal differentiation of the porphyritic monzonites are governed by 

closed-system fractionation, although there is some variation in the Nd isotopes, as was 

seen in fig. 8.9b. In these cases, decrease of Sr concentrations, with constant Sr initial 

ratios, is due to plagioclase fractionation, presumably at high-levels, observation which is 

in accord with both major and trace element modelling (Chapter 7). On the other hand, 

the two distinct groups of negative correlations between i) quartz-inonzonites and 

granodiorites and ii) central and porphyritic monzonites are indications of open-system 

behaviour of the parental batches, either at the level of emplacement or at depth. The 

fact that the porphyritic monzonites have themselves undergone closed-system fractional 

crystallisation at high levels indicates that a deep-level AFC process was probably 

responsible for deriving this magma batch from the parental central monzonitic magma, 

as it would be unlikely that early high-level open-system behaviour of a parental 

monzonitic batch would have given way to subsequent closed-system behaviour in the 

contaminated porphyritic monzonite magmas. The connection of the parental quartz- 

monzonite with the granodiorite magma, in the absence of more Sr and Nd isotope 

analyses of the granodiorites, could be explained as open-system fractionation of the 

quartz-monzonites at either level. The invoking of a deep-level AFC of the quartz- 

monzonites leading to granodiorites which are isotopically more contaminated, than the 

subsequent, less evolved, central monzonites is somewhat paradoxical, and it would then 

seem to suggest that the two parental batches were actually formed in two quite distinct 

magma chambers. On the other hand, at high-levels, fractional crystallisation of the 

quartz-monzomte in a closed-system inwards to give uncontaminated granitic 

compositions, and in an open-system outwards to give contaminated granodiorites may 

well be a simpler explanation. 

In general, the suggestion of a two-stage evolution of the magmas, involving the 

deep-level open-system behaviour of a transient magma chamber where basic magmas 

are intruded and fractionated, with concurrent contamination, and a high-level situation, 

where the batches generated at depth are emplaced and undergo fractionation either in 

closed-systems or not, can also give a first class interpretation to some textural features 

described in Chapter 6. For example, plagioclase zoning differences between the 

monzonitic rocks (presence of basic spikes) and those in the quartz-bearing granitoids, 

can be explained by the renewed influx of basic magmas at depth, as would be expected 

if the andesitic bulk composition of the monzonites is to be maintained. 
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It has to be noted that by invoking an AFC model, no specific interpretation of the 

nature of the assimilant is inferred. According to De Paolo (1981) bulk assimilation is 

thermally facilitated by the latent heat of crystallisation, but also intrusion of mantle-

derived magmas in the crust can promote partial melting, in which case the assimilant is a 

"liquid" phase. 

The implication of a deep-seated transient magma chamber in the deep-level 

petrogenesis of the Vrondou magmas is in accord with the fluid dynamical model of 

Huppert & Sparks (1988). More specifically, Huppert & Sparks (1988) discussed the 

consequences of basic magma intrusion in the crust by examining experimental 

simulations of the fluid dynamical processes involved and concluded that in such 

situations, basic magma intrusion promotes crustal fusion and hybridisation, especially in 

regions where there is a "focus of intrusion", that is a change in the physical properties of 

the crust. The mantle-crust interface (Moho), or the area of transition from a ductile to a 

brittle behaviour in the crust, offer the best locations for such deep-level processes. The 

efficiency of the hybridisation will depend on the degree of thermal equilibration 

between the basic intrusions and the magma chamber (Sparks & Marshall, 1986). 

Furthermore, Huppert & Sparks (1988) pointed out that basic magma intrusions can 

trigger the generation of such transient magma chambers, which depending on the 

tectonic stresses, can be intermittently tapped, and thus produce distinct magma batches 

emplaced at high levels, a process probably encountered in the Vrondou area. 

Therefore, from all the above, a qualitative petrogenetical model for the generation 

of the Vrondou granitoids can be put forward. The intrusion of basic magmas, either 

derived from partial melting of enriched subcontinental mantle lithosphere, or from 

crustal contamination of depleted mantle-derived magmas during the passage and storage 

in the continental crust, was arrested at mantle/crust, or lower/middle crust interface, 

where the basic magmas underwent fractional crystallisation accompanied by 

contamination, from either bulk wall rock, or a partial melt of the wall-rock. The first 

granitoid batch, which is represented by the parental quartz-monzonitic magma, and is 

probably the result of a lower assimilation/crystallisation ratio, was then emplaced at the 

high-level site, the present-day Vrondou complex, where it underwent largely closed-

system fractionation inwards to form the granites s.s. and open-system fractionation 

outwards, to form the granodiorites. Further basic intrusion in the transient chamber at 

depth, resulted in the generation of the rnonzonitic batch, representing a higher 

assimilation/crystallisation ratio; this was emplaced at high levels to form the central 

monzonites. At depth, open-system fractionation of this batch gave genesis to the most 
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contaminated monzonitic rocks, emplaced at high levels as the porphyritic rnonzonites of 

the northeastern areas. 

As was therefore proposed for the petrogenesis of other similar Rhodope calc-

alkaline plutors (Del Moro et al., 1988; Kotopouli & Pe-Piper, 1989 ), the Vrondou 

magmas are a result of the fractionation and interaction of mantle-derived magmas with 

crustal material. The large scale magma genesis in the Rhodope region should therefore 

be examined in the context of crust-mantle dynamics, connecting the structural and 

metamorphic evidence of major tectonic events in the Rhodope crust during the Tertiary, 

with mantle partial melting processes (Chapter 9). 

8.7. THE DEFORMED GRANITOIDS 

In Tables 8.1, 8.2, and fig. 8.2 the Sr and Nd isotopic compositions of one Elaion 

sample and three samples from deformed Vrondou marginal granite, collected close to 

the southern margin which was affected by the wrench shear zone (Chapter 3), are 

shown. Sr initial ratios range between 0.70716 to 0.70791, that deviate considerably 

from the undeformed quartz-monzonitic Sr initial ratios (0.70606 to 0.70611). Nd initial 

ratios do not show such a great deviation (0.5 12438 to 0.512465 in the deformed samples 

compared with a range of 0.512467 to 0.512564 in the undeformed quartz-monzonites, 

and with a range of 0.512387 to 0.512564 in the whole of the massif), with the exception 

of sample 89NK183, which has a low Nd initial ratio of 0.512316. These deviations 

suggest, therefore, that the deformed Vrondou and Elaion samples either originated from 

different (more crustal) sources, or that some process induced a shift in the Sr, and less 

so, Nd, initial isotopic values. Two such processes can be inferred in the present case: 

isotopic contamination during syn- and post-emplacement deformation, or in situ bulk 

assimilation of country-rock. In any case, if deformation-related alteration has resulted in 

shifting the original isotopic compositions, it may then be extremely difficult to decipher 

petrogenetic arguments, especially based on Sr isotopes. 

For example, Barovich & Patchett (1992) have examined in detail comparable 

isotopic changes observed in the mylonitised granitoids of the Harquahala Mountains in 

western Arizona, and documented the immobility of Nd isotopes relative to those of Sr. 

The sensitivity of Sr isotopic ratios to alteration, especially induced by deformation, has 

been further documented in other cases as well (e.g. Etheridge & Cooper, 1981; Kerrich, 

1986), and also noted in the Kavala pluton of the Rhodope massif by Kyriakopoulos etal. 

(1988). In all these case studies, it was pointed out that post-crystallisation open-system 

behaviour, as expected during dynamic recrystallisation in shear zones, can dramatically 
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alter Rb/Sr elemental and isotopic ratios. The REE are generally more resistant in 

hydrothermal alteration (Humphris, 1984), and also accessory phases that accommodate 

these elements are not as readily recrystallised, as are feldspars (e.g. Holden et al. 1987), 

so their isotopic ratios are expected to be less affected by open-system behaviour. 

From all the above studies it was shown that during deformation, there are a number 

of processes that can result in disturbing isotopic systems, of even the most immobile 

elements: a) reciystallisation of repository mineral phases, therefore, relative mobility of 

parent-daughter elements, leading to isotopic re-equilibration under the new conditions, 

b) circulation of fluids with "foreign" isotopic compositions, exchanging components 

with the rocks undergoing deformation, c) mechanical mixing of components between 

the granitoids and the surrounding envelope, leading to isotopic compositions that reflect 

contribution form both the original undeformed granitoid and the envelope, and d) if 

deformation is syn-emplacement, then enhanced chances for assimilation of envelope. 

In Chapter 7 it was shown that the Elaion granitoid has undergone some 

deformation-related, probably fluid-assisted, metasomatism, especially affecting the 

major element compositions. Rare earth elements and other incompatible trace elements 

were not considerably affected, with the exception of an enrichment in Rb, and some 

variable depletion in Sr. It would be expected, therefore, that Rb/Sr ratios would be more 

affected, whereas Sm/Nd ratios would be less affected by sub-solidus deformation. 

These metasornatic changes do reflect upon the Sr isotopic compositions, as it is seen that 

there is an increase of Sr initial ratio, not accompanied by a considerable shift in the Nd 

initial ratio. 

The case of the Vrondou deformed granitoids could be somewhat different, since in 

two of these samples a distinctive shift of the Nd initial ratios towards lower values was 

also observed. The "setting" of these samples is a probable reflection of these 

observations. They were collected from the Vameno stream locality, where stoping of 

envelope material was actually observed in the field. Furthermore, fluid circulation 

especially during the sub-solidus phase of deformation in the steep marginal shear zone 

has left its fingerprints in localised bleaching of the deformed granitoids and also, local 

phyllonitisation (Chapter 3). It is therefore suggested that the granitoids occurring in the 

strongly deformed southern marginal Vrondou areas, had ample chances of open-system 

behaviour. At the initial instance of emplacement, local assimilation of envelope 

material can result in shifting the Nd initial ratios towards more crustal-like (lower) 

values, if Nd immobility during deformation is in fact the case in this area as well. Sr 

isotopes are extremely sensitive to either assimilation or alteration/deformation 
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processes, so the observed high Sr initial isotopic ratios of these deformed rocks are, in 

fact, probably expected. 

As was mentioned above, Kyriakopoulos et al. (1988) observed Sr isotopic 

enrichments accompanying the increasing intensity of deformation in the Kavala pluton 

of the Rhodope Massif. The deformed Kavala granodioritic rocks show a range of Sr 

ratios from 0.70677 to 0.70780 with increasing deformation. Therefore, Kyriakopoulos 

et al. (1988) pointed out that the original isotopic composition of the Kavala magmas is 

masked by post-emplacement open-system behaviour, and also that the dating by the Rb-

Sr method of the intrusion age of this (and probably other similar cases) pluton is 

severely hampered. Additionally, using these rocks for any petrogenetic purposes (other 

than documenting alteration) is prohibited. 

8.8. SUMMARY 

It was shown in this chapter that a two-stage fractionation-with-assimilation process 

was responsible for the genesis of the Vrondou magmas. Intrusion of mantle-derived 

magmas in the crust, results in the generation of a transient magma chamber, where basic 

magmas fractionate and are contaminated with crustal wall-rock or crustal partial melts. 

A tentative sequence of events would be as follows: Basic magma intrusion in a deep 

magma chamber undergoes AFC, with low assimilation/crystallisation ratio, to generate a 

quartz-monzonitic batch of magma. This was emplaced at high-levels, where it 

undergoes closed-system fractionation inwards to form granite s.s. and open-system 

fractionation outwards, to generate the granodiorite, and possibly the most contaminated 

marginal biotite granite. Further intrusion of basic magma at depth undergoes AFC with 

higher assimilation/crystallisation ratio, to generate the central monzonites. Further 

deep-level AFC of the monzonites generates the porphyritic monzonite batch. These 

were emplaced at high levels, where the porphyritic monzonites underwent high-level 

closed-system fractionation. 

The mantle end-member was probably enriched, whereas the crustal end-member 

could be represented by upper crustal rocks, with similar isotopic compositions to those 

of the present-day envelope of the Vrondou. During the AFC process, enclaves, that 

represent evolved and hybridised basic magmas, equilibrated isotopically with their 

respective hosts. This equilibration could be effected by both diffusional and physical 

hybridisation. 
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Deformation has resulted in disturbance of the Sr, and locally Nd, isotopic ratios of 

the deformed Vrondou granitoids and the Elaion body. Low Nd ratios of the deformed 

Vrondou samples could be also the result of localised assimilation during emplacement. 
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CHAPTER 9 

Conclusions 

9.1. SUMMARY 

This thesis aimed at studying physical and chemical aspects of the Oligocene 

Vrondou pluton, a composite granitoid body, which was intruded in the Lower Tectonic 

Unit of the Western Rhodope Massif in Greece. The multidisciplinary approach which 

was used, provided answers to several of the major questions posed in the introductory 

chapter on the history of the Vrondou magmas, their generation, emplacement and 

unroofing. 

The Vrondou pluton consists of a variety of rock-types. Homblende-biotite quartz-

monzonite and biotite-homblende granite s.s. cover its western and southern areas. A 

biotite-hornblende granodiorite facies crops out in the southeastern areas, whereas 

clinopyroxene-homblende rnonzonite and porphyritic monzonite cover its eastern areas. 

Minor rock-types include gabbro, amphibole-bearing lamprophyre dykes and 

microgranular enclaves. 

The gabbros have textural and mineral chemical features that indicate the presence 

of cumulate material, for example unzoned anorthitic plagioclase, rare euhedral to 

subhedral unzoned olivine and Al- and Ti-rich clinopyroxenes. 

Plagioclase textures within both the granitoids and their enclaves have features 

indicative of hybridisation. Resorbed cores and cellular calcic spikes are commonly 

observed. 

Two types of enclaves were identified: hornblende and clinopyroxene enclaves in the 

monzonites, and homblende and biotite bearing ones in the quartz-monzonites and 

granodiorites. The microgranular enclaves are interpreted as magmatic. Their textures 

indicate a multi-stage crystallisation history, that involves the formation of early 

phenocrysts, and the physical capture of host-magma crystals, followed by crystallisation 

of the matrix. They also carry plagioclase with disequilibrium zoning features. All 

plagioclases, however, are mantled by final normal rims of similar composition to the 

plagioclase rims in the respective hosts, indicating that final crystallisation in the 

enclaves took place in thermal and chemical equilibrium with the surrounding host. 
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The mineral chemistry of the ferromagnesian minerals is generally consistent with 

this enclave-host equilibration, as observed especially well in the amphiboles and the 

clinopyroxenes. 

The gabbros are caic-alkaline, whereas the lamprophyres are shoshonitic. The 

Vrondou quartz-monzonites, granites and granodiorites are high-K calc-alkaline magmas 

and major and trace element modelling suggests that they are inter-connected by 

fractionation of a parental quartz-monzonitic magma, probably at high levels. The 

monzonitic rocks are even more enriched in K and incompatible trace elements and 

classified as shoshonitic and high-K caic-alkaline. Major and trace element modelling 

indicated that fractional crystallisation of a parental monzonitic magma can explain their 

connection, although this modelling is not as well constrained as is the case in the more 

evolved rocks. 

Rare earth and trace element patterns of the various rock-types suggest that the 

granitoids have a common source. The basic types (gabbros, enclaves, lamprophyres) all 

show a subduction-related enrichment in trace element patterns, and a garnet-absent 

source. They were tentatively identified as basic magmas generated from subcontinental 

mantle lithosphere, enriched during subduction. Gabbros and enclaves were seen to be 

modified by accumulative processes (gabbros) and hybridisation (enclaves). The 

granitoids have trace element patterns similar to magmas generated either in active 

continental margins or post-collisional settings. 

Major element modelling and Sr and Nd isotopic compositions of the granitoids 

indicated that they were not formed by a basic-to-acid fractionation process. Rather, as 

was argued with the aid of the isotopic compositions and corroborated by textural 

evidence, the granitoids were generated by repeated intrusion of basic magma in the 

crust. This basic magma may represent an isotopically enriched mantle composition, as 

indicated by the isotopic composition of the Vrondou gabbros, although the identification 

of its composition is very tentative. The basic magma intruded into a deep magma 

chamber, where it underwent AFC, with low assimilation/crystallisation ratio, to generate 

a parental quartz-monzonitic batch of magma. This was emplaced at high-levels, where 

it underwent closed-system fractionation inwards to generate the granite s.s. and open-

system fractionation outwards to generate the granodiorite. Further intrusions of basic 

magma at depth underwent AFC, this time with higher assimilation/crystallisation ratio, 

resulting in the generation of monzonitic magma, represented by the central Vrondou 

monzonites. Further deep-level open-system fractionation of this monzonitic magma 

resulted in the formation of the porphyiitic monzonite batch, which is the last batch to be 

emplaced, and also, the most isotopically contaminated. 
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The same large-scale hybridisation process generating the granitoids is responsible 

for homogenising isotopically the enclaves with their hosts, thus erasing their original 

identity. 

The Vrondou magmas were emplaced at 7.5 to 11.2 km depth (2-3 kbars). This 

inference was independently corroborated by the application of the aluminium-in-

homblende geobarometer in the more evolved rock-types and by examination of the 

eastern contact aureole, where porphyritic monzonites crop out. The geobarometer was 

applied to the quartz-monzonites, granodiorites and granites which conformed with the 

application conditions, showing primary homblende in equilibrium with a Q-P1-Kf-B i-Ti-

Op assemblage. High-temperature deformation has resulted in alteration of the 

homblende chemistry, by increasing the total Al content of the hornblendes. 

The study of the eastern aureole, formed during the intrusion of the porphyritic 

monzonites, gave similar results. High-grade assemblages collected in the close vicinity 

of the contact, recorded a highest grade of Kf-Cd-Bi-And-Cor-Sp in quartz-absent layers, 

and Kf-Cd-Q-Bi-As in quartz-present layers. Minor partial melting has occurred, seen in 

localised pockets of Kf-Q-And-Cd material and textural associations of KS and Q in the 

leucocratic layers. Pressure estimates of contact metamorphism were deduced by 

comparison of the observed sequence of high-grade assemblages with published 

petrogenetic grids, and by comparison with other aureoles. 

Space for emplacement was provided via a flat extensional shear zone, with top to 

the SW sense of shear. The actual emplacement mechanism, essentially a passive 

dragging of magma in the available space, has features that are reminiscent of the 

sheeting mechanism of Hutton (1991) and McCaffrey (1992). Localised "forceful" 

behaviour is here interpreted as a strain accommodation feature at the back-edge of the 

extensional space. This space was bounded to the south by a steep dextral shear zone, 

that locally folded contact facies and envelope, but was intruded by the last increments of 

melt. 

Retrogression and deformation of both granite and envelope material along this 

boundary indicates that the steep pluton margin was probably the locus of the steep 

extensional fault, bounding the Serres basin at the present day. Differential uplift and 

unroofing of the footwall (the Vrondou body) and basin subsidence was probably 

concurrent on either side of the fault. 

In the down-faulted area, NE-SW extension resulted in the formation of extensional 

structures, strongly reminiscent of Cordilleran metamorphic core complexes, as is the 

ductile-to-brittle structural evolution of the Elaion granitoid body. The direction of this 

extensional event is parallel to the direction of the emplacement-related extensional space 
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where Vrondou magmas were emplaced. The Elaion body was shown to be probably 

cogenetic with the main Vrondou body to the north. However, metasomatism 

accompanying in particular the brittle phases of deformation resulted in some alteration 

of major element compositions. The observation of significant relative gains in a 

"quartzofeldspathic" component, without concurrent losses/gains of immobile trace 

elements, may be a suggestion of relative volume gains, that is of dilation accompanying 

the unroofing process. 

Deformation, probably in the presence of fluids, resulted in local modification of Sr 

isotopic compositions, seen in both the Elaion and the Vrondou deformed rocks. 

Therefore, genetic infonnation, inherent in the initial isotopic ratios, is probably partly 

obscured by syn- to post-emplacement deformation events. 

The timing of the various processes identified above is very tentative. Whole rock 

Rb/Sr isochrons calculated in this study are associated with too large errors to be 

considered unequivocal, but they coincide with published homblende KJAr mineral ages. 

A circa 30 Ma age is therefore accepted here as a best estimate of an intrusion age. The 

timing of the unroofing of the Vrondou pluton is closely connected with the reported age 

of Lower to Middle Miocene Serres basin fill, which contains granitoid fragments. On 

the assumption, therefore, that the Vrondou pluton was emplaced at 30 Ma, at 7.5 (mm) 

to 11.2 (max) km depth, and that its initial unroofing took place during the Lower to 

Middle Miocene (24 to 20 Ma), then simplistic uplift rates can be calculated, that range 

between a minimum of 0.7 mm/y to a maximum of 1.7 mm/y. 

This basin fill, however, is also seen to be affected by the same extensional 

deformation observed in the Elaion area, implying the continuation of extension, of the 

same orientation as Vrondou emplacement and unroofing, in post-Middle Miocene times. 

9.2. DISCUSSION 

The various lines of evidence gathered in this thesis, instead of offering regional 

scenarios and solutions, seem to pose new questions regarding the geodynamical 

processes in the area, especially during Tertiary. There are three main points that need to 

be stressed: 1) Magma generation involved a "mantle" component, and probably some 

transient magma chamber within the crust, which was intermittently "tapped" and 

"replenished". Furthermore, a subduction signature is unmistakable and also, the 

Vrondou granitoids are enriched in K, Th, U and LILEs. 2) Space for emplacement at 

high crustal levels was created via an extensional shear zone, that was bounded by a 

dextral wrench zone. The flat-lying shearing has the same sense of movement as both the 
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inferred regional pre-Oligocene compressional events further east in the Rhodope (e.g. 

Burg et al., 1990), and the post-Oligocene extensional events. 3) Unroofing of the body 

was clearly related to extension, connected with basin formation, and probably to active 

present-day extension. These three major points, coupled with the poorly as yet known 

regional deformation history, allow for no more than elaboration of alternatives, rather 

than provision of a conclusive scenario for the Rhodope in the Tertiary. 

Magma generation during Tertiary times in the Rhodope area cannot be attributed in 

a straightforward fashion to any particular tectonic setting, because there exists a 

tectonothermal paradox. Both volcanism and plutonism, of broadly Oligocene age, is 

mainly of intermediate high-K and shoshonitic composition (andesites, dacites, quartz-

monzonites, monzonites, granodiorites), with less-developed basic components (basalts 

and gabbros) and even more minor acid components (see references in Chapter 2). Sr 

isotopic initial ratios of both volcanics and plutonics fall in a general range of 0.705 to 

0.708, with intra-volcanic province or intra-plutonic body variations, commonly 

attributed to crustal contamination of mantle-derived magmas concurrent with 

fractionation (Innocenti etal., 1984; Kyriakopoulos, 1987; Del Moro etal., 1988). Trace 

element patterns, where available, indicate subduction-related enrichments 

(Kyriakopoulos, 1987; Kotopouli & Pe-Piper, 1989). All the above, led to the 

implication of subduction, of various inferred slabs, for example, northward subduction 

of a Vardar ocean under a Serbomacedonian or Rhodopian active continental margin 

(Theodorikas, 1982; Kotopouli & Pe-Piper, 1989), subduction roll-back and migration 

with time of the present-day slab under the Hellenic arc (Boccaletti et al., 1984; Fytikas 

et al., 1984), or even combined northward subduction of a Vardar ocean and southward 

subduction of a Strandja oceanic slab along a doubly active continental margin of a 

Cimmeridian-Rhodope microcontinental block (Koukouvelas & Doutsos, 1990). 

The paradox lies in the unconstrained timing of the inferred subduction, that 

produced all the magmas, and the clearly extensional structures with which these 

magmas are related. Relics of high-pressure rocks have been reported in both tectonic 

units of the Rhodope (Liati, 1986; Mposkos et al., 1991), and they are considered to be 

largely obliterated by an "uplift" Barrovian type thermal event, usually attributed to early 

Eocene (45 Ma, ?cooling age, K/Ar dating of hornblende, Liati, 1986). The age of 

subduction, is therefore constrained to be older than, at least, 45 Ma, by an unknown 

amount. The development of the sedimentary basins that host the volcanism and the 

emplacement of at least three of the major plutonic bodies in the area (Xanthi, 

Koukouvelas & Pe-Piper, 1989; Skaloti-Elatia, Jones et al., 1991, Vrondou, this study) is 

clearly related to NE-SW directed extensional movements. The extensional régime has 
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been attributed to an Oligocene post-collisional thickening collapse of the Rhodope crust, 

therefore, an inferred contemporaneous development of an active continental margin is 

rather problematic. 

Studies of orogenic magmatism have highlighted the close chemical affinities of 

volcanic arc and late to post-orogenic granitoid magmas (Pearce et al. 1984; England & 

Thompson, 1986; Harris et al., 1986; Barbarin, 1990b; Bonin, 1990) and extensively 

studied areas such as the North American Cordillera, where Mid-Tertiary intermediate 

caic-alkaline magmatism occurred in close association with extensional metamorphic 

core complexes (Liprnan & Glazner, 1991; for a review), are probably the best examples 

of the paradox seen in the Rhodope area. Any large scale magma generation process 

during Tertiary in the Rhodope area should reconcile the following observations 1) 

mantle involvement, therefore the need for mantle melting (but not necessarily 

asthenosphere melting), 2) subduction-related enrichment in these mantle-derived melts, 

and 3) the presence of an actively thinning overthickened crust, with or without thickened 

lithosphere, in which the mantle-derived melts were emplaced. 

There are two alternative ways to reconcile the observations. The first would dictate 

that early subduction-derived basic magmas are intruded in the crust and stagnate there, 

until they, or their differentiates, are given the chance to ascend and be emplaced at 

higher crustal level. In the Rhodope case, one would have to argue that this chance arose 

only once extensional collapse had ensued shortly after collisional thickening, providing 

local dilation spaces. The problem really lies again in the relative timing of the 

generation vs. ascent and emplacement events. Rates of processes are clearly relevant to 

this problem. Paterson & Tobisch (1992) suggested that in magmatic arcs, magma 

supply rates are fast enough (average short term, episodic magma supply rate, 1 km3  per 

year, and average long term magma supply rate, 10-2  km3  per year) to form plutons of 

large sizes in less than 1 Ma, given an available ascent conduit and emplacement site. 

Wall-rock rheology being the rate-limiting factor, there is no reason why differentiates of 

mantle-derived magmas, formed during subduction, will be emplaced in upper levels 

until ?20-30 Ma later, as would be the case of the Rhodope area. 

The second alternative has to invoke magma generation during the post-collisional 

relaxation of the crust, therefore providing a close temporal association of magma 

genesis, ascent and emplacement. Thermal modelling in collisional terrains has clearly 

shown that I-type metaluminous crustal granitoid magmas can be produced, without 

increased mantle thermal involvement, during the thermal relaxation (unloading) stage of 

a perturbed (thickened) continental lithospheric geotherm, with appropriate choice of the 

initial and geometric parameters of the models (England & Thompson, 1986). In this 



case, however, there is no requirement for the production of mantle-derived caic-alkaline 

intermediate magmas, so the commonly associated presence of basic magmas is not 

explained (e.g. Adamello and Bergell plutons, Blundy, 1989; von Blanckenburg, 1992). 

On the other hand, the main problem facing the mantle-derived post-collisional 

setting hypothesis is the inaccessibility of the mantle geotherm to the solidus when crust 

or lithosphere has been substantially thickened. Post-collisional extensional collapse, 

commonly attributed to gravitational response of the overthickened crust or "thermal 

erosion" of the thermal boundary layer (Dewey, 1988; England & Houseman, 1989), will 

result in the restoration of a steady-state crust and lithosphere thickness, but need not 

induce any melting in the mantle. 

More specifically, a thermally defined lithospheric model (fig. 9. 1, from Latin et al., 

1990a,b, after McKenzie & Bickle, 1988) involves the presence of a conducting layer, 

the mechanical boundary layer (MEL), the thermal structure of which is governed by 

conductive heat transfer, and corresponds to the geochemical lithosphere (Crust and 

mantle). The lithosphere overlies asthenosphere, which is governed by advective heat 

transfer, and thus a near-vertical (adiabatic) geotherm. Between the conducting 

lithosphere and the advecting asthenosphere, the thermal boundary layer is defined 

(TBL), where heat transfer is effected by a combination of conduction and advection, and 

which can be periodically incorporated in the advecting asthenosphere. 

In order for melting of mantle to occur, the thermal structure can be perturbed in 

three different ways: 1) by increasing the asthenosphere temperature, as is the case in 

mantle plumes, 2) by changing the position of the dry solidus, for example by the 

addition of water, a situation commonly ascribed to subduction, and 3) by raising the 

base of the lithosphere, resulting in adiabatic upwelling of the asthenosphere, as is 

implied by the passive stretching model of McKenzie (1978). 

Clearly, any process leading to the thickening of crust and with it the whole of the 

lithosphere, will only result in "colder" lithospheric geotherms, displacing the whole 

thermal structure far away from any dry or wet solidus, prohibiting any mantle melting. 

However, if the thickening was subsequent to subduction, then a transient or permanent 

enrichment by subduction-related fluids or small degrees of asthenospheric melt, will 

probably characterise the base of the MBL or the thermally unstable TBL. A long term 

enrichment by very small degree asthenospheric melts of the base of the MEL, and 

temporary enrichment of the TBL has been inferred to occur, under steady-state 

conditions by Latin et al. (1990a). This inferred modification process is important for 

two reasons: 1) given the chance for melting, these regions can produce melts with an 

inherited subduction signature, and 2) thinning of the top of the pile will result in raising 
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the base of the MBL or the TBL, and then the enriched region will have the chance to 

intersect a wet solidus. There will inevitably be a region in the TBL and lower MBL 

which is still being enriched as the thickening ensues and which is therefore taken down 

below the relevant solidus. 

Gravitational collapse of thickened crust i.e. unroofing will change the thermal 

structure in that depressurisation will raise the TBL and MBL back to the normal 

geothenn, where frozen wet melts or enriched rnetasomatised mantle can re-intersect the 

relevant solidus. Mantle-derived magmas can then be emplaced in the crust, which is 

itself in an extensional-isostatic rebound process. There will be a natural connection 

between the site of accumulation of potential post-orogenic melts, the maximum 

thickening and the greatest post-orogenic rebound sites. 

The presence of an overthickened crust indicates that, unlike magmatism caused by 

the extension of continental areas with steady-state crustal thickness, mantle magmas are 

trapped and more easily mixed with crustal material. The "crustal" control in the 

generation of intermediate caic-alkaline magmas during regional extension has been 

noted by Glazner (1990), Smith et al. (1990), Larsen & Smith (1991) and Miller & 

Miller (1991), in studies of the petrogenesis of Mid-Tertiary Cordilleran granitoids, 

regionally associated with extension. On the other hand, anorogenic alkaline granites are 

produced by stretching of continental lithosphere with steady-state thickness, but they are 

probably fractionates of asthenosphere-derived melts (Bonin, 1990), implying larger 

degrees of stretching, and a relatively brittle crust, allowing for rapid passage towards the 

final emplacement sites. 

In the case of the Rhodope area, the only way to accept that a mantle melting event 

carrying inherited subduction signature was actually responsible for magma generation, 

is by testing whether regional extension-driven unroofing was indeed operating prior to 

the generation and during the emplacement of the magmas. In the Vrondou area, there is 

no clear evidence to suggest such a process. However, further to the east, the Oligocene 

Xanthi pluton, emplaced during regional NE-SW extension, according to Koukouvelas & 

Pe-Piper (1989), has induced thermal effects in the bounding Eocene sediments of the 

Upper Eocene-Oligocene Xanthi basin. This observation, and the Upper Eocene to 

Lower Oligocene age of initiation of development of sedimentary continental basins 

further to the east, may be evidence for regional extension-assisted unloading of Rhodope 

crust, shortly before the actual emplacement of the plutons. If that is the case, then 

regional unroofing and pluton emplacement (as was also suggested by Maltezou & 

Brooks, 1988) and even possibly, magma generation, are inter-connected. 
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Figure 9.1. From Latin et al. (1990*). The horizontally averaged thermal structure of the lithosphere for 
mantle T=1280°C and a viscosity of 2x1017m2s. The corresponding upwelling curve, assuming no 
melting, is shown dashed. The solidus for thy peridotite is after McKenzie & Bickie (1988). The 
schematic diagrams to the right indicate three end-member melting mechanisms: A. melting due to a 
change in the solidus position, B. melting due to the raising of the Tp, and C. melting by adiabatic 
upwelling. 
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Furthermore, crustal thinning would induce a restoration of the regional geothermal 

gradient and a raising of the rheological ductile-brittle transition in the upper crust 

(Jackson, 1987b), allowing thus for emplacement in seemingly ductile structures (low-

angle shear zones) in the upper crust. 

If unroofing finally overtook magma emplacement, then the magmatic bodies 

themselves would start being unroofed, as is the case in this area and in the Cordilleran 

metamorphic core complexes, as footwall elements along low- and high-angle faults. In 

this case, a study of the thennal history of plutons such as the Elaion-Vrondou bodies 

should indicate very fast cooling rates (as suggested for example by Davy et al., 1989, 

from the Santa Catalina metamorphic core complex). 

Magma emplacement has been considered to accelerate the extensional unloading 

observed in metamorphic core complexes (Armstrong & Ward, 1991), because 

magmatism lowers crustal strength by inducing thermal softening. It would seem 

therefore that the relationship between post-collisional magmatism and continental 

extension is an example of a positive feedback loop. If initially, it is the extensional 

unloading that generates intermediate calc-alkaline magmas and facilitates their 

emplacement, then, subsequently, it is also magma emplacement that further directs and 

accelerates the regional extension. 

One more "hidden" factor in the Rhodope Tertiary to Neotectonic evolution, is the 

role of strike-slip faults and associated movements. The role of transcurrent faults in 

granitoid emplacement and subsequent deformation has been noted numerous times in 

the literature (Hutton, 1982; Castro, 1986; Guinebertau et al., 1987, Reavy, 1989; Petford 

& Atherton 1992, among others). The main role ascribed to lineaments of this sort is the 

apparent "focussing" of magma emplacement. 

The Vrondou pluton is bounded to the south by a dextral shear zone, now the 

location of a high-angle extensional fault. There is no evidence to suggest that this 

particular linear feature was of any wider regional significance at the time of 

emplacement, and it is not considered here to be directly controlling the Vrondou 

magmas, except that it was an active surface during emplacement. However, its 

subsequent evolution is closely associated with the adjacent Struma-Strymon fault zone. 

Again, a feedback situation seems to emerge, because it not clear whether the steep 

granite boundary served as a density discontinuity physically exploited by a tensional 

régime, or whether a transtensional régime accelerated the inevitable buoyant vertical 

movement of the Vrondou. 

The association of the Xanthi and Kavala plutons with the major Kavala-Xanthi-

Komotini fault that traverses a large part of the Rhodope Massif and borders sedimentary 

334 



basins, may be of regional significance, implying that transtensional, instead of a 

tensional régime, ensued shortly after thickening of the Rhodope crust. For example, 

Hague (1991) offered evidence for a post-Eocene transtensional stress régime being 

responsible for basin development further to the east, in western Thrace. 

9.3. AREAS FOR FUTURE WORK 

The obvious area for future work is the regional evolution of the Rhodope Massif 

and in particular the distribution and rates of regional and local unroofing and uplift. 

Only in this way can the remaining major questions posed in this thesis be answered. 

Moreover, a geochronological study of the intrusion and cooling histories of the 

plutonic rocks can clarify the timing of the extensional events observed in the Vrondou, 

and also in other areas. A fission-track study of the Vrondou-Elaion area is a high 

priority. 

If the question of caic-alkaline granitoid generation is indeed closely related to 

mantle evolution and crust-mantle dynamics, then it may be worth focussing the attention 

to the more basic components of plutonic and volcanic provinces, as they may hold more 

genetic (source) information. 

However, some of the processes responsible for erasing genetic information in 

plutonic rocks were undoubtedly encountered in this thesis. The indication of enclave-

host isotopic homogenisation is of great significance, since the Sr and especially Nd 

isotopic composition of basic microgranular enclaves has been used as a strong argument 

for petrogenetical interpretations. Further study of the factors controlling such 

homogenisations would be of great value. 

Additional Sr and Nd isotopic analyses of the Vrondou compositional entities can 

help to further refine and quantify the proposed petrogenetic model, especially regarding 

the need for better constraints on the end-members of hybridisation processes. 

An additional, commonly reported complication, is the effect of deformation on the 

chemistry of granitoids. In this thesis, these effects were noted on various scales, on an 

isotopic scale, on a mineral chemical scale and on the larger scale of major compositional 

changes. Studies of how geochemical monitors (e.g. stable and radiogenic isotopes) 

register well-defined deformation paths (e.g. mesoscopic shear zones, where the 
to 

deformation history is well-established) can be of great interest workers interested in 

granitoid structures. 
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APPENDIX I 
Location and grouping of samples 

GABBROS 
Kratitirio area, 1 km east of Km27 of the road to Ano Vrondou. 
Samples CK65, CK67 : Cpx-Pl-Hb-01-Opx-Sp-Op 
Samples CK66, CK71, NKAI, NKA2, NKA3, NKA7, NKRS12 : Cpx-PI-Hb-Op 
Samples NKA5, NKA6 : Chilled margin, fine-grained Cpx-PI-Hb-Op 

PORPHYRLTIC MONZONITES 
All samples collected along the Kato Vrondou-Penthori track, north of Kato Vrondou village (Area A in 
figure 3.5). Monzonite is variably exposed along the track from I to 3.5 km north of Kato Vrondou. 
Mineralogy: P1-Kf-Hb-Cpx-Q-Op-Ti-Ap 
Samples 89NK218, 89NK219, CK77G, CK78, CK79G, CK800, NKRSIO, NKRSIIG, CK9I, 89NK233G, 
89NK234, 90NK30 (collected at the observed contact). 

MONZONUFES (CENTRE) 
Mineralogy : Pl-Kf-Hb-Cpx-Q-Ti-Op-Ap 
Samples AV I, AV2: 3 k NNW of Ano Vrondou village, Aspri Petra area. 
Sample 89NK232 : southern side of Mavro Vouno mountain, 4 km north of Ano Vrondou village. 

Metasomatised sample, as described in Chapter 6. 
Samples NKRS6, NKRS8, NKRS9: On the main road to Ano Vrondou, 4 km northwest of the village, 

towards Agia Paraskevi Diabasi. 

GRANODLORITES 
Mineralogy: Q-P1-Kf-Bi-Hb-Op-Ti. All samples collected along the main road to Kato Vrondou. 
Samples CK73, CK74, CK75, CK76: Km30 on the main road to Kato Vrondou, 1.5 to 2 km east of the 

junction. 
Samples 89NK216, 89NK217: Km32 on the main road to Kato Vrondou, close to Agios Konstantinos 

mountain peak. 

QUARTZ-MONZONLTES 
Area B in figure 3.5 : central and western areas, marked by Karydochon, Achiadochon and Kapnophyto 

villages. Samples variably affected by weak deformation. Mineralogy : Q-Kf-PL-Hb-Bi-Op-Ti-Ep. 
Sample NKRS 1 (6 km east of Kapnophyto village). 
Samples NKW1, NKW2, NKW4G, NKRS2 (1-3 km east of Karydochori village from exposures along the 

forest track). 
Samples NKW5, NKW6 1 kin southwest of Achiadochori village, on the main road Sidirocastrn- 

Achiadochori. 
Sample 90NK73 is an S-C mylonite collected 1 km east of Kapnophyto village. 

Area C in figure 3.5 : N-S section from Lailias to Km 1.75 on the main road. Mineralogy: Q-Kf-P1-Hb-
Bi-Op-Ti-lp. With increasing intensity of deformation: NKRS5, 90NK39, NKL1, NKL2, NKL6, NKL7, 
NKL8, 89NK156, 89NK157, 90NK45, 90NK49, NKL9, NKLIO, NKL1 I. 
Local ultramylonilic shear zones in the same area: NKL12, NKL13, NKL14, 90NK50, 90NK51. 

Area E in figure 3.5 : Approximately E-W trending track from Km 15 of the road to Lailias to Xerotopos 
village. Porphyntic quartz-monzonite with mineralogy : Q-Kf-Pl-Hb±Bi-Ep-Ti-Op. Samples 89NK51, 
89NK52, 89NK66. 

Fotirn Koryfi and north Vaineno stream areas, approximately 1.5 to 2 kin west of Km 18 of the main road 
to Lailias. Deformed quartz-moazonites, mineralogy : Q-Kf-Pl-Hb-Bi-Ep-Ti-Op. Samples NKD25, 
NKD27, NKD34, 89NK149, 89NK150, 90NK75, 90NK76, 90NK77. Samples NKD28 and 89NK151 
represent small scale retrograde ultramylonitic shear zones in samples NKD27 and 89NK150, respectively. 
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GRANITES s.s. 
Samples collected 3 to 4 km east of Kaiydochori village on exposures along the forest road. Mineralogy: 
Q-Kf-PI-Bi±Hb. Weak deformation, as described in Chapter 3. Samples NKW3, NKRS3, NKRS4, NKL5. 

ENCLAVES 
Locations same as their respective hosts. 
Enclaves A (in monzonitic rocks) : CK77E, CK79E, NKRSIIE, 89NK233E (P1-Hb-Cpx-Op-Ti-Ap±KO, 
CK80E (P1-Cpx-Op-Ti-Ap), NKRS7, same locality as NKRS9 in central monzonite. 
Enclaves B (in granodiorites): CK75E, 89NK216E (PI-Bi-Hb-Op-Ti-Ap) 
Enclaves B (in quartz-monzomtes): NKW4E, NKW6E, 89NK52E, 89NX66E (P1-Hb-Bi-Op-Ti-Ap±Q) 

LAMP ROP H YR ES 
Samples NKL22, NKL24 collected from Km 21 on the main road to Lailias. Sample NKL23 collected 
from Vameno stream, 700 m west of Kin 17 of main road to Lailias. Mineralogy: Amph-Kf-Q-Pl-Bi-Ti-
Ap-Op. 
Samples 90NK117, 90NK118 collected in the Profitis Elias stream, 500 m north of Ano Oreini village. 
Mineralogy: Amph-Kf-Q-Ti-Ap-Pl-Op. 

MARGINAL BI-GRANITE 
Mineralogy : Q-PI-Kf-Bi+Hb, with variable amounts of epidote and chlorite. 

Least deformed samples 90NK136, 90NK137 from Gymno stream, 2.5 km west of Km25 of the main 
road to Ano Vrondou. 

S-c mylonitic biotite-granite 
Samples NKD26, 89NK146, 89NK147, 89NK148, from the Vameno stream, section N-S, north of the 
track to Xerotopos, approximately 700 m west of Km16-18 of the main road to Lailias. 
Sample 9ONK 104 from Km24 on the main road to Ano Vrondou. 
Samples 89NK209, 90NK74, 90NK57, from Kin 17 on the main road to Lailias. 

DEFORMED AND RETROGRESSED GRANITOIDS ALONG THE SERRES FAULT 
Section Vameno-Xerotopos (approximately E-W) where retrogression and brittle overprint is observed. 

Samples 89NK183 (S-C mylonitic marginal granite, Q-Kf-P1..Bi-Ep-Op-Ti), 89NK184 (S-C ultramylonite, 
Q-Pl-Kf-Bi-Mu-Ep), 89NK1 85 (Leucocratic sheet cutting S-C mylonites, itself mylonitised, Q-Kf-PI-Bi), 
89NK186 (S-C mylonite, with 89NK188 (phyllonitised quartz-monzonite protomylonite, Kf-Pl-Q-Bi-Hb, 
Ep, Chi) cut by leucocratic sheet 89NK189 (Kf-Q-Pl-Gt), 89NK190 (Strained basic inclusion, Hb-Pl-Kf-
Bi-Q), 89NK67 (phyllonitised inclusion of envelope material, Bi-Mu-Q-P1-Kf-Chl), NKD23 (phyllonitised 
porphyritic quartz-monzomte, Q-Kf-Pl-Bi-Hb-Ep). 

Section Xerotopos-Pirghi (approximately E-W, from Xerotopos village towards the west, on a track 
leading to nowhere. Clear brittle overprinting is observed). 
Samples 89NK191, 89NK192, 89NK193, 89NK194, 89NK49, 89NK50, 89NK57, 89N1K58, 89NK59, 
89NK60, 89NK6 1, 89NK63, 89NK64, 89NK65 

HYBRID FACIES (GRANITOID + XENOLITHS) 
All these samples collected from the Vameno stream locality, 200m west of Km15 of the main road to 
Lailias, on the track to Xerotopos village (area D in figure 3.5). 

Host granitoid. Common mineralogy : Q-PI-Kf-Bi±Hb, with variable amounts of Ep, Op,  Ap, Ti, Clii 

Samples 89NK33, 89NK35, CK63G, CK27, NKD14, 89NK19. 
Metasomatised (syenitic) granitoid CKI (Kf-P1-Hbl-Bi-Q). 
Amphibolite xenoliths. Common mineralogy: Hb-P1-Cpx-Trem-Ti-Q-Qil. Samples CK28, CK40, CK63E, 
NKD40, 89NK34, 89NK40, 89NK41. 
Biotite gneiss xenolith with ghost stratigraphy. Sample 89NK36, 89NK37. Mineralogy : Q-Pl-Kf-Bi-All-
ChI-Ti, with relict annealed texture. Samples CK35, CK37, 89NK42 contain hornblende with the 
distinctive sieve texture. 
Pelitic xenolith. Sample CK64, assemblage: Bi-Mu-Q-PI-KL 



VAMEN(Y STREAM MYLONITES 
Collected within the steep marginal shear zone at the Vameno stream locality, 200-400 m south of the 
hybrid zone (on the track to Xero(opos). 

Phyllonitised aureole material, attenuated and with well-developed extensional crenulations. Common 
assemblage: Q-PI-Kf-Mu-Cbl, Ep, Ap. Samples 89NK53, 89NK54, 89NK55, 89NK124, 89NK126, 
89NK127. 

Quartz-rich mylonites, with Q-K1-Mu-Bi±Gt assemblage, Sample NKDI (with garnet), 89NK125 (no 
Gt). 

Blastomylonites with Q-Pl-Kf-Bi-Ti-All-Mu, Chi, Ep assemblage and with S-C fabrics. Sample 
89NK123, 89NK128, 89NK130, 89NK131, 89NK133, 89NK134, 89NK135, CK38, NKD20. These 
samples collected from 400 m south of the hybrid zone. 

Leucocratic material. Sample NKDI8 (leucocratic sheet cross-culling the banding, Q-Kf-Pl±Bi). Sample 
NKD22 (leucocratic band parallel to mylonilic banding, Q-Kf-PI-Ep-Op-All-Gt-Ti-Bi). Sample 89NK43 
(granitic sheet cross-cutting the banding, Q-Kf-PI-Bi, Ep, Chi). 

SOUTHERN ENVELOPE 

QUARTZOFELDSPATHIC AND BIOTITE GNEISSES 
a. Km 15.5 to Krn17 of main road to Lailias. Samples NKL45, NKL19, NKL20, NKL46, NK1_47, NKL48, 
NKL49, 90NK37, NKL56, 89NK201, 89NK202, 89NK203, 89NK205. All are blastomylonitic biotite-
bearing gneisses, with common mineralogy : Q-PI-Kf-Bi+Mu, Ep, Op. 

CALC-SILICATES 
Km23 on the main road to Mo Vroodou, intercalated with semi-pelites, amphibolites and 

quartzofekLspalhic gneisses/schists. 
Samples CK3, CK4, CK8 are banded caic-silicates with an assemblage: Q-PI-Ep/Czs-Cpx-Scap-Ti-Act. 
Samples CK5, CK 10, CK 11 are unfoliated caic-silicates with an assemblage: Q-Ep-Gt. 

CaIc-silicate intercalations with marbles, bi-gneisses and amphibolites. Diavolorema stream, 1000 m 
east of Km23.5 of the main road to Ano Vrorxfou. 
Sample NKC1O with compositional zoning, with Cpx-Ep-Pl, with minor amphibole calc-silicate material, 
alternating with Q-PI-Bi-Hb-Kf material. 

ChIc-silicates forming around marble blocks and xenoliths enclosed in granitoid material. 
- Vameno stream locality (see Plates 3.16, 3.17). 
Sample CK29 is compositionalily zoned, from a caic-silicate core with Ep-Cpx-PI-Ti-Q, through Hb-Ep-
Pl-Q and Hb-PI-Q-Ti-Ep, Chi, to an external granitoid rim with Q-Pl-Kf-Bi-Hb-Ti-Chl. Samples CK30, 
CK3I, CK32, CK33, CK34, with main assemblage Q-Ep (commonly with allanite-rich core)-Cpx-PI-Ti 
and variable calcite. 
- Km17.5 on the main road to Lailias (see Plate 3.101). From the carbonate centre to the surrounding 
granitoid the following samples were collected: 89NK163 (Cc-Cpx), 89NK164 (Cc-Q-Gt-Cpx-Hb-Ep), 
89NK165 (Cpx-Gt-Cc-Hb-Ep, ChI), 89NK166 (Gt-Ep-Cc-Q), 89NK167 (Cc-Fo-Cpx), 89NK168 (Gt-Ep-
Cc-Cpx-Fo), 89NK169 (PI-Cpx-Hb-Ep-Ti, O:il), 89NK170 (Hb-PI-Q). 

AMPHIBOLITES 
Common assemblage : Ampb-PI-Ep-Ti-Q-Op, with minor Bi, Act. 

Vameno stream, 500 m south of hybrid woe (track to Xerotopos) : Samples NKD3, NKD4, NKDI5, 
NKDI6. 

Road to Oreini village, 1 km west of the village: Samples NKL54, 90NK43. 
Gymno stream, 2.5 km west of km 26 of main road to Mo Vmndou. Intercalated with calc-silicates, and 

with indications of textural equilibrium. Mineralogy : Hb-PI-Ti, and locally Cpx. Samples 9ONK 137 (Hb-
Pl-Ti-Q), 9ONK 139 (alternations of (3t-Cpx-Scap-PI-Ep caic-silicate with Hb-PI-Cpx-Ti amphibolite), 
90NK140 (alternations of amphibolite with (3t-Scap-Pl-E4)-Q-Ti caic-silicate). 
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BIOTUFE-AMPHLBOLITES 
All collected from Km 25 on the main road to Ano Vrondou, Agios Elefthcrios locality. Main assemblage: 
Green/blue Amph-Bi-Pl-Kf-Q-Ti-Ap. Samples CK43, CK16, 9ONK 107. 

PELITES, SEMI-PELITES 
Km23 on main road to Ano Vrondou. Serni-pelites, intercalated with mainly caic-silicates and 

quartzofeldspathic material and amphibolites. Main assemblage: Bi-Mu-Q-Pl-Gt-Op-O:il, with occasional 
fibrolite and tourmaline. 
Samples CK6, CK9 (with fibrolite), CK12 (with fibrolite). 

Profitis Elias stream, 500 m east of Ano Oreini village, in the stream Andalusite-bearing pelites. Main 
assemblage: Bi-Mu-PI-Q-And-C1l, with relict garnet and occasional fibrolite. 
Samples 90NK120. 90NK121. 

(3ymno stream, 2 km west of Km23 of the road to Ano Vrondou. Pelites, semi-pelites characterised by 
abundant fibrolite. Intercalated with amphibolites. Main assemblage : Bi-Mu-PI-Q-Gt-Fibrolite--Op, with 
occasional tourmaline. 
Samples 90NK155, 90NK156, 90NK157, 90NK158, 90NK159, 90NK160 

AUGEN GNELSSES 
Km23.5 on the main road to Ano Vrondou and 200 in to the east, mid-way between the road and the 
Diavolorema stream. Main assemblage : Q-P1-Kf-Bi-Mu, with minor amounts of chlorite and allanite. 
Samples CKI4, CKIS, NKC31, NKC37. 

HORNFELSED BI-GNEISSES 
Cropping out at Km26 on the main road to Ano Vrondou, with "flecky", spotted appearance and thermally 
annealed texture. Main assemblage : Q-Kf-PI-Bi-Mu, with variable amounts of fibrolite and relict garnet. 
Samples CKI7 (with fibrolite), CKI8, CK19, CK20, CK21, CK22 (with fibrolite), 89NK214, 89NK215. 

WARN VEIN 
Km26.5 on main road to Ano Vrondou. Mineralogy: Cc-Trem-Q. Sample 90NK105 

CARBONATE MYLONITES 
Km15 on the main road to Lailias. Samples 89NK32, 89NK56, 89NK178, 89NK180, 89NK181, 

9ONKI 15A. 

SHATFERED AMPHIBOLUFES AT FAULT 
Km15 on main road to Lailias. 
Sample 89NK68 is amphibolite adjacent to the basin fault-
Samples 

auli
Samples 89NK69, 89NK70, 89NK71 represent Cc±Q hydrothermal vein material found in the dilated 
amphibolites. 

EASTERN-NORTHEASTERN ENVELOPE AND AUREOLE 

SAMPLES WITH REGIONAL ASSEMBLAGES 

Pelitic sample 89NK236, with a Bi-Mu-Q-Pl-Gt-Chl-Op-Tourrfl assemblage, collected 3 km WNW of 

Perithori village. 
Psaminitic intercalation in regional pelites, sample 90NK17 1 with Q-Mu-Gt assemblage, collected 3 km 
WNW of Perithori village. 
Biotite-epidote schists, samples N3 and N4, collected from 4 Km south of Vathytopos village, on the track 
leading to Mavro Vouno peak. Assemblage: Bi-Ep/Czs--Ti-Zo-P1-Q-Kf. 
Muscovite schists, with a Q-Kf-Pl-Mu assemblage, commonly retrogressed to sericite. Sample Nl0 
collected on the main road to Vathytopos village, 5 km east of the village, sample N9, collected from 200 
m southwest of Vathytopos village, in Papazoia area. 
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SAMPLES WITH THERMALLY OVERPRINTED ASSEMBLAGES 
Thermally overprinted pelites collected on the Kato Vrondou-Perithori track, 1.5 to 2 km west of Penthori 
village. Main assemblage Bi-Mu-PI-Q-Q, with garnet and nearly absent chlorite. Biotite is both thermal 
and regional. Samples 89N1K235, 89NK237, 90NK169, 90NK170. 
Thermally overprinted biotite-epidote schist, collected from 4.5 km south of Vaihylopos village, in the 
Kykia area, on the track laeding to Mavro Vouno peak. Assemblage: Bi-Ep-Zo-PI-Q-Kf-Op. 

PELITES WITH LOW-GRADE AUREOLE ASSEMBLAGES 
Collected within 100 m from the contact, 200 m east of the Kato Vrondou-Perithori track, approximately 
3.5 km north of Kato Vrondou. 
Samples 90NK12 (Q-PI-Bi-Mu-Cd, Chi), 90NK14 (Q-PI-Bi-Mu-Cd, ChI), 90NK7 (Q-PI-Bi-Mu-Cd, ChI, 
Tourm, Ap, Op), 90NK8 (Q-PI-Bi-Cd-Mu, Chi, Ap), 90NK15 (Q-P1-Bi-Mu-Ql, (11), 90NK19 (Q-Bi-Cd-
Kf-PI, Mu). 

PELITES WITH HIGH-GRADE QUARTZ-ABSENT ASSEMBLAGES 
Collected within 30 m from the inferred contact, on the Kato Vrondou-Perithori track, approximately 3.5 
km and in a side-stream, 10 to 30 m east of the track. 
All the following samples contain the quartz-absent assemblage: Bi-Kf-Cd-Pl-As-Cor-Sp-Op, and show 
quartz-rich layers with a Q-Bi-KS-Cd assemblage. 
Samples 90NK16, 90NK17, 90NK20, 90NK21, 90NK22, CK82, CK84, CK85, CK87. 
Samples CK83, CK85 contain relict garnet. 
Sample CK83 has Bi-Kf-Cd-P1-As-Sp subareas, Q-Kf-Pl-Bi-As subareas and Q-PI-Bi-Cd-Gt-Mu subareas. 

PELITES WITH HIGH-GRADE QUARTZ-PRESENT ASSEMBLAGES 
Sample N2 was collected within 50 m from the inferred contact in the northern area of Papazora, 1300 m 
southwest of Vathytopos village. Assemblage: Kf-Cd-Q-B i-As. 
Samples 90NX23,90NK24, 90NK30 were collected 4 m from the observed contact on the 4.5 km of the 
Kato Vrondou-Perithori track. They all contain a Bi-Cd-PI-Kf-Q assemblage. 

LEUCOSOME 
All samples collected from the Kato Vrondou-Perithori track, 4.5 km north of Kato Vrondou, at 5-7 m from 
the observed contact Main assemblage Kf-As-Q-Cd-P1, with a variety of textures. Samples 89NK220, 
89NK221, 90NK29, 90NK28, 90NK27. 

HORNFELSED BI-GNEISSES 
Sample 89NK231 collected from the Kato Vrondou-Perithori track, 4.6 km north of Ano Vrondou, 100 m 
north of the contact. Assemblage Q-Kf-Pl-Bi-Cd. 
Sample AV3, xenolith in central monzonite, collected 3 km north of Ano Vrondou, on the main road. 

ELAION SAMPLES 
1). Model marble block, 100 m west of Elaion village, under Km8 of the road to Ano Vrondou, as seen in 
Plates 4.9 and 4.10. The following samples were collected from both outcrops shown in Plate 4.9 and 4.10. 
-Marble blocks, microbrecciated marble : Samples NKB7, NKB8, 89NK72, 89NK79. 
-Fault gouge : Samples NKB9, NKBIO, NKB1I, 89NK80, 89NK81, 89NK82, 89NK83, 89NK95, 
89NK96, 89NK97, 89NK98. 
-Detachment surface (carbonate ultracataclasite) : Samples NKBI2, NKBI3, NKB14, NKB20, 89NK75, 
89NK78, 89NK84. 
-Altered ultracataclastic granitoid : Samples 89NK105, 89NK106, 89NK107, 89NK108, 89NK109, 
89NK85, 89NK86, 89NK87, 89NK88. Samples NKB30, NKB31, NKB32 were collected on the road to 
Elaion village, 100 m east of Km8 of main road to Ano Vrondou. 
-Ultracataclastic-Cataclastic granitoid : Samples 89NK73, 89NK77, 89NK89, 89NK90, 89NK92. 
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-S-C mylonitic granitoid with brittle deformation : Samples 89NK93, 89NK94, 89NK100, 89NK101, 
89NK102. 

Large marble blocks. Locality 300 m north of Elaion village. 
-Altered and cataclastic mylonitic granitoid at contact, as illustrated in Plate 4.9a : Samples 89NK2, 
89NK3, 89NK4. 

S-C mylonites. 300-400 m north of Elaion village. Mineralogy : Q-PI-Kf-Bi-Ep, Mu, Op. Samples 
89NK1, 89NK5, NKB24. 

Protomylonites. Mineralogy: Q-Kf-Pl-Hb-Bi-Ti-Ep-Op. 
-Morn Timiou Prodromou :Samples 90NK2, 90NK4, 90NK6 
-Track to Rahovitsa village, 700 to 1000 m south of the village : Samples 90NK79, 90NK81, 90NK82, 
9ONK 103. 
-At Rahovitsa village : Samples 90NK87, 90NK88, 90NK89 are metasomatised protomylonites at the 
contact with the marbles. Mineralogy : Q-Kf-PI-Hb-Cpx-Ep. Samples 90NK90, 90NK91, 90NK92 are 
metasomatised granitoids with garnet. 

Korfoula area, quartz-monzonite sheets in marble. 700-800 m south, southeast of Elaion village. 
-Undeformed small sheets (see Plate 4.4). Mineralogy: Pl-Kf-Hb-Q-Bi-Ti-Op-Ep; when metasomatised 
with diopside and large amounts of epidote) : Samples NKBI, NKB2, 89NK122, 89NK114 
(metasomatised), 89NK1 15 (metasomatised), 89NK1 17 (metasomatised). 
-Large sheet with deformation (Plates 44f, 45 and 4.6). Mineralogy : Kf-Q-Hb-Act-Ep-Ti-Op. Samples 
NKB3, NKB33, 89NK118, 89NK1 19, 89NK120, 89NK121. 

Granitoid sheet on track to Rahovitsa, 1400 to 1500 m south of the village. Mineralogy : Kf-Q-Hb-Act-
Ep-Ti-Op. Samples 90NK96, 90NK97, 90NK98, 90NK99, 9ONK100, 9ONKI0I, with increasing 
deformation intensity towards the marble contact (Plate 4.6). 
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APPENDIX II 

Electron inicroprobe settings 

Mineral chemistry analyses were performed using the Cambridge Instruments 

Microscan V electron probe in Edinburgh University. The WDS (Wavelength Dispersive 

Spectrometry) technique was used for quantitive analyses and a Link Systems EDS 

system (Energy Dispersive Spectrometry), was used for qualitative identification of 

mineral phases. Probe current was set at 30 nA for the WDS system and 6 nA for the 

EDS system, with an accelarating potential of 20kV. Peak counting times for standards 

and unknown samples were approximately 40 secs and background counting times (first 

analysis for each mineral) were about 20 sec. A 1-2 .tm focussed beam was used, and 

sample penetration depth was circa 3 .tm. 

Internal standards, usually pure phases, were used for calibration of Si, Al, Ti, Fe, 

Mg, Mn, Ca, Na, K, Ba and Cr. Corrections for atomic number, atomic absorption, 

fluorescence and dead-time are routinely applied, after the method of Sweatman & Long 

(1969). 

The analytical precision based on the reproducibilty of analyses varies usually 

according to the mineral phases. For example, Pattison (1985) reported that muscovite, 

biotite and K-feldspar show the poorest reproducibilty for repeated analyses within an 

area of 100 jim2  diameter. For the typical set of elements commonly analysed the 

detection limits of the Microscan V are as follows (from Pattison, 1985): 

Oxide Detection limit (wt%) 
Si02  0.04 
Ti02  0.02-0.03 
A1203  0.02-0.03 
FeO 0.03-0.04 
MnO 0.03 
MgO 0.02 
CaO 0.02 
Na2O 0.01-0.02 
K,O 0.02-0.03 
BaO 0.06 
Cr203  0.03 
F 0.10 

Full details of detection limits and precision calculations during analyses with the 

Microscan V can be found in Pattison (1985). 
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APPENDIX Ill 

Electron microprobe results 

The following abbreviations are used in the presentation of the results and also in 

Appendix IV: Q Quartz, OL Olivine, OPX Orthopyroxene, CPX Clinopyroxene, AM 

Amphibole, PL Plagioclase, BI Biotite, AF Alkali feldspar, TI Titanite, CD Cordierite, 

MU Muscovite, GT Garnet, AS Aluminosiicate, COR Corundum, SF Spine!, OP 

Opaque, IN Inclusion, C Core, R Rim, n.a not analysed, n.d not detected. 

The following results are grouped as: 

Appendix lila: Mineral analyses from the Elaion granitoid (Chapter 4). 

Appendix ifib: Hornblende analyses used in the Al-in-hornblende geobarorneter (Chapter 

4). 

Appendix ific: Mineral analyses from the pelitic homlelses (Chapter 5). 

Appendix ild: Mineral analyses from the Vrondou undeformed rock-types (Chapter 6). 
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APPENDIX lilA 

Mineral analyses from the Elaion granitoid (Chapter 4) 
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BIOUTE 

SAMPLE 
Analysis 

Si02 
Ti02 
A1203 
FeO(t) 
MnO 
MgO 
CaO 
Na2O 
K20 
F 

Undeformed sheet Protornylonite 
NKBI NKB1 NKBI NKBI 90NX81 90NK81 90NK81 

BE! 1312 BI3INCL B14 IN BE! 1312 B13 

38.03 38.55 37.71 38.00 37.56 37.81 37.48 
1.72 1.85 2.20 2.19 1.86 1.68 2.19 

14.91 15.78 15.95 16.12 14.36 15.55 13.98 
17.28 15.59 16.16 16.62 16.71 17.76 18.48 
0.53 0.52 0.52 0.55 0.65 0.74 0.71 

13.43 12.69 11.57 11.74 12.71 12.67 12.47 

0.17 0.28 0.04 0.05 0.08 0.08 0.18 
0.05 0.07 0.06 0.07 0.04 0.05 0.05 
9.27 8.99 9.56 9.76 9.49 9.45 8.94 
n.a n.a na n.a n.a n.a n.a 

95.39 94.32 93.77 95.10 93.46 95.79 94.48 

5.73 5.80 5.75 5.73 5.78 5.69 5.74 
0.19 0.21 0.25 0.25 0.22 0.19 0.25 

2.65 2.80 2.87 2.86 2.61 2.76 2.53 

2.18 1.96 2.06 2.09 2.15 2.24 2.37 

0.07 0.07 0.07 0.07 0.08 0.09 0.09 

3.01 2.84 2.63 2.64 2.92 2.84 2.85 

0.03 0.05 0.01 0.01 0.01 0.01 0.03 
0.01 0.02 0.02 0.02 0.01 0.01 0.01 

1.78 1.72 0.19 1.88 1.86 1.81 1.75 

n.a n.a na ma na n.a n.a 

15.65 15.47 15.51 15.54 15.64 15.65 15.62 

0.58 0.59 0.56 0.56 0.58 0.56 0.55 

Si 
Ti 
Al 
Fe(t) 
Mn 
Mg 
Ca 
Na 
K 
F 

TOTAL 

Mg/(Mg+Fe) 
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PLGZOCLASE 

Un&fd 	d 
SAMIII NKBI NKBI NKEI NKBI NKBI N)J7I NKBI NEEI 
Anslym. PURIM PLICOPE I1..2RIM M2COKE PL3RIM PLX'ORB P1.ARJM MACORE 

$102 63.78 6404 62.73 6201 6306 6287 64.55 5677 

1102 003 0.03 0.05 0.02 0.03 005 0.03 0. 

A1203 21.88 21.8$ 22.78 2334 22.37 22.35 21.66 2696 

Ft04) 0,11 0.26 0.0$ 006 0.09 0.12 0.13 0.12 

MgO 002 1.04 001 001 0.01 002 007 0.02 

C.0 2.88 2.15 4.23 4.76 3.69 3.92 2.94 9.47 

N.20 9.94 959 9.21 866 9.69 9.44 10.07 1.05 

820 0.08 017 0.06 0.10 0.07 0.09 0.07 010 

TOW 91.72 98.86 99.15 91.86 99.02 98.86 99.37 99.55 

SI 2.85 2.85 2.110 2.78 2.82 2.81 2.86 2.56 

Ti 002 0.00 0.02 000 0.07 0.02 0.07 0.07 

Al 0.15 1.15 1.20 1.23 1.19 1.18 1.13 145 

Pc(i) 0.07 001 0.00 000 0.07 0.07 0.07 0.01 

Mg 0.00 0.02 0.180 0.00 0.180 OAK) 0.07 0.180 

C. 0.14 014 0.20 0.23 0.18 0.19 0.14 0.46 

N. 086 0.83 0.80 0.75 0.84 0.82 0.87 0.53 

K 0.01 0.01 0.00 0.01 0.00 0.01 0.00 001 

TOW 5.01 4.99 518) 4.99 5.02 5.01 5.00 4.99 

An% 13.70 1402 20.20 23.20 17.30 18.60 13.40 46.10 

Ab% 85.80 85(8) 79.50 76.30 82.30 80.90 86.20 53.30 

OT% 050 1)8) 0.30 0.60 0.40 0.50 0.40 060 

Pomyk.r(e Myk.uie 

SAMPLE 918(K81 	9(6(881 918(K8I 918K8l 89NK1 89N81 859(81 85911.1 898781 89NKI 99NKI 89NKI 

An.ly... PU 11.2 11.3 MA 11.1 PL2TAIL PL2CORE t1.3CORE 11.41JM MACORE PURIM PLSCORE 

SiO2 64.15 63.22 59.28 63.69 62.55 62.83 62.29 6176 61 64 571(X) 6206 59.67 

1102 0.04 0.04 0.03 0.03 0.03 0.04 003 004 003 0.05 003 0.05 

A1203 22.10 22.10 25.51 22.33 22.80 22.22 22.25 22.17 22.96 2271 22.67 24.85 

P0(i) 0.19 011 0.11 0.11 0.18 0.22 0.06 0.18 0.10 0.11 0.09 0.13 

I.490 0.01 0.01 0.01 0.03 0.02 0.03 0.03 0.07 000 0.04 001 0.05 

C..0 3.06 3.25 7.15 3.46 4.17 3.58 3.66 112 4.60 8.20 4.60 5.62 

84.20 9.97 9.80 7.45 962 9.43 9.59 9.45 9.24 9.15 7.94 9.14 7.52 

8.20 016 007 0.15 0.12 0.08 0.13 0.11 011 013 0.17 020 0.20 

1...) 99.61 98.60 99.69 99.38 99.26 91.64 97.88 97.39 91.62 97.22 98.80 98.07 

Si 2.84 2.83 2.65 2.83 2.79 2.82 ill 2.80 2.77 2.68 2.79 2.70 

Ti 002 0.00 0.00 0.00 0.02 0.02 0.00 0.07 0(8) 0.00 0.00 0.00 

Al 1.15 1.17 1.35 1.17 1.20 1.17 1.11 1.19 1.22 1.24 1.20 1.32 

Pe(t) 0.01 0.07 0.00 0.02 0.01 0.01 0.07 0.01 007 0.00 000 0.07 

Mg 0.07 018) 002 0.02 0.00 000 0.02 001 0.07 0.00 000 0,00 

C. 0.15 076 0.34 0.17 0.20 0.17 0.11 019 0.22 0.41 0.22 0.27 

Na 0.85 0.85 065 0.83 0.82 0.83 0.13 0.81 010 0.71 080 0.66 

1. 001 018) 0.01 0.01 0.01 0.01 0.01 001 0.01 0.01 0.01 0.01 

Ton) 5.01 5.01 5.00 5.00 5.02 5.01 5.01 5.01 5.02 5.06 5.02 4.91 

An 1. 14.50 15.40 3440 1650 19.50 17(8) 17.50 18.50 21.60 36.00 21.50 28.90 

Ab 1. 84.39 84.20 64.80 82.90 80.00 82.30 81.90 80.90 77.70 6310 77.40 69.90 

Or 1. 0.80 0.40 0.90 0.70 040 070 0.60 0.60 070 0.90 1.10 1.20 
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K-FELDSPAR 
Undeformed sheet Protomylonite Mylonite 

SAMPLE NKB 1 NKB I NKB 1 NKB 1 90NK8 1 90NK8 1 90NK8 1 89NK 1 89NK 1 89NK 1 89NK 1 
Analysis APi AF2 AF3 AF4 AF1 AF2 AF3 AF1 AF2 AF3 AF4 

Si02 64.33 64.22 65.28 64.54 64.62 64.85 65.03 64.36 64.58 64.00 64.72 
A1203 18.31 18.53 18.48 18.30 18.59 18.92 18.74 17.80 18.26 17.74 18.04 
FeO (t) 0.10 0.10 0.18 0.14 0.09 0.06 0.09 0.04 0.09 0.06 0.05 
MgO 0.01 n.d n.d 0.01 0.01 n.d n.d n.d 0.01 0.01 n.d 
CaO n.d 0.02 n.d n.d n.d 0.03 0.02 n.d 0.15 n.d n.d 
Na20 0.60 1.64 0.68 0.87 0.89 2.02 1.62 0.84 3.47 0.54 0.63 
K20 15.96 14.36 15.84 15.75 15.53 13.46 14.46 15.51 12.08 16.24 15.82 
BaO 0.16 0.24 0.23 0.19 0.41 0.69 0.28 0.51 0.39 0.17 0.40 

TOTAL 99.47 99.11 100.69 YY.5VI 100.14 100.03 100.24 99.06 99.03 98.76 99.66 

Si 2.99 2.98 3.00 2.99 2.99 2.98 2.99 3.01 2.99 3.01 3.01 
Al 1.00 1.02 1.00 1.001 1.01 1.03 1.01 0.98 1.00 0.98 0.99 
Fe(t) 0.00 n.d 0.01 0.01 n.d n.d n.d n.d n.d n.d n.d 
Mg n.d 0.00 n.d n.d' n.d 0.00 0.00 n.d 0.00 n.d n.d 
Ca n.d 0.00 n.d n.d n.d 0.00 0.00 n.d 0.01 n.d n.d 
Na 0.05 0.15 0.06 0.08 0.08 0.18 0.14 0.08 0.31 0.05 0.06 
K 0.95 0.85 0.93 0.93 0.92 0.79 0.85 0.93 0.71 0.97 0.94 
Ba 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 

TOTAL 5.01 5.01 5.00 5.01 5.00 4.99 5.00 5.00 5.03 5.01 5.00 

An % 0.00 0.10 0.00 0.00 0.00 0.20 0.10 0.00 0.70 0.00 0.00 
Ab% 5.40 14.80 6.10 7.70 8.00 18.50 14.50 7.60 30.20 4.80 5.70 
Or% 94.60 85.10 93.90 92.30 92.00 81.30 85.40 92.40 69.10 95.20 94.30 



APPENDIX IIIB 

Hornblende geobarometer results (Chapter 5) 
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3A1LE CK15 CX73 CK75 C)C75 CK75 Cx75 CX75 Ck75 cK75 CK75 CK75 CX75 CK75 CK75 CK75 C1(75 C1(75 CX75 CK75 CX75 
Analysis ArnI Rimi Aml R1m2 ArnI RImS Aml PJm4 Arni RimS Aml R1m6 Aml Coral Aml Cor2 Aml Coi3 Aml Cot94 Am2 RImI Am2 R.1m2 Am2 RimS Am2 R1m4 Aml RimS Am2 RAm6 Am2 Core  Am2 Cor2 Am2 CømS Am2 C.,4 

S102 46.09 46.02 45.63 45.19 44.72 45.61 46.13 45.35 46.18 45.85 44.93 45.36 45.28 44.92 44.82 44.37 44.17 44.22 43.79 44.20 
A1203 7.50 7.17 7.28 7.67 8.30 7.54 7.23 7.66 7.16 7.46 814 7.92 7.87 8.10 8.16 8.49 8.56 8.5* 8.90 064 
T102 1.30 1.37 1.39 1.48 1.33 0.90 1.51 1.36 1.53 1.56 0.62 0.34 1.13 1.51 1.34 1,28 1.58 1.64 1.69 1.60 
P0(t) 16.20 15.86 16.26 16.40 17.17 17.12 15.54 16.14 15.66 15.72 17.23 16.96 16.28 16.17 16.72 17.16 16.50 16.51 16.82 1647 
MnO 1.05 1.05 1.02 1.02 1.04 1.11 1.01 1.03 1.03 1.03 1.13 1.08 1.04 1.05 1.05 1.09 1.06 1.04 1.05 1 0 
MgO 11.83 11.74 11.53 11.34 10.66 11.86 12.19 11.52 11.98 11.78 10.70 11.09 11.23 11.13 11.04 10.51 10.96 10.93 10.54 10.97 
Cs0 11.54 11.63 11.50 11.56 11.66 11.66 11.55 11.61 11.58 11.56 11.62 11.77 11.63 11.54 11.53 11.59 11.59 11.54 11.51 11.58 N20 1.20 1.28 0.81 1.34 1.31 1.20 1.31 1.41 1.29 1.27 1.15 1.21 1.32 1.46 1.28 1.16 1.33 1.46 1.39 1.47 1(20 0.86 0.82 0.81 0.92 0.98 0.81 0.78 0.88 0.81 0.80 0.89 0.75 0.92 0.84 0.92 0.91 0.94 0.98 1.00 0.93 

Total 97.57 96,94 96.23 96.92 97.17 97.81 97.25 97.16 97.22 97.03 96.41 96.68 96.72 96.72 96.86 96.56 96.69 96.90 96.69 96.93 

SI 6.85 6.81 6.86 6.80 6.74 6.77 6.87 6.80 6.89 6.86 6.80 6.82 6.82 6.78 6.75 6.71 6.67 6.67 6.63 6.67 
A1(Iv) 1.15 1.10 1.14 1.20 1.26 1.24 1.13 1.20 III 1.14 1.20 1.18 1.18 1.2.3 1.25 1.29 1.33 1.33 1.37 1.30 

Al(total) 1.31 1.27 1.29 1.36 1,47 1.32 1.27 1.35 1.26 1.32 1.45 1.41 1.40 1.4.4 1.45 1.52 1.52 1.53 1.59 1.54 

Al(vi) 0.16 0.16 0.15 0.16 0.21 0.09 0.14 0.16 0.15 0.17 0.25 0.23 0.22 0.17 0.20 0.23 0.19 0.20 0.22 0.20 
TI 0.15 0.15 0,16 0.17 0.15 0.10 0,17 0.18 0.17 0.18 0.07 0.06 0.13 0.22 0.15 0.15 0.18 0.19 0.19 0.1* P.(III) 0.36 0.24 0.44 0.29 0.30 0.61 0.30 0.26 0.25 0,26 0.43 0.44 0.27 0.22 0.35 0.38 0.34 0.28 0.30 0.34) 
Mg 2.62 2.62 2.58 2.54 2.39 2.62 2.71 2.58 2.66 2.63 2.41 2.49 2.53 2.50 2.48 2.37 2.47 2.46 2.38 2.47 
Pe(u) 1.63 1.74 1.61 1.78 1.86 1.51 1.64 1.77 1.71 1.71 1.75 1.70 1.78 1.82 1.75 1.79 1.74 1.80 1.93 1.7* 
Mn 0.13 0.13 0.13 0.13 0.13 0.14 0.13 0.13 0.13 0.13 0.15 0.14 0.13 0.13 0.13 0.14 0.14 0.13 0.24 0.13 

Ca 1.84 1,87 1.85 1.86 1.8* 1.85 1.84 1.87 1.85 1.85 1.88 1.90 1.88 1.87 1.86 1.98 1.88 1.87 2.87 1.87 
Ns(M4) 0.09 0.07 0.08 0.01 0.06 0.06 0.06 0,07 0.08 0.08 0.06 0.06 0.07 0,07 0.01 0.07 0.07 0,07 0.07 007 

0.26 0.30 0.16 0,32 0.32 0.27 0.29 0.34 0.29 0.29 0.28 0.30 0.32 0.36 0.30 0.28 0.32 0,36 0.34 0.36 
K 0.16 0.16 0.16 0.18 0.19 0.15 0.15 0.17 0.15 0.15 0,17 0.14 0.1* 0.26 01* 0.18 0.18 0.29 019 018 

MgI 0.61 0.60 0.62 0.59 0.56 0.63 0.62 0.59 0.61 0.61 0.58 0.60 0.59 0.58 0.59 0.57 0.59 0.5* 0.57 0.59 
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5A1.QLE CK76 CK76 CK76. CK76 CK76 CK76 CK76 CK76 CX76 CK76 CK76 CX76 CK76 CX76 CK76 CX76 CK76 CX76 C76 CK76 
Aniiyil. Ami RAmI An1 Rim2 Am! Rim.3 Arni R1m4 AmI RimS AmI RAm6 Am! Cl AmI Cor.2 Am! Cm3 Am! Cee.4 Am2 Rimi Am2 Rim2 Am2 Rim) Am2 Rim4 Am2 RimS Am) Rim6 Am) Core Am) Co2 Am) Co,e3 Am) C. 

S102 44.36 45.20 45.25 45.66 46.00 45.74 45.79 44.93 43.95 44.44 46.41 44.13 45.14 44.62 43.74 45.07 45.73 45.36 44.32 44,26 
A1203 7.99 7.33 7.82 7.31 7.33 7.37 7.33 7.78 8.32 8.28 7.08 8.67 8.19 8.32 6.24 7.95 7.66 7.63 8.63 609 
T102 1.38 2.36 3.52 2.32 2.27 2.28 1.41 1.46 2.52 1.27 0.17 2.38 1.22 2.50 2.86 1.16 0.87 1.06 1.26 I 76 
FsO() 16.31 16.15 16.43 16.19 15.87 15.92 25.76 16.04 26.66 27.06 16.19 26.28 15.49 16.46 16.37 16.17 16.13 15.98 26.70 26.09 
MnO 1.02 1.05 0.99 1.02 0.99 1.01 0.98 0.98 2.05 1.05 1.12 1.00 0.98 1.05 2.03 1.03 2.01 1.01 1.08 2.00 
M80 32,07 21.42 11.37 12.66 22.76 22.76 11.90 11.61 10.14 10.76 11.73 10.88 21.69 20.85 20.62 22,23 12.43 21.37 20.56 M01  
CeO 11.64 11.42 11.59 21.67 23.62 21.60 11.70 11.59 22.46 11.60 21.72 22.49 11.49 22.56 22.34 22.39 32.37 21.54 21.67 2252 
N.20 1.34 1.27 1.37 1.21 1.22 1.26 1.32 1.31 2.32 1.28 1.11 1.22 1.10 1.22 1.45 1.29 2.26 2.34 1.07 2.49 
K20 0.89 0.88 0.91 0.78 0.79 0,75 0.75 0.87 0.93 0.97 0.73 0,96 0.92 0.94 0.96 0.91 0.79 0.83 0.97 0.98 

Total 96.20 96.16 97.14 96.88 96.85 90.69 96.94 96.57 96.07 96.73 96.83 96.21 96.22 96.51 95.81 96.50 96.23 96.32 96.50 96.24 

Si 6.73 6.82 6.78 6.84 6.69 6.66 6.65 6.71 6.66 6.72 6.94 6.69 6.79 6.75 6.68 6.80 6,69 6.64 6,77 6.73 
AJ(iv) 1.27 1.28 2.22 1.16 1.21 2.14 2.15 1.24 1.32 2,28 1,06 1.31 1.21 1.25 1.32 2.20 1.12 1.16 1.27 1.27 

Al(total) 1.43 1,34 1.36 1.30 1.29 1.30 1.29 1.36 1,49 1.48 1.25 1.55 1.45 2.48 1.48 1,42 2.36 2.36 2.54 2.45 

A1(vi) 0.16 0.26 0.16 0.15 0,18 0.16 0.15 0.13 0.16 0.19 0.19 0.24 0.24 0.23 0.17 0.22 0.25 0.20 0.28 028 
Ti 0.16 0.26 0.17 0.15 0.14 0.14 0.26 0.17 0.17 0.24 0.09 0.18 0.14 0.17 0.21 0.13 0.10 0.12 0.15 0.20 
Fe(1!I) 0.34 0.32 0.29 0.35 0.28 0.32 0.29 0.33 0.36 0,37 0.37 0.32 0.36 0.26 0.26 0.28 0.32 0.32 0.32 0.29 
Mg 2.30 2.57 2.54 2.61 2.62 2.63 2.65 2.62 2.46 243 262 2.46 2.62 2.45 2,46 2.33 2.37 2.60 2.38 2.50 
Pe(l!) 1.76 3.72 1.77 1.68 1.70 1.66 1.69 2.67 1.76 1.79 1.66 1.74 2.59 3.80 1.83 1.76 2.71 1.70 2,79 2,85 
Mn 0.13 0.24 0.13 0.13 0.33 0.13 0.12 0.23 0.24 0.33 0.14 0.13 0.13 0.13 0.23 0.13 0.23 0.23 0.14 0.23 

Cc 1.69 1.85 1.86 1,87 1.86 1.86 1.88 1.87 3.87 1.88 1.88 1,87 1.85 1.67 2.86 1.89 2.84 1.87 3.89 2.68 
Na(M4) 0.00 0.08 0.07 0.07 0.07 0.07 0,01 0.07 0,07 0,07 0.07 0.07 0.08 0.07 0,06 0.06 0.09 0,07 0.06 0.07 

N&(A) 0.34 0.29 0.33 0.28 0.26 0.29 0.32 0.32 0.32 0.31 0.26 0.29 0.24 0.29 0.35 0.32 0.28 0.32 0.26 0.37 
K 0.17 0.17 0.27 0.15 0.15 0.14 0.14 0.27 0.18 0,19 0.24 0.19 0.18 0.18 0.29 0.16 0.25 0.26 0,19 0.19 

M80 0.39 0.60 0.59 0.61 0,61 0.61 0.62 0.61 0.59 0.58 0.61 0.39 0.62 0.58 0.57 0.59 0.60 0.61 0.57 0.57 



SA1t.E MCL6 NKL6 NKL6 NKL6 NXL6 NKL6 NKL6 NKL6 NKL6 NKL6 NKL6 ?43C.L4 NKL6 NKL6 NKL6 NKL6 NXL6 4XL6 NKL6 INKIA 
Aa.1y.. Ami RJml Anil R1m2 AmI Rim) Am) R1m4 Am) RimS Anil Rim6 Anil Care   Am) Cam) AmI Cat3 Aml Cate4 Anil Rim  Am2 Rim) Am2 Rim) Am2 R1m4 Am2 RImS Am2 Rim6 Am) Cm'eI Am) Corel Am) Core) Am2 Cor.4 

5102 45.43 45.46 45.17 44.71 44.69 45.41 43.89 43.71 44.73 43.51 4.4.92 45.20 45.12 44.76 44.12 45.2.5 4495 . 	45.31 44.23 43.20 
A1203 7.54 7.70 7.90 8.10 7.94 1.52 8.76 9.37 9.58 9.09 8.06 8.09 8.03 7.95 7.90 8.66 8.01 7.70 8.52 9.03 
T102 1.40 0.92 0.99 1.45 1.21 0.91 1.13 1.46 1.24 1.34 0.98 0.93 0.93 1.36 1.24 0.45 1.26 1.22 1.40 1.4.9 
PeO(t) 17.96 18.10 18.09 17.38 18.54 19.02 18.43 18.14 17.36 17.38 17.58 17.56 11.54 17.53 17.52 18.03 16.81 16.74 16.53 17.22 
MaO 0.68 0.68 0.69 0.64 0.69 0,71 0.66 0.65 0.62 0.64 0.67 0.67 068 0.63 0.67 0.65 0,59 0.59 0.94 058 
M9() 10.49 10.50 10.57 10.92 10.12 10.32 10.21 10,19 10.86 10.62 10.16 10.89 lOiS 10,96 10.75 10.1. 11.28 11.28 II 	li in 77 
do 11.57 11.36 11,57 11.38 11.44 11.34 11.44 11.44 11.38 11.38 11.35 11.39 11.49 11.29 11 .20 11.20 11,39 11,40 1138 11.40 
Na20 1.46 1.51 1.56 1.64 1.61 1.60 1.65 1.91 1.82 1.84 1.61 1.60 1.53 1.65 1.74 1.38 1.73 1.75 1.80 1.02 
K20 0.99 0.98 0.96 1.07 0.97 0.91 1.18 1.29 1.09 1.20 1.00 1.01 0.96 1.02 1.01 0.81 1.07 0.95 1.14 1.26 

Total 97.52 97.21 97.19 97.19 91.19 96.83 97.35 98.21 97.98 97.19 96.95 97.33 97.03 97.06 96.15 96.56 97.09 96.94 96.72 96,94 

St 6.85 6.86 6.81 6.74 6.80 6.89 6.65 6.59 6.71 6.59 6.79 6.90 6.81 6.76 6.78 6.94 6.77 6.83 6.70 6.58 
Al(IV) 1.15 1.14 1.20 1.25 1.22 1.12 1.35 1.41 1.29 1.41 1.21 1.20 1.19 1.24 1.22 1.16 1.23. 1.17 1.30 1.42 

Ai(totel) 1.34 1.37 1.40 1.44 1.42 1.33 1.56 1.66 1.52 1.62 1.44 1.44 1.43 1.42 1.41 1.54 1.42 1.37 1.52 1.62 

M(t) 0.19 0.23 0.21 0.19 0.20 0.23 0.21 0.25 0.22 0.21 0.23 0.24 0.24 0.18 0.19 0.39 0.12 0.20 0.22 0.20 
TI 0.16 0.10 0.11 0.17 0.14 0.09 0.13 0.17 0.14 0.15 0.11 0.11 0.11 0.16 0.14 0,05 0.14 0.14 0.15 0,17 
l'e(llI) 0.19 0.2.5 0.26 0.23 0.24 0,24 0.32 0.22 0.2.5 0.28 0.27 0.27 0.26 0.27 0.25 0,30 0.22 0.20 0.21 0,24 
M9 2.36 2.36 2.37 2.43 2.29 2.38 2.31 2.28 2.43 2.40 2.42 2.44 2.42 2.43 2.43 2.28 2.53 2.53 2.52 2.43 
Pe(11) 2.08 2.04 2.02 1.96 2.12 2.04 2.01 2.06 1.95 1.94 1.96 1.94 1.94 1.95 1.97 1.98 1.90 1.91 1,87 1.95 
Mn 0.09 0.09 0.09 0.09 0.09 0.091 0.09 0.09 0.09 0.08 0.09 0.09 0.09 0.08 0.09 0.09 0.09 0.09 0.04 0.09 

Cc 1.87 1.84 1.87 1.84 1.86 1.84 1.86 1.84 1.93 1.85 1.84 1.84 1.86 1.83 I.92 1.82 1.84 1,84 1.84 1.86 
Na(M4) 0.08 0.09 0,07 0.09 0.06 0.09 0.06 0.09 0.10 0.09 0.09 0.09 0.08 0.10 0.11 0.10 0.01 0.10 0.01 0.09 

N&(A) 0.35 0.35 0.39 0.40 0.40 0.38 0.41 0.46 0,42 0.46 0.39 0.38 0.37 0.39 0.40 0.41 0.41 0.41 0.43 0.49 
K 0.19 0.19 0.21 0.19 0.19 0.17 0.23 0.2.5 0.21 0.23 0,19 0.19 0.19 0.20 0.20 0.16 0.21 0.18 0.22 0,24 

M99 0.53 0.54 0.54 0.55 0.52 0.54 0.53 0.33 0.56 0.55 0.55 0.56 0.55 0.56 0.55 0.50 0.57 0.57 0,57 0.56 



Simple NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NXW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 	NKW3 NKW3 NKW3 

Analysis Am! Rimi Am! Rim2 Am! Rim3 Am! Rim4 AmI RimS ArnI Rim6 AmI Core! Am! Corel Am! Coie3 Am Core 4 Am2 Rim! Am2 Rim2 Am2 Rim3 Am2 Rim4 Am2 RimS Am2 Rirn6 Am2 Core! Am2 Corel Am2 Core3 Am2 Core4 

S102 44.78 44.37 44.43 44.51 43.86 43.78 43.66 43.41 42.88 44.68 46.49 45.62 45.91 44.87 44.98 45.34 44.43 44.37 44.72 44.55 

A1203 7.71 8.17 8.04 7.80 8.42 8.69 8.48 8.63 9.16 7.82 6.76 7.11 7.06 7.46 7.74 7,26 7.95 8.39 7.84 7.76 

T102 1.01 1.17 1.00 0.99 1.10 1.03 1.21 1.28 1.29 1.04 0.43 0.89 0.69 1.02 1.05 1.06 1.10 0.90 1.19 1.17 

FeO(t) 17.32 17.77 18.07 18.10 18.81 18.29 17.47 17.71 18.36 16.91 17.66 17.29 18.30 18.40 18.28 17.95 17.62 17.61 17.51 17.39 

MnO 1.05 1.05 1.06 1.11 1.12 1.03 1.03 1.00 1.05 0.93 1.06 1.02 1.03 1.06 1.08 1.12 0.94 0.94 0.90 0.86 

MgO 10.97 10.40 10.60 10.58 9.93 10.20 10.79 10.61 10.05 11.36 11.13 11.23 10.73 10.59 10.33 10.67 10.80 10.72 10.90 10.95 

CeO 11.17 11.41 11.24 11.38 11.03 11.34 11.24 11.27 11.27 11.34 11.41 11.28 11.16 11.24 11.30 11.25 11.24 11.30 11.33 11.26 

N.20 1.55 1.48 1.46 1.40 1.56 1.41 1.69 1.70 1.21 1.70 1.29 1.55 1.55 1.49 1.31 1.44 1.64 1.63 1.57 1.74 

K20 0.93 1.00 0.96 0.96 1.05 1.05 1.08 1.09 1.21 0.95 0.74 0.90 0.90 0.92 0.99 0.88 1.02 1.06 0.99 0.97 

Total 96.49 96.82 96.86 96.82 96.88 96.82 96.65 96.70 96.48 96.73 96.97 96.89 96.43 97.05 97.06 96.97 96.74 96.92 96.95 96.65 

SI 6.79 6.73 6.72 6.74 6.67 6.64 6.63 6.60 6.26 6.75 6.98 6.88 6.92 6.79 6.80 6.85 6.74 6.71 6.76 6.76 

Al(lv) 1.21 1.27 1.2* 1,26 1.33 1.36 1.37 1,40 1.47 1.25 1.02 1.12 1.09 1.21 1.20 1.15 1.26 1.19 1.24 1.14 

00 	 A1(total) 1.38 1.46 1.43 1.39 1.51 1.55 1.52 1.55 1.64 1.39 1.20 1.26 1.2.5 1.33 1.38 1.29 1.42 1.50 1.40 1.39 

Al(vi) 0.16 0.19 0.16 0.14 0.1* 0.20 0.15 0.15 0.17 0.14 0.18 0.15 0.17 0.12 0.18 0.15 0.16 0.21 0.16 0.15 

Ti 0.12 0.13 0.11 0.11 0.13 0.12 0.14 0.15 0.15 0.12 0.05 0.10 0.08 0.12 0.12 0.12 0.13 0.10 0.14 0.13 

Fe(U) 0.38 0,34 0,47 0,47 0,45 0.48 0.42 0.43 0.58 0.36 0.39 0.34 0.52 0.44 0.39 0.36 0.36 0.37 0.34 0.30 

Mg 2.48 2.35 2.39 2.39 2.25 2.31 2.44 2.40 2.28 2.56 2.49 2.52 2.41 2.39 2.33 2.40 2.44 2.42 2.46 2.48 

Fe(ffl) 1.81 1.92 1.82 1.83 1.94 1.84 1.80 1.83 1.76 1.77 1.82 1.85 1.79 1.89 1.93 1.91 1.88 1.86 1.88 1.91 

Mn 2.48 0.14 0.14 0.14 0.14 0.13 0.13 0.13 0.14 0.12 0.14 0.13 0.13 0.14 0.14 0.14 0.12 0.12 0.12 0.11 

Ci 1.81 1.86 1.82 1.85 1.80 1.84 1.83 1.84 1.84 1.84 1.84 1.82 1.80 1.82 1.83 1.82 1.83 1.83 1.8.4 1.83 

Ns(M4) 0.10 0.08 0.10 0.08 0.11 0.08 0.09 0.09 0.09 0.09 0.09 0.10 0.11 0.10 0.09 0.10 0.09 0.09 0.09 0.09 

Na(A) 0.36 0.36 0.33 0.33 0.35 0.33 0.41 0.41 0.27 0.41 0.29 0.36 0.35 0.34 0.29 0.33 0.39 0.39 0.37 0.42 

K 0.18 0.19 0.19 0.19 0.20 0.20 0.21 0.21 0.24 0.18 0.14 0.17 0.17 0.18 0.19 0.17 0.20 0.21 0.19 0.19 

Mg# 0.38 0.53 0.57 0.57 0.54 0.56 0.58 0.57 0.57 0.59 0.58 0.58 0.57 0.56 0.55 0.56 0.57 0.57 0.57 0.57 



SAMPLE NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 NKW6 
An*I1M. Awl Rim  AmI R1m2 ArnI R1m3 ArnI R1m4 Am  Rm5 ArnI RMi6 Ain] Corsi Aral Cool Am  CooS Aol 81 Aol Rl Aol Rm3 Aol Rbn4 Aol RbnS Aol Rb6 Aol Cool Anil Cool Aol CooS Ao2 Cor 

SO2 41.96 41.03 42.11 4162 42.10 41.93 42.62 41.97 42.59 43.64 44.15 43.88 43.30 42.44 42.93 43.24 43.53 44.03 43.16 
A1203 1100 11.41 9.61 10.03 9.62 9.69 10.20 10.20 9.95 9.06 9.09 9.50 9.76 9.20 9.23 9.04 9.57 9.26 9.56 
TiO2 0.64 0.38 1.06 1.26 1.13 1.20 1.13 1.18 1.30 1.26 1.41 1.15 1.16 1.21 1.07 1.57 0.99 0.49 1.49 
P.0(t) 20.01 20.20 19.19 19.61 19.27 19.27 19.61 19.31 19.53 10.64 10.71 10.76 19.04 19.03 19.15 11.16 11.84 19.44 19.17 
MnO 0,76 0.80 0.79 0.77 0.711 0.75 0.76 0.74 0.78 0,79 0.7* 0.18 0.00 0.75 0.77 0.74 0.79 0.00 0.7* 
M00 0.62 042 9.16 9.01 9.16 9.27 0.00 0.62 0.67 9.45 9.40 9.34 9.07 9.38 9.19 9.27 9.43 9.2.5 9.13 
C.0 11.62 11,65 11.61 11.73 11.65 11.53 11.65 11.62 11.51 11.54 11.40 11.20 11.55 11.32 11.56 11.60 11.49 11.71 11.52 
N.20 1.40 1.39 1.40 1.40 1.43 1.40 1.29 1.41 1.42 1.41 1.40 1.28 1.37 1.24 1.35 1.30 1.42 1.21 1.53 
X20 1,21 1.24 1.26 1.21 1.26 1.22 1.32 1.26 1.38 1.21 1.14 1.1* 1.23 1.16 1.17 1.21 1.16 1,02 1.29 

TocoJ 91.29 96.52 96.19 96.70 96.4* 96.33 91.33 96.38 97.13 97.00 97.41 97.01 97.28 95.89 96.42 96.91 97.22 97.27 97.63 

II 6.39 6.30 649 6,30 6,49 6.45 6.40 647 6,52 6.65 6.69 6.66 6.59 6.53 6.59 6.61 6.61 6,67 6.56 
1.61 1.70 1.51 1.61 1.52 1.35 1.51 1.53 1.4$ 1.33 1.31 1.34 141 1.41 1.41 1.59 1.39 1.33 1.44 

A)(uJ) 1,90 2.07 1.75 1.12 1.74 1.75 1.83 1.15 1,00 1.63 1.62 1.70 1.15 1.68 1.67 1.63 1.71 1.66 1.71 

0.31 0.37 0,24 0.21 0.23 0.20 0.32 0.32 0.32 0.28 0.31 0.36 0.34 0.22 0.26 0.24 0.32 0.33 0.21 
fl 0.01 0.04 0.12 0.15 0.13 0.15 0.13 0.14 0.15 0.14 0.16 0.13 0.13 0.15 0.12 0.10 0.11 0.06 0.27 
P.(ffl) 0.54 0.61 0.43 0.52 0.44 0.51 0.40 0.35 0.29 0.23 0.22 0.31 0.29 0.50 0.31 0.24 0.34 0.43 0.2.5 
Mg 1.96 1.93 2.10 2.06 2.10 2.12 2.00 1.98 1.9* 2.13 2,12 2.11 2.06 2.15 2.10 2.11 2.13 2.09 2.07 
Ps(fl) 2.01 1.92 2.02 2.00 2.04 1.97 2.10 2.15 2.22 2.13 2.15 2.07 2.13 1.95 2.08 2.17 2.05 2.04 2.19 
Mn 0.10 0.10 0,10 0.10 0.10 0.10 0.10 0.10 0,10 0.10 0.10 0.10 0,20 0,10 0.10 010 0.10 0.10 0.10 

Co 1.90 1.92 1.92 1.93 1.92 1.90 1.90 1.92 1.89 1.19 1.05 1.32 1.88 1.81 1.90 1.90 1.07 2.91 2.00 
NM4) 0.06 0.04 0.04 0,04 0.04 0.05 0.05 0.04 0.06 0.06 0.09 0.10 0.06 0.07 0.05 0.53 0.07 0,05 0,01 

N-(A) 0.36 0.37 0.37 0.3* 0.38 0.36 0.33 0.38 0.36 0.36 0.32 0.2* 0,34 0.30 0,35 0.36 0.35 0.31 0.39 
K 0.23 0.24 0.25 0.25 0.25 0.24 0.26 0.23 0.27 0.24 0.22 0.23 0,24 0.23 0.23 0.24 0.23 0.20 0.23 

MgI 0.49 0.30 0.51 0.51 0.51 0.52 0.49 0.4* 0.47 0.50 0.50 0.51 0.49 0.53 0.50 0.49 0.51 0.51 0,49 



SA?LE Ne.. 10 NKLIO N. 10 N'..l 0 NL10 N.10 NXL 10 N.I0 NXL 10 N. 10 NL 10 NKL 10 N. 10 N. 10 N1. 10 N. 10 N. 10 NXL 10 Nm.. 10 N. 10 
Analysis Am! Rim! Anti Rimi Anti Rim3 Am  Rim4 Anti RimS Anti Rim6 AmI Rm7 Ami Corel Ami Core2 Am! Core3 Am2 Rim! Anti Rim2 Anti RimS Anti R'un4 Anti RimS Anti Rim6 Am2 Ca,.! Anti Co,2 Anti Cor3 Anti Cor.4 

S102 41.69 41.29 41.70 40.84 41.89 41.50 41.71 41.86 42.60 42.59 42.10 41.02 41.17 41.79 40.73 41.36 42.60 43.22 43.19 42.95 
A1203 10.88 10.85 11.00 10.87 10.53 10.69 10.76 10.33 9.26 9.40 10.83 10.88 11.08 10.77 10.86 10.66 9.42 9.33 9.22 9.51 
T102 1.15 1.18 0.87 0.84 1.11 0.60 0.96 1.33 1.45 1.54 1.19 1.00 0.94 1.14 1.06 1.09 1.06 1.32 1.36 1,24 
P.0(t) 19.90 20.05 20.33 20.46 19.37 20.50 20.32 20.21 19.22 19.40 19.21 19.89 20.19 19.99 19.83 19.96 19.09 19.44 19,07 19.36 
MnO 0.74 0.71 0.76 0.77 0.72 0.74 0.72 0.76 0.71 0.77 0.73 0.74 0.71 0.73 0.75 0.73 0.79 0.81 0.75 0.78 
MgO 8.65 8.63 8.48 8.35 8.79 8.54 8.81 8.91 9.54 9.37 8.55 8.73 8.66 8.75 8.57 8.79 9.67 9.55 9.66 9.75 
CeO 11.44 11.55 11.46 11.47 11.65 11.48 11.50 11.52 11.45 11.37 11.52 11.45 11.55 11.35 11.26 11.45 11.48 11.47 11.46 11.52 
Na2O 1.43 1.51 1.48 1.48 1.22 1.39 1.35 1.57 1.51 1.49 1.18 1.44 1.2.5 1.4.6 1.50 1.47 1.33 1.38 1.41 1.32 
RIO 1.38 1.42 1.35 1.43 1.26 1.27 1.32 1.3.6 1.17 1.20 1.43 1.39 1.37 1.39 1.37 1.37 1.18 1.18 1.15 1.20 

Total 97.26 97.19 97.43 96.51 96.54 96.71 97.45 97.85 96.91 97.13 96.74 96.54 96.92 97.37 95.93 96.88 96.62 97.70 97.27 97.63 

Si 6.37 6.32 6.36 6.31 6.42 6.37 6.34 6.37 6.51 6.50 6.45 6.31 6.30 6.37 6.31 6.34 6.50 6.54 6.56 6.49 
00 	 A1(iv) 1,64 1.68 1.64 1.69 1.58 1.63 1.66 1.63 1.49 1.51 1.55 1.69 1.70 1.63 1.69 1.66 1.50 1.46 1.44 1.51 

AI(total) 1.96 1.96 1.98 1.98 1.90 1.93 1.93 1.85 1.67 1.69 1.96 1.97 2.00 1.94 1.98 1.93 1.70 1.66 1.65 1.69 

A1(vi) 0.32 0.28 0.34 0.29 0.33 0.30 0.27 0.22 0.17 0.19 0.41 0.28 0.29 0.31 0.29 0.27 0.20 0.20 0.21 0.18 
Ti 0.13 0.14 0.10 0.10 0.13 0.07 0.11 0.15 0.17 0.18 0.14 0.12 0.11 0.13 0.12 0.13 0.12 0.15 0.16 0.14 
Fe(M) 0.49 0.51 0.54 0.60 0.48 0.65 0.64 0.52 0.45 0.44 0.36 0.60 0.67 0.52 0.57 0.56 0.57 0.48 0.44 0.58 
Mg 1.97 1.97 1.93 1.92 2.01 1.95 2.00 2.02 2.17 2.13 1.95 2.00 1.97 1.99 1.98 2.01 2.20 2.15 2.19 2.20 
Pe(fl) 2.05 2.06 2.06 2.04 2.01 1.98 1.94 2.05 2.01 2.03 2.10 1.96 1.91 2.03 2.00 2.00 1.87 1.98 1.98 1.87 
Mn 0.10 0.09 0.10 0.10 0.09 0.10 0.09 0.10 0.09 0.10 0.10 0.10 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.10 

CS 1.87 1.90 1.87 1.90 1.91 1.89 1.87 1.88 1.87 1.86 1.89 1.89 1.89 1.85 1.87 1.88 1.88 1.86 1.86 1.87 
?h(M4) 0.07 0.06 0.07 0.06 0.05 0.06 0.07 0.07 0.07 0.08 0.06 0.06 0.06 0.08 0.07 0.06 0.07 0.08 0.07 0.07 

N&(A) 0.35 0.39 0.37 0.39 0.32 0.35 0.33 0.40 0.38 0.37 0.29 0.37 0.31 0.35 0.38 0.37 0.33 0.33 0.34 0.31 
K 0.27 0.28 0.26 0.28 0.25 0.25 0.26 0.26 0.23 0.23 0.28 0.27 0.27 0.27 0.27 0.27 0.23 0.23 0.22 0.23 

Mg# 0.49 0.49 0.48 0.49 0.50 0.50 0.51 0.50 0.52 0.51 0.48 0.51 0.51 0.49 0.50 0.50 0.54 0.52 0.52 0.54 



DIi'ORMFD YRONDOU 
SAMPLE NKL8 NKLI NK2.8 NELl NKL8 NXL8 NELl NELl NELl 
Aralytia AM I CORE AM I RIM AM2CORE AM2RIM &M3SMAIL AM4RIM AM4CORE AM3RJM AMSCORE 

Sf02 4.4.44 4123 43.19 40.77 41.05 4138 41.5.4 4334 4336 
1102 0.81 0.77 1.01 0.4.6 0.43 0.66 1.05 0.94 1.46 
A1203 8.48 10.04 8.92 11.63 10.90 10.90 10.31 935 931 

19.38 20.01 19.19 21.29 20.80 20.13 20.09 19.11 18.72 
MnO 0.94 0.92 0.91 0.92 0.91 0.88 0.90 0.92 0.90 
Mg0 9.82 8.83 9.22 730 7.86 8.20 8.34 8.96 938 
C.0 11.66 1131 1137 1133 11.64 1135 11.48 11.48 1131 
Na20 1.15 1.25 1.37 1.41 137 1.4.4 1.47 1.43 1.4.6 
L20 0.96 1.19 109 1.28 1.23 135 130 1.12 1.22 

To.s1 97.64 9635 96.47 96.79 96.19 96.49 I6.48 96.95 97.72 

si 6.69 6.43 6.63 619 6.36 6.39 6.42 6.62 636 
Ai(i) 1.31 137 Iii 1.71 1.64 1.62 139 138 1.4.4 

Ai) 0.20 0.25 0.24 0.40 035 037 0.29 031 0.25 
Ti 0.09 0.09 0.12 0.05 0.05 0.08 0.12 0.11 0.17 
F(llI) 033 0.66 038 0.63 0.61 0.50 0.46 034 0.3.4 
Nfg 2.20 2.02 2.08 1.72 1.82 1.89 1.92 2.04 2.16 
F-(U) 1.91 1.92 2.08 Lii 2.09 2.10 2.14 2.14 2.03 
Mn 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

C. 1.88 1.90 1.90 1.91 1.93 1.91 1.90 1.88 Ill 
N-(M4) 0.06 0.06 0.05 0.05 0.04 0.05 0.05 0.06 0.07 

Na(A) 0.27 032 0.36 037 038 038 0.39 036 036 
K 0.18 0.23 0.21 0.25 0.24 0.27 0.26 0.22 0.24 

MgI 034 031 030 0.45 0.47 0.47 0.47 0.49 032 

AION GRANITOIDS 
SAMPLE NKBI NEB! NKBI NKBI NKBI NKBI NKBI 90NK81 90NK8i 90NX81 
A3yaa AM1RIM AM2R.fl.( AM2CORE AND AM4RIM AM4CORE AM5 AMI AM2 AND 

Si02 4534 45.90 46.08 45.1* 46.12 45.70 44.70 44.77 44.01 4435 
1102 1.17 1.20 1.11 1.13 1.14 1.05 1.16 134 1.44 134 
A1203 7.46 738 7.91 7.63 7.92 8.07 739 8.10 8.60 8.26 
FcO(t) 18.68 1732 1632 18.68 17.00 16.34 17.82 15.91 18.65 1635 
MnO 027 0.77 0.67 0.78 0.70 0.68 0.76 0.93 1.10 0.85 
MgO 1036 11.05 1131 10.25 11.76 10.90 1036 11.86 10.12 12.09 
C.0 11.22 11.45 11.19 11.01 11.49 10.94 11.26 11.47 11.47 11.16 
P4.20 1.4.4 1.72 1.61 1.44 1.4* 1.04 139 1.41 131 1.60 
E20 0.95 029 02* 028 0.91 0.87 0.92 1.02 1.04 0.98 

Total 97.89 98.01 9735 97.6* 9832 9539 96.46 97.01 97.94 97.18 

si 6.83 625 637 628 6.81 6.91 620 6.71 6.62 6.65 
AJ(rv) 1.17 1.15 1.13 1.12 1.19 1.09 1.20 1.29 138 135 

AJ(vi) 0.15 0.19 0.26 0.23 0.19 035 0.12 0.14 0.15 0.11 
Ti 0.13 0.14 0.12 0.13 0.13 0.12 0.13 0.17 1.16 0.15 
Fe(W) 037 0.23 0.27 032 0.36 030 035 037 0.42 052 
Mg 236 2.46 237 2.29 239 2.46 2.46 2.65 2.27 2.69 
Fe(11) 1.97 1.96 1.77 2.02 1.74 1.17 1.92 1.62 1.93 133 
Mn 0.1) 0.10 0.09 0.10 0.09 0.09 0.10 0.12 0.14 0.11 

C. 120 1.83 1.79 1.77 122 1.77 123 12.4 1.85 1.79 
N.(M4) 0.11 0.10 0.14 0.14 0.10 0.14 0.09 0.09 0.08 0.12 

Na(A) 031 0.40 033 0.28 033 0.16 038 033 036 035 
K 0.18 0.17 0.17 0.17 0.17 0.17 0.18 0.20 0.20 0.19 

MgI 035 036 039 033 0.60 0.63 0.56 0.62 034 0.64 

381 



APPENDIX IIIC 

Mineral analyses from the pelitic hornfelses (Chapter 5) 
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BIOTITE 

FDOII-GRADE QUARTZ ABSENT 
SAMPLE C943 (IRS (185 CR8.5 (1  85 CR85 (1.85 CK85 CR85 CR85 CK85 
Analysis SIlO 0120 B140 0150 B160 01110 Bit   B19   BIIOA BL3X BPS 

SO2 3630 34.31 34.04 34.60 34.77 3434 33.49 34.19 34.97 34.46 3.489 

fl02 0.43 135 O.T7 0.81 154 0.69 2.74 3.73 1.04 115 3.73 
M203 23.08 2013 11.05 2137 20.01 20.17 20.13 19.63 19.9* 2036 19.43 
FO(t) 19.97 2335 24.09 23.42 23.41 23.45 2437 23.63 13.21 23.01 21.71 

Mn0 0.14 0.16 0.15 0.15 0.1* 0.15 5.10 0.10 0.1* 0.15 0.10 
MgO 6.18 6.97 6.91 7.03 6.96 7.1* 0.12 5.12 732 628 634 
C.0 0.(k5 0.06 0.11 0.05 0.11 0.13 0.02 .4 0.03 0.21 0.02 
N&20 0.11 0.11 0.09 0.11 0.10 0.10 0.0* 0.10 0.14 0.10 0.10 

K20 9.23 9.29 8.25 9.20 4.87 8.79 932 930 931 *54 9.20 
F 013 0.11 0.13 0.24 0.20 n.a 030 0.04 0.02 0.21 0.12 

TOTAL 9632 96.00 9539 97.05 96.15 95.22 95.62 96.0* 96.40 9537 9526 

Si 5.44 538 5.25 315 5.33 535 5.22 5.28 536 5.31 533 
in 0.09 0.16 0.09 0.10 0.18 0.0* 032 0.43 0.12 0.14 0.43 

Al 4.06 3.67 3.83 3.82 3.62 3.68 3.71 337 3.61 3.73 330 
2.49 3.01 3.11 2.97 3.00 3.04 3.17 3.05 2.97 2.96 2.17 

Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 

Mg 137 1.60 139 139 139 1.66 1.18 1.18 1.67 13* 1.49 

Ca 0.01 0.01 0.02 0.01 0.02 0.02 0.00 nd 0.00 0.03 0.00 

Na 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.04 0.03 0.03 

K 1.76 123 1.62 1.1* 1.73 1.74 IRS 1.87 1.86 1.61 1.79 

F 0.11 0.0* 0.06 0.12 0.10 n.a 0.10 0.04 0.01 0.10 0.06 

MgM9+Pe) 036 035 034 0.35 035 035 0.27 0.21 036 035 035 

LOW-GRADE HI3H-GRADE QUAR17.-PRESENT HIGH-GRADE Q.A 0sE14T 

SAMPLE 90NK19 90NK191  9ONX.30 90NK30 90NR30 90N1Z30 90N730 90NK30 CKI6 CR86 (1.86 
Analysis Bill BU S1  B11   B12   81.3L B15   016P B14 Xi  BIIA BI2A B13  

Si02 3553 35.49 34.18 35.14 3422 3512 35.15 34.94 34.97 35.05 3435 

1302 316 359 3.29 3.85 335 2.27 239 337 336 342 3.04 

A1203 20.17 20130 18.97 18.14 1827 1*26 17.95 19.49 19.49 1934 19.76 

19.70 20.i9 19.64 20.15 19.68 19.27 18.87 19.09 21.19 2139 21.60 

P.4.0 .4 0.16. 0.27 0.22 0.23 0.22 0.23 0.281 0.11 0.09 0.14 

MgO 4117 8.631  832 830 8.51 9.45 934 8.46 736 7.21 7.16 

CaO 0.03 .4 0.23 0.10 .4 0.01 018 .4 .4 0.02 038 

Na20 0.12 0.10 0.14 0.17 0.12 0.13 0.13 0.19 0.14 0.11 0.13 

K20 9.1* 936 9.05 9.14 939 930 8.95 933 924 9.66 956 

P 0.21 0.13 0.06 0.12 0.15 0.12 0.13 0.12 a.. IRA VIA 

97.09 97.80 9435 9553 9332 94.85 93.72 95.46 96.46 9636 9632 

Si 530 517 51* 536 533 539 5.43 531 532 532 5.27 

TI 034 0.40 038 0.44 039 016 030 039 0.38 0.41 0.35 

Al 334 3.521  3.45 316 3.40 331 3.27 3.49 3.49 3.46 335 

Fe(i) 2.45 2.51 234 237 2.52 2.47 2.44 2.43 2.70 2.72 2.15 

Mn .4 0.02 0. 04 0.03 0113 0.03 0.03 0.04 0.01 0.01 0.02 

Mg 2.01 1.91 1.96 1.93 1.94 2.16 2.20 1.92 1.67 145 1.63 

Ca 0.00 .4 0.04 0.02 .4 0110 0.03 .4 .4 0110 0.09 

N. 0.03 003 0.04 0.05 0.04 0.04 0.04 0.06 0.04 0.03 0.04 

K 1.74 1.77 1.78 1.78 1.87 126 1.76 125 1.91 127 126 

P 0.10 0.06 0.03 0.06 0.07 0.06 0.06 0.06 a.. a.a BA 

Mg.Mg+Pe) 0.45 0.4i1  0.44 0.43 0.44 0.41 0.47 0.44 038 038 037 

0 .ith garn, S = Selvage A= in quau-absent aitna. X = retrogie. L = in Ieucnaom P = In pclibc arem 
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)480H.ORADE QUARTZ-ABSENT ASSEMBLAGES 
SAMPLE 9ONJ(16 90NX16 90NK16 90NK16 90941(16 90941( 16 
An.ly.*. sits DI) S BIaS bills 81123 silos 

3102 35.89 33.93 34.58 32.80 3262 32,88 
1103 2.96 3.84 3,20 3.50 3.38 3.83 
A1203 19.75 19.11 88.73 18.44 18.16 18.84 

21.32 2032 21.72 22.14 21.33 2133 
MnO 0.84 0.10 0.11 0.13 0.14 0.09 

7.00 6.72 6.72 6.77 7,04 632 
C.0 0,0* .4 0.05 0.04 0.01 0108 
Na2O 0.17 0.12 0.11 0.12 0.11 0.13 
1(20 9.36 940 9.14 9.23 943 9.01 
P ae a.. a.. 0.24 a. me 

TOTAL 95.17 92.69 94,16 9343 92.17 92.73 

SI 5.366 5.350 5.366 5.204 4.520 5.220 
fl 0.340 0.372 0.376 0.41* 0400 0438 
Al 3.550 3352 3.446 3.4.52 3.440 3.534 
NO 2.711 2.706 2.836 2.93* 2.868 2.868 
Mn 0.011 0.084 0.014 0.011 0.020 0.012 
NIS 8.590 83*0 1.564 1.600 1.686 8498 
C. 0.014 .4 0.008 0.006 0.002 0.002 
N. 0.050 0.036 0,034 0406 0.034 0,040 
K 1.802 1.820 8.820 1.872 1.932 1.840 
F a. a.. a.. 0.120 a. a. 

00 M,J(M18+F.) 0.369 0369 0.355 0.353 0.370 0.343 

SAMPLE CX17 CXI? ('1(87 ('1(87 ('1(87 (1(81 
An.iy.I. 8883 A 1814 A III? A IllS A ails 181218 

SiO2 	, 33.89 36.64 3431 34.60 35.81 33.72 
'7302 132 3.22 334 3.91 332 3.26 
A1203 2149 22.05 2049 20.05 19,64 2040 

23.36 19.79 21.75 22.05 20.73 20.73 
MnO 0.09 0.09 0.12 0.12 0.12 0.12 
Mg0 7.06 6.22 7.36 7.12 7.38 144 
C.0 0.09 0.04 .4 0.69 *4 0.01 
N.20 0.28 0.11 0.13 0.17 0.11 0.11 
1(20 810 8.28 933 9,24 912 9.26 
P 0.11 0.13 0.14 0.17 0.32 0.26 

IOTAL 9638 96.61 9737 98.12 96.85 97.31 

SI 5.166 5.416 3.890 3.186 5.374 5.332 
TI 0.174 0.359 0,400 0.440 0.390 0.366 
Al 3.860 3.844 3.634 3344 3476 3390 
NO 2.966 2446 2,736 2,764 2.602 2.58* 
Mn 0.012 0.012 0,016 0.016 0,016 0.016 
NIS 1,604 8.370 1.630 1.590 1.650 1.636 
C. 0.084 0.006 .4 0.110 .4 0.002 
N. 0.062 0.032 0,038 0450 0.032 0.032 
K 1.712 8.362 8.82* 1.768 1.764 1.764 
F 0.086 0.108 0.066 0,080 0.832 0.122 

MW(M8+P.) 	0.331 	0.339 	0.376 	0,365 	0.3*8 	0.390 

S - Selvage. A - Qamu-.b..rn area. X - R.nv.d., ny.cuum4 

90943(16 90943(86 90941(16 90941(16 90943( 16 90943(28 90943(28 90942(21 90941(28 90941(21 90941(21 90941(21 90941(21 90941(21 
812A 014A 91.3A 816A 819A all   812A 813A 314A DISA 1816A 1817A Big   18195 

32.63 3604 34.02 34,08 34.61 33.73 3345 34.16 33.95 35.42 34.78 32 04 54.59 5.898 
2.75 2.76 2.91 1.73 3.73 3,12 3.61 4.24 4.06 263 89 361 113 3 18 

19.83 28.73 19.29 20.00 18.47 33.73 19.44 8930 10.32 19.83 2039 19.85 1990 2000 
23.33 20.68 23.23 22.20 21.64 23.15 0.13 22.63 2337 21.75 20.42 22,04 22.12 22.05 
0.12 0.16 0.11 0.10 0.12 0.14 22.70 0.78 0.19 0.12 0.13 0.15 0.13 0.16 
5.73 6,03 6,08 6.82 6.64 6,24 6.32 6.14. 6.18 7,25 636 6.60 6.17 6.7* 
0.04 0.01 0,04 0.06 0.02 0.02 0.07 0.08 0.02 0,03 .4 0,04 0.01 0.02 
0.13 0.16 0.13 0.16 0.10 0.15 0.14 0.14 0.07 0.13 0.12 0.12 0.16 0.14 
9.28 7.73 9.22 9.24 9.36 9.42 9.25 9.16 939 931 8.83 946 9.67 944 
a.. a. a.. a. a.. 0.12 0.11 0.09 0.14 0.15 0.13 0.16 0.21 0.19 

93.84 9530 95.05 94.41 94.69 96.64 95.24 9632 96.77 9444 94.92 94.8* 97.26 9634 

5.176 5.424 5.302 3.314 5.374 5.172 5.200 5.232 5.218 5.202 3.316 5.122 5.206 5.186 
0.328 0312 0342 0.206 0.436 0440 0422 0488 0374 0.310 0.386 0424 0436 0.454 
3.70* 3.856 33.44 3.676 3382 3.598 3362 3.522 3322 3.640 3.710 3.650 3.554 3398 
3494 2,604 3.030 2.896 2.110 2.970 2.932 2.900 3.006 2.832 2.680 2.874 2,804 2.814 
0,016 0.020 0,014 0.014 0.016 0,018 0.020 0.024 0.024 0.016 0.086 0.203 0.016 0.004 
1.334 8352 1.412 1.584 1.536 8426 1464 1402 1416 1.682 1494 1.534 1.532 1342 
0.006 0.002 0.006 0.010 0.004 0.004 0.012 0.014 0.004 0.006 nd 0.006 0.002 0.004 
0,040 0.044 04,40 0.044 0.030 0.014 0,042 0,042 0,020 0,040 0.036 0.036 0.044 0.042 
1.178 1 A9 8.834 1.838 1.834 1.844 1,834 1.790 8.882 1.850 1.722 1.8*2 8370 1.838 

M. as a. a. a. 0.05* 0.034 0.044 0.06* 0,074 0.062 0.07* 0,800 0,092 

0.304 0342 0.318 0354 0354 0323 0332 0.326 0.320 0373 0.364 0348 0356 0354 

CX17 ('1(87 90941(22 90941(22 90941(22 90941(22 90N1(22 90941(22 90941(22 90941(22 90NX22 90941(22 90941(22 
18155 Die X 1111 A 1884 A 1116 A 1117 A 1118$ 81105 18123 11111 X NO X 111e 38 1111238 

35.23 3540 33.43 35.09 32.88 34.66 3245 3546 34.69 34.91 35.55 34.89 35.29 
3.94 3.77 332 3.8.4 2.27 4.0* 3.64 3.80 2.69 3.63 3.62 337 3.86 

2047 20.57 20.49 19.71 21.1* 20.29 20.22 20.02 19.82 19.12 19.97 1938 19.01 
28.63 20.62 2332 21.86 22.00 22.16 22.97 20.97 21.22 0,08 20.17 20.69 20.80 
0.13 0.18 0.11 0.09 0,0* 0.09 0.09 0.09 0.09 20.19 007 0.10 0.09 
736 6.99 5.79 743 6.11 6.67 538 7.81 7,44 734 7.88 7.62 1.66 
0.08 0.04 0.12 0.02 .4 0,06 0104 .4 0.05 0.03 0.02 .4 .4 
0.13 0.09 0.21 0.09 0.16 0.11 0.15 0.11 0.17 0.10 0.80 0.13 0.09 
932 8.8* 8.96 9.67 931 938 9.30 941 9.44 930 930 941 931 
0.28 0.22 0.11 0.24 031 0.19 0.18 0.20 M. 0.22 033 0.89 0.24 

98.65 96.69 94.08 97.34 95.72 91.69 9435 97.17 95.61 9532 97.84 95.98 96.61 

5.228 530* 5.836 5.216 5.056 5.210 5.09* 5.320 5314 5,340 5.316 5.306 5.338 
0440 0426 0384 0434 0.262 0.462 0430 0.330 0.310 0488 0.10* 0386 0440 
3.580 5.308 3.724 3494 3.948 3396 3.744 3340 3.380 3,44* 3.520 3.510 3390 
2.682 2.586 3.032 2.660 2.830 2.786 3.018 2.630 2.71* 2382 2.522 2.632 2.630 
0.016 0,014 0.014 0.012 0.080 0.012 0.012 0.012 0.012 0.010 0.00* 0.012 0.012 
1.626 1.562 1.330 1.664 1.574 1494 8306 1.746 1.698 1.788 I 740 1.728 1.726 
0.002 0.006 0030 0.004 .4 0.080 0,006 .4 0.00* 0,004 0.004 .4 .4 
0.03* 0.026 0.062 0.026 0.04.8 0,032 0.046 0.032 0,050 0.030 0.028 0.02* 0.026 
1.802 1.698 1.162 1.856 1.826 1.800 1.864 1.800 1,844 1.854 1.812 1.826 1.844 
0108* 0,804 0.054 0.184 0.1*0 0,090 0,034 0.094 a. 0.806 0.156 0.092 0.814 

0.378 0377 0.305 0.385 0.338 0.349 0.302 0.399 0.383 0.400 0.408 0.396 0.396 

T1 



00 
tA 

REGIONAL THERMALLY OVERPINTD 
SAMPI_B 0950(236 19141(236 09141(236 19NX236 0914K236 09141(236 99NX236 09141(236 *9141(235 09141(235 99N1U35 *9141(233 19141(235 19141(235 9NX235 09NX237 09141(237 09141(237 09141(237 *9141(231 19741(2.17 
Am"is OTt R (M c 072k 072 C 073 R 073 C ()r4 R 074 C OTt R UT! C 072k 012 C an )N Cr4 IN 075 IN Oil R on c oil R 072 C ors C (r4 IN 

3102 37,74 30,112 37.42 31.74 37,01 37.30 51.15 37*0 31.11 57.1* 51.47 37.110 37.4' '690 %79% 30 '9 56*7 3*17 37 Il 33 114 36.12 
1)02 0.01 0.04 0.12 0.13 orn 0.10 0.01 0.11 0.05 0.01 0.07 0.04 0.24 1.55 0.24 0.02 003 0.04 0.03 009 2.5* 
A1203 21.30 2107 21.05 20.93 21.13 30.1* 20.93 20.53 3670 21.05 20.70 21.04 20.09 20.77 20.73 30.33 3644 20.50 20.74 20.44 19.9$ 
9.0(4) 30.94 30.34 30.60 31.75 31.39 31.57 29.15 31.13 50.04 30.16 30.4! 31.26 27.24 27.72 27.32 23.17 26.23 29.43 27.90 29.4! 2360 

M4) III 3.62 3.31 0.97 002 1.35 119 04!' 740 4.21 6.17 6.21 7.96 6.1) 0.63 6.30 12.04 6.10 4,27 615 6.59 
M90 3.29 3.14 3.30 2.31 2.91 2.56 2.70 2.51' 2.15 2.43 2-23 2.4* 1.05 1.9A 1.77 2.52 1.54 IN 197 2-lI 2.36 
C.0 603 409 4.00 6.33 5.92 5,90 7.33 6.47' 2.3* 4,36 3.01 2*7 4.71 5(3) 3.92 403 2.64 345 194 2.63 526 
NX) #4 .4 .4 #4 6.4 .4 .4 41 64 64 84 #4 .4 6.4 #4 6.4 .4 #4 #4 .4 #4 
0203 0.01 0.02 0.01 0.01 001 0,01 0.02 .4 001 0.02 002 .4 0.03 000 0.02 .4 84 #4 #4 0.0! 0.05 

Ti 100.32 99.14 99.96 100.19 Was 99.15 100.31 9940 101.24 101.07 100.55 101.70 100.35 99.93 100.61 9*03 99.6) 96.71 99.90 100.01 99.52 

54 2.99 2.97 2-99 3.01 2.97 302 302 304 309 301 301 502 300 2.96 309 2.99 2.99 301 2.91 300 2.93 
11 0.01 0(3) 0.0; 0.01 0.00 0.0! 001 00! 000 000 002 002 0.01 0.09 00! 000 000 023) 000 000 0.14 
Al 1.99 2.001.98 1.97 2.00 1.97 1.96 1.94 1.96 1,91 1.96 1.97 1.92 1.97 1.96 1.96 1.97 1.97 1.96 1.95 1.91 
P.(2) 2.02 1.99 2.02 2.12 2.06 209 1.93 2.14, 2.01 2,05 2.03 2.05 1.13 1.86 1.93 1.90 1.74 2.00 1.79 1.94 2-00 
Pa(S) 0.03 0.03 002 000 0.06 0.03 000 0.00, 000 000 0.01 0.03 000 000 000 0.07 0.05 0.01 0,00 0.03 000 
Mo 0.07 0.23 0.23 0.07 0.06 009 013 003 0.53 0.21 0.43 042 0.54 0.42 0.59 0.45 0.13 042 0.29 0.36 0.45 
M3 0.39 0.30 0.40 0.21 0.35 0.31 0.33 0.21 0.26 0.29 0.27 0.29 0.22 0.23 0.21 0.21 0.19 0.29 0.22 0.25 0.29 
Ca 05! 0.35 0.34 0.54 0.51 0.31 0.62 0.56 0.20 0.39 0.26 0.24 0.4! 043 0.34 0.35 0.23 0.30 06* 0.25 0.29 
Na .4 .4 #4 #4 .4 #4 84 .4 84 #4 #4 #4 6.4 6.4 84 84 04 #4 #4 114 114 

Or 0.00 003 002 000 0.00 000 000 #4, 000 000 000 #4 000 000 000 .4 #4 #4 84 000 000 

Alm S 67.40 67.10 67.30 70.60 69.10 69.70 6420 71.30 6700 6310 61.50 61(20 6102 63.30 61.70 63.70 51.30 *6.50 60.10 64.10 65.00 
Py% 1300 12.70 13.40 9.20 11.70 10.20 10.90 9.20 1.30 9.60 9.10 9.00 740 7.90 7,10 9.30 6.30 9.70 7.30 0.50 900 
39% 2.50 6.30 7.60 2.20 2.10 3.10 4.20 0.90, 17.60 9.40 14.10 13.90 11,10 14.20 19.70 15,10 27,10 1400 9.70 12.60 15.20 

17.10 11.90 11.40 11.10 17.10 17.10 20.70 11.60 6.110 1190 1.70 1.10 13.50 1460 11.50 11.10 7.70 1000 22.90 0.20 990 

CONTACT 
SAIIIPtO CR05 CR05 CR15 CR05 CR15 CR15 CR15 CR05 CR05 CR35 CR13 CR35 CR35 CR05 CR05 CR15 CR15 CR05 CR05 CR33 
Andris Oil R 012k 053 RI OrS R2 013 CI or) C2 0T4 R ors R (nWR 077 CI 017 C2 an CS 077 RI 077 R2 011 CI 013 C2 an RI 01*6.2 mi orio 

3402 37.03 37.70 37.34 3610 3601 37.03 3644 3604 37.29 36.47 36.47 3674 3700 37.09 3629 3666 3660 37,17 3763 3693 
7403 0.14 0.10 0.44 013 0.21 0.15 017 011 019 004 00) 00) 013 0.02 006 0.03 0)) 0.10 009 0.10 
A1203 2157 2163 21.27 22.01 22.02 21.49 21.15 2156 2)42 22.06 36*3 2100 20,70 206* 3634 2003 2060 3606 21.22 20.99 
9.0(4) 33.47 33.37 34.43 33.64 34.01 33.25 33.5* 34.40 33.49 33.15 3363 33.36 30.47 32.66 33.30 35.72 33.03 30.07 30.35 33.52 
NW 3.77 4*2 3.06 5.56 4.66 4,40 5.53 665 5.01 4.26 6.37 3.29 1.91 4.50 5.33 4.01 5.61 2.72 ).59 4*3 
M30 2.14 1.90 2.10 1.74 1.90 1.15 1.74 lAS 1.14 1.99 144 1.17 1.70 1.03 167 1.91 1.73 1.71 1.79 1.02 
Ca0 5.35 2.67 3.24 3.44 2.44 364 2,45 103 2.76 2.00 1.13 1.92 7.77 3.69 2.0* 2.32 2.32 6.70 7.93 2.91 
NaX) .4 .6 #4 .4 .4 #4 #4 .4 #4 #4 .4 #4 #4 #4 .4 #4 #4 .4 #4 64 
0203 0.09 0.09 0.10 0.09 0.01 0.0* 009 0.09 001 0.02 001 64 0.02 0.01 #4 0.02 0.01 001 001 0.01 

TOW 102.36 102.71 102.01 10249 101.42 101.19 101.13 102.11 102.09 100.79 10009 10047 99.92 100.17 99.29 100.31 10043 100.23 101.16 101.13 

SI 2.99 2.97 2.96 2.92 2,1* 2.94 2.93 2.93 2.96 2.92 2.97 2.97 2.97 2.91 2.90 2-97 2.95 3.91 2.90 2.96 
TO 0.01 0.01 0.03 0.01 0.02 0.01 0.01 00! 001 000 000 002 001 0(3) 013) 000 0.01 0.01 0.01 0.01 
A) 2.01 2.01 1.99 2.05 2.07 2.01 200 2.03 2-01 2.0* 200 200 1.96 1.95 1.97 1.99 1.96 1.97 1.91 1.99 
F.(2) 2.21 2.21 2.25 2.14 2.15 2.13 2.14 2.24 2-10 2.15 2.23 2.20 1.96 2.03 2.22 2.20 2.16 2.0! 1.93 2.11 
Pa(S) 000 003 0.04 0.09 0.15 006 011 0.00 0.0* 0.07 006 002 0.09 0.16 0.00 0.00 0.12 0.06 0,06 0.0* 
Mn 0.25 0.32 0.21 0.37 0.32 0.30 0.30 0.43 0.34 0.29 044 0,36 0.)) 0.31 0.37 0.33 0.30 019 0.1) 0.33 

mg 0.25 0.23 0.26 0.21 023 0.22 0.21 0.17 023 0.24 0.20 0.23 0.20 0.22 0.20 0.23 0.2! 0.21 0.21 0.22 
Ca 0.21 0.23 0.23 0.21 0.21 0.31 0.21 0.09 0.24 0,2.4 010 0.17 0,117 0.32 0.18 0.20 0.20 0.5* 067 0.25 
Na #4 n.4 #4 #4 #4 .4 .4 .4 #4 #4 .4 #4 84 84 #4 #4 #4 #4 nd 6.4 
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 000 000 #4 002 0.1*) nd 0.00 000 01*0 000 0,00 

Aim % 73.70 74.10 75.50 73.20 7410 72.00 72.90 16.00 73.40 75.70 75.20 74.40 66.20 70*0 74.30 74.30 73.30 67.30 66.60 73.10 
Py q6 0.40 7.50 0.60 700 7.00 7,40 7.10 3100 7.30 1.10 670 160 6.90 7.60 6.90 7.00 700 7.10 7,10 7.30 
39% 0.40 10.00 6.90 12.70 10.90 1000 12.00 15.50 11.30 9.90 14.10 12.20 4.40 10.10 12.50 11.10 1300 6.30 360 11.10 
(k 9. 9.30 7.60 9.20 7.10 7.20 10.50 7.20 303 7.90 1.30 3.30 5.00 23.30 1100 610 6.00 6.00 19.30 22.70 140 



CORDIERITE 

LOW-GRADE HIGH-GRADE QUARTZ-ABSENT 
SAMPLE 9ONKI9 CK86 (K86 CK86 CK96 CK86 CK85 CK85 (KRS CK85 
Arly %6 0)1CDI 0)2 CD3 CD4 0)5 0)1 0)2 0)3 0)4 

S102 47.4! 47.60 47.86 47.43 48.03 48.83 47.04 47.80 47.44 47.26 
Ti02 n4 n.d n.d n.d n.d n.d n.d n.d n4 n.d 
A1203 35.37 1  32.68 32.99 32.42 32.93 32.86 32.11 3230 3234 32.04 
Fc00) 9.2-51 11.26 11.03 039 10.36 10.88 13-SO 12.08 13.19 13.30 
Mn() 0.27' 036 0.33 12.47 0.35 0.38 035 033 033 0.34 
MgO 7.25 6.27 6.42 5.43 6.85 6.66 5.03 537 5.06 5.01 
CaO 0.02 n.d n.d n4 n4 n.d 0.02 0.12 0.01 0.04 
N.20 0.0 1! n.d n.d n.d n4 n4 0.21 0.40 0.17 0.24 
X_20 4l nd n4 rid n4 n4 n.d n.d n4 n.d 

Total 99.9698.18 98.63 98.14 9832 99.61 98.26 9835 98.56 98.23 

Si 4.83 4.98 4.98 4.99 4.98 502 4.98 5.02 4.99 4.99 
fl n.d n.d n4 n.d n4 n.d n.d n.d n4 
A] 4.25 4.03 4.04 4.02 4.03 3.98 4.00 3.97 4.99 3.99 
Fe2.(i) 0.79 0.99 0.96 1.10 0.90 0.94 1.19 1.06 1.16 1.18 
Mn 0.02 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 
Mg 1.16 0.98 1.00 0.85 1.06 1.02 0.79 0.87 0.79 0.79 
co 0.001 n.d n.d n.d 04 n.d 0.00 0.01 0.00 0.01 
Na n.d n.d n.d n4 n.d n.d 0.00 0.08 0.03 0.05 
K n.d n4 n4 04 n4 n4 04 n.d n4 n.d 

M9/(Mg+Fe) 0.601  030 031 0.4.4 034 032 0.40 0.45 0.41 0.40 

HIGH-GRADE QUARTZ-ABSENT 

SAMPLE CK95 CK85 CK85 90NK22 90NL22 90NK22 90NK22 90NK22 90NK22 
Analysis (3)5 CD6 0)7 0)1 (3)2 0)3 (3)4 CD6 CD? 

Si02 45.08 47.40 47.22 47.05 47.16 47.10 47.08 48.08 48.15 
T102 0.07 n.d 04 04 n.d n.d n.d n.d n4 
A1203 31.11 31.86 31.95 3290 32.23 33.33 33.69 3254 33.11 
FcO(t) 10.76 1230 13.18 tLOS 11.97 10.77 11.11 1031 11.72 
MnO 0.29 030 0.03 030 0.27 0.27 0.24 0.26 031 
MgO 4.05 5.68 5.05 5.89 5.92 6.73 634 7.06 6.10 
C.O 0.03 0.01 0.01 0.05 0.02 0.03 0.02 0.01 0.07 
N..20 0.22 0.20 0.22 0.20 0.16 0.17 0.19 0.16 012 
K20 n.d o4 04 n.d 04 n4 n.d 0.01 a4 

Total 98.61 97.75 97.96 98.44 97.73 9*40 98.94 98.63 99.68 

Si 4.69 5.01 5.00 4.93 4.98 4.91 4.89 4.99 4.97 
Ti n4 n4 04 04 04 n4 n.d nA n4 
Al 4.67 3.97 3.99 4.07 4.01 4.10 4.13 3.98 4.03 
Fr2(t) 0.94 1.09 1.17 1.06 1.06 0.94 0.97 0.91 1.01 
Mn 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.03 
Mg 0.63 0.89 0.80 0.92 0.93 1.05 1.01 1.09 0.94 
Ca 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
N. 0.04 0.04 0.05 0.04 0.03 0.03 0.04 0.03 0.04 
K n.d n4 n.d o4 04 n4 n4 0.00 n4 

Mgj(Mg+Ic) 0.40 0.45 0.41 0.47 0.47 033 031 034 0.48 
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HIGH-GRADE QUARTZ-ABSENT ASSEMBLAGES 

SAMPLE 90N1(I6 90N1C16 9ON)(16 90NXI6 9ONXI6 9ONXI6 90NKI6 9ON1(16 90N16 9ONXI6 9ONXI6 9ONKI6 9ONX16 

Analysis CDI 3 CD2 3 CD3 S C04 A CD3 A CD6 A CD7 S CDR A CD9 A CDIO A CDI I A CDI2 S (--DI) 3 

SiO2 47.94 47.95 47.72 47.90 4733 47.10 48.06 47.04 47.36 47.36 47.21 47.67 47.69 
1102 .4 .4 0.02 .4 .4 .4 0.01 .4 .4 0.04 0.02 0.01 .4 
A1203 32.49 32.01 32.27 3233 31.82 31.74 32.60 31.78 31.64 31.81 31.75 32.02 32.27 
P.0(t) 10.72 10.88 10.85 11.59 11.82 11.95 1131 12.67 11.62 11.43 12.14 10.59 10.23 

MoO 030 0.31 0.34 0.35 035 0.37 0,34 0.27 0.34 0.33 0.21 0.26 0.27 
Mg0 6.66 6.57 6.41 6.15 5.76 5.84 6.49 5.45 6.10 6.24 5.79 6.76 7.02 
CaO 0.06 0.04 0.05 0.03 0.03 0.03 0.02 0.04 0.04 0.03 0.04 0.04 0.02 
N.20 0.25 0.21 0.19 010 0.18 0.17 0.14 0.26 0.22 0.23 0.24 0.24 0.17 
K20 .4 .4 0.01 .4 0,01 0.01 .4 .4 0.01 0,04 n4 0.01 0.01 

Total 98.42 97.91 97.86 9835 97.29 97.21 98.97 97.51 9733 97.51 9746 91.60 91.78 

Si 4.99 5.02 5.00 5.00 5.02 5.00 4.99 5.00 5.01 5.00 5.00 5.01 4.99 
TI .4 n4 0.00 n4 .4 .4 0.00 .4 .4 0.00 0.00 0.00 .4 
Al 4.00 3.95 3.99 3.98 3.97 3.97 3.99 3.98 3.95 3.96 3.97 3.96 3.99 
P.2(t) 0.93 0,95 0.95 1.01 1.05 1.06 0.98 1.13 1.03 1.01 1.0* 0,93 0.90 
Mn 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.02 

Mg 1.03 1.03 1.00 0.96 0.91 0.92 1.00 0.86 0.96 0.98 0.91 1.06 1.09 
CA 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 

Na 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0,05 0.05 0.05 0.05 0.05 0.03 

K nd nA 00) .4 0.00 0.00 tt.d nd 0(8) 0.01 flAt ((AK) 0(8) 

Mg/(Mg+P.) 033 0.52 031 049 0.46 0.47 0.51 0.43 0.48 0.49 0.46 0.53 035 

SAMPLE 90NK21 90NX21 90NX21 90NK21 90N21 90NK21 90NK21 90NK21 9ONK2I 90NK21 CK87 CK*7 CK87 

Analysis COlA C1)2A CD3A CD4S a)SA CD6A CD7A CDR   CD9S CDIOS CD3 CD5 C06 

5102 47.03 48.11 47,19 48.35 47.62 47,06 47.99 46.93 47.39 47.29 47.90 47,56 4735 
1102 .4 .4 n4 .4 .4 n4 .4 .4 .4 .4 .4 .4 .4 
A1203 32.66 32.45 32.69 32.92 32.70 32.72 32.82 33.63 32.31 33.20 33.33 33.85 33,94 
P00(t) 11.03 10.37 12.18 10.26 10.79 10.13 9.17 9.4* 10.47 10.6* 11.70 10,24 10.29 
MoO 0.43 0.39 033 039 0.36 0.37 030 0.29 0.36 0.39 0.30 0.33 0.31 
Mg0 6.64 6.81 5.62 6,85 6.62 6.98 4,41 5.01 6,74 6.70 6.27 7.11 6.00 
COO 0.03 0.04 0.05 0.02 0.05 0.05 0,84 0.27 0,04 0.06 .4 0.01 0.02 
Na20 0.20 0.19 014 0.13 0.20 0.21 1.02 0.17 0.20 0.25 0.16 0.23 0.14 

K20 0.04 .4 .4 .4 .4 .4 0.16 0.12 0.01 .4 .4 0.05 .4 

Total 98.06 98.36 9830 98.92 98.34 9132 96.72 95.96 9732 9837 99.66 99.38 98.25 

Si 4.94 5.01 4,95 5.00 4.97 4.94 5.07 4.98 4.98 4.93 4.95 4,90 4.95 
11 .4 .4 .4 .4 .4 .4 .4 .4 .4 04 .4 .4 n4 

Al 4.04 3.98 4.05 4.01 4,02 4.05 4.09 4.21 4.00 4.08 4.06 4.11 4,16 

P.2(t) 0.97 0,90 2.07 0.89 0,94 0.89 0.81 0,84 0.92 0.93 1.01 0.88 0.90 
Mn 0,04 0.03 0.05 0.03 0.03 0.03 0.03 0.03 0.03 0,03 0.03 0.03 0,03 

Mg 1.04 1.06 0,88 1.06 1.03 1.09 0.69 0.80 1.06 1.04 0.97 1.09 0.93 
Ca 0.00 0.00 0.01 0.00 0.01 0.01 0.20 0.03 0.01 0.01 .4 0.00 0.00 
Na 0,04 0.04 0.05 0.03 0.04 0.04 0.21 0.04 0.04 0.05 0.03 0.05 0.03 
K 0.01 .4 .4 .4 .4 .4 nd 0.02 0,00 .4 .4 0.01 .4 

9ONX 26 
Cl) 145 

45,33 
.4 

31.69 
10.29 
0.35 
6.94 
0.01 
0.15 
0.03 

94,79 

4.91 
.4 

4.05 
0.93 
0.03 
1.12 
0.00 
0.03 
0(8) 

035 

Mg/(Mg+P.) 	032 	034 	045 	034 	032 	035 	046 	0.49 	033 	033 	0.49 	035 	031 

A - in quar-ab.eut arem. S - salvage 



MUSCOVITE 

REGIONAL THERMALLY OVERPRINTED 
SAMPLE 89NK236 89NK236 89NK237 89NK237 89NK237 
Analysis MUI MU2 MU! IN MU2 IN MU3 

Si02 50.53 47.98 46.33 47.43 46.99 
Ti02 0.49 0.52 0.32 0.10 0.41 
A1203 27.84 30.02 37.54 35.34 31.32 
FO(t) 2.80 2.56 1.06 1.72 2.07 
MnO 0.01 0.03 0.20 0.10 0.02 
MgO 2.88 1.69 0.24 0.58 1.80 
CaO n.d n.d 0.91 0.02 n.d 
Na2O 0.66 0.86 2.01 0.81 0.62 
K20 9.34 9.51 6.86 9.55 9.57 

Total 94.55 93.17 95.47 95.65 92.80 

Si 6.77 6.54 6.06 6.26 6.42 
Ti 0.05 0.05 0.03 0.01 0.04 
Al 4.40 4.82 5.79 5.50 5.04 
Fe(t) 0.31 0.29 0.12 0.19 0.24 
Mn 0.00 0.00 0.02 0.01 0.00 
Mg 0.57 0.34 0.05 0.11 0.37 
Ca n.d n.d 0.13 0.00 n.d 
Na 0.17 0.23 0.51 0.21 0.16 
K 1.60 1.65 1.14 1.61 1.67 

CONTACT 
SAMPLE 90NK16 90NK16 90141(22 90NK29 90NX29 
Analysis MU! MU2 MU! MIJi MU2 

Si02 45.54 42.98 45.60 46.44 46.30 
Ti02 0.14 0.16 0.35 n.d n.d 
A1203 35.65 41.75 37.39 37.46 36.75 
FeO(t) 1.74 1.25 1.34 0.76 1.44 
MnO n.d n.d 0.01 n.d n.d 
MgO 0.45 0.37 0.49 0.04 0.06 
CaO n.d n.d 0.01 n.d 0.02 
Na2O 0.49 0.37 0.47 0.32 0.38 
K20 10.03 7.87 10.32 10.05 9.77 

Total 94.04 94.75 95.98 95.07 94.72 

Si 6.13 5.66 6.02 6.13 6.15 
Ti 0.01 0.02 0.03 n.d n.d 
Al 5.66 6.48 5.82 5.83 5.76 
Fe(t) 0.20 0.14 0.15 0.08 0.16 
Mn n.d n.d 0.00 n.d n.d 
Mg 0.09 0.07 0.10 0.01 0.01 
Ca n.d n.d 0.00 n.d 0.00 
Na 0.13 0.09 0.12 0.08 0.10 
K 1.72 1.32 1.74 1.69 1.66 
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HIGH-GRADE QUARTZ-ABSENT 
SAMPIB CK85 CK15 CK85 CXI5 CK85 CK85 90NX16 90NK16 90NK16 93X16 90NX16 90NK16 90NX16 CU7 
Analysis P11 PU P1.3 P14 P1.5 PU P1.3 P1.3 PU PU PU P1.7 PU PU 

S302 61.67 62.31 61.43 63.44 60,28 60.93 60.40 63,77 60.66 61.64 61.76 62.27 59.73 63.24 
T302 n.d ..d 0.4 n.d 0.01 0.05 n.d n.d 0.01 n.4 0.02 0.03 0.03 nd 
A1203 24.63 23.54 24.44 23.54 24.33 23.66 24.52 24.11 24.03 24.21 23.79 23.53 24.66 24.50 
P.0(t) 0,30 0.36 0.44 0.22 0.13 0.19 0.15 0.15 0.26 0.18 0.14 0.22 0.40 0.16 
MO .4 0.4 0.01 0.00 0.01 n.d .4 0.01 0.03 0.01 0.03 0.01 019 n.4 
coo 5.74 5.25 5.31 5.11 5.66 5.38 6.50 5.31 5.78 5.44 5.23 4.91 6.08 4.31 
N.20 8.65 9.07 8.86 6.89 8.69 6.87 8.06 6.58 822 8.37 8.57 6.94 7.69 9.27 
K.20 0.35 0.03 0.06 0.04 0.02 0.03 0.01 0.14 0.11 0.03 0.32 0.08 0.07 0.19 

Total 101.14 100.62 100.65 99.27 99.10 99.31 99.64 100.07 99.30 99.70 99.64 99.97 99.05 301.73 

SI 2.71 2.75 2.71 2.75 2.71 2.73 2.61 2.74 2.72 2.74 2.75 2.76 2.68 2.75 
TI n4 ,.d .4 .4 .4 0.00 tt.d n.d n.d ciA 0.00 0.00 0.00 nd 
Al 1.28 1.23 2.27 1.24 3.29 1.26 3.29 3.26 1.27 1.27 1.25 1.23 3.32 1.26 
Pt) 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.03 0.02 0.01 
Mg .4 n.d 0.00 0.00 0.00 r*.d n.d 0.00 0.00 0.00 0.00 0.00 0.01 ciA 
C. 0.27 0.25 0.25 0.25 0.27 0.26 0.31 0.25 0.28 0.26 0.25 0.23 0.29 0.20 
N. 0.14 0.78 0.76 0.77 0.76 0.77 0.70 0.74 0.72 0.70 0.74 0.77 0.67 0.78 
K 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.02 

Total 5.02 5.02 5.02 5.02 5.03 5.02 5.00 5.00 5.00 4.98 5.00 5.03 5.00 5.01 

An % 26.60 24.20 25.00 24.30 26.50 25.20 30.80 25.30 27.80 26.90 23.00 23.20 30.30 20.40 
An 72.60 15.50 74.70 75.70 73.50 74.80 69.10 73.90 71.60 73.00 74.30 76.40 69.30 78.50 

0.80 0.40 0.30 0.20 0.30 0.20 0,10 0.60 0.60 0.20 0.70 0.40 0.40 1.10 

HIGH-GRADE QUARTZ-ABSENT 
SAMPI.B 9ONJUI 90NK21 9ONK.21 906(1(23 90N)U1 904K21 90NK22 906K22 90ftK22 90NK22 90NK22 90N1(22 CK17 CK87 
An.Iy.i. PLI PU P1.3 P1.4 P15 P14 P1.3 PU PL) P1.4 P1.3 P1.6 P1.2 PU 

SiO2 59.04 59.93 58.79 61.63 59.42 61.19 59.94 61.79 59.71 59.45 61.30 61.38 62.55 60.66 
T302 n.d n.d nd n.d 0.02 n.d o.d n.d 0.4 ,.d n.d n.d it.d nd 
A1203 25.33 24.83 25.97 23.72 25.42 24.39 25.05 23.83 25.86 25.25 24.93 23.92 24.92 24.78 
P.0(t) 0.37 0.04 0.05 0.08 0.03 0.08 0.40 0.06 0.16 0.13 0.09 0.16 0.01 0.08 
14g0 0.01 0.01 0.4 n.d 0.02 0.02 0.06 0.03 a.4 0.01 0.4 0.01 0.03 0.04 
C.0 6.76 6.44 7.67 5.20 6.93 5.38 5.90 4.78 6.28 6.59 6.11 5.33 5.28 5.71 
N.20 7.65 6.35 7.44 8.62 7,90 8.59 8.00 9.07 8.33 7.86 6.45 8.93 6.83 8.50 
K.20 0.02 0.33 0.09 0.16 0.08 0.39 0.13 0.38 0.10 0.15 0.17 0.06 0.14 0.11 

Total 99.16 9951 100.01 99.43 99.82 99.83 99.45 99.72 100.44 99.44 100.85 99.19 102.74 99.81 

Si 2.65 2.68 2.63 2.15 2.66 2.72 2.66 2.75 2.65 2.66 2.70 2.73 2.73 2.70 
TI 0.4 0.4 0.4 n.d 0.00 ..d n.d 0.4 n.d a.d n.d n.d ri.d a.d 
Al 3.34 1.33 1.37 1.25 3.34 1.28 1.32 1.25 1.35 3.33 1.30 3,26 3.28 3.30 
P.(t) 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.02 0.00 0.01 n.d 0.00 
M8 0.00 0.00 n.d .4 0.00 0.00 0.00 0.00 ciA 0.00 n.d 0.00 000 0.00 
C. 0.33 0.31 0.37 0.25 0.33 0.26 0.28 0.23 0.30 0.32 0.29 0.25 0.25 0.27 
N. 0.67 0.71 0.65 0.15 0.69 0.74 0.69 0.78 0.72 0.68 0.72 0,77 0.75 0.73 
K 0.00 0.03 0,01 0.03 0.01 0.03 0.01 001 0.01 0.03 003 0,03 003 003 

Total 5.00 5.02 5.01 5.00 5.02 5.01 5.00 5.02 5.03 5.01 5.02 5.02 3.03 5.02 

An % 32.60 3020 36.10 24.80 32.50 25,40 28.10 22.30 29.20 31.40 28.30 24.70 2470 26.90 
Ab % 67.30 69.30 63,40 74.30 67 10 73.50 70.30 76.70 70.20 61.60 70.80 74.80 7450 72.50 
01% 0.30 0.70 0.50 0.90 0.40 1.10 0.80 3.00 0.60 0.90 0.90 0.40 0.60 0.60 



PLAGIOCLASE 

HIGH-GRADE QUARTZ-PRESENT LEUCOSOME 
SAMPLE 90NX30 90NX30 90NK30 90NK301 90NK29 89NK221 
Analysis PLI PU PL3 PL4 PLI PLI 

Si02 64.17 65.50 64.68 65.20 65.13 64.93 
Ti02 ad ad ad n.d ad ad 
A1203 22.30 21.64 21.97 21.33' 22.19 21.59 
FcO(t) 0.01 ad 0.08 0.04 0.12 0.01 
MgO ad ad ad ad1 ad 0.01 
CaO 2.65 2.31 2.50 2.24' 2.47 2.76 
Na2O 9.79 10.Q2 9.65 10.061 9.69 10.15 
K20 0.11 0.14 0.17 0.03 0.35 0.27 

Total 99.03 99.61 99.05 98.90 99.95 99.72 

Si 2.85 2.89 2.87 2.89 2.87 2.87 
Ti n.d ad ad n.d 1  ad n.d 
Al 1.17 1.12 1.15 1.12 1.15 1.13 
Fe(t) ad ad 0.00 0.001 0.00 ad 
Mg ad ad ad ad1 ad 0.00 
Ca 0.13 0.11 0.12 0.111 0.12 0.13 
Na 0.84 0.86 0.83 0.871 0.83 0.87 
K 0.01 0.01 0.00 0.00' 0.02 0.02 

Total 4.99 4.98 4.98 4.98 4.98 5.01 

An % 12.90 11.20 12.40 l0.90i 12.10 12.90 
Ab % 86.40 88.00 86.60 88.9O 85.90 85.60 
Or % 0.60 0.80 1.00 0.20i 2.00 1.50 

REGIONAL THERMALLY OVERPRINTED 
SAMPLE 89NK236 89Nx236:  89NK235 89NK235 89NK235 
Analysis PLI PL2 PLI PU PL3 

SI02 62.72 65.32 61.63 63.45 62.58 
T102 ad ad ad ad ad 
A1203 22.04 21.301  23.26 23.28 23.61 
FeO(t) 0.05 0.24; 0.06 0.12 0.07 
MgO 0.01 0.01 0.02 0.01 0.01 
CaO 3.89 2.80 5.14 4.64 5.08 
Na2O 9.48 10.25 8.64 9.05 8.44 
K20 0.13 0.05 0.13 0.19 0.12 

Total 98.32 99.981  98.94 100.74 99.92 

Si 2.82 2.88 2.76 2.79 2.77 
Ti ad ad ad ad ad 
Al 1.17 1.111 1.23 1.21 1.23 
Fc(t) 0.00 0.011 0.00 0.00 0.00 
Mg 0.00 0.00, 0.00 0.00 0.00 
Ca 0.19 0.13 1 0.25 0.22 0.24 
Na 0.83. 0.88; 0.75 0.77 0.73 
K 0.01 0.00 0.01 0.01 0.01 

Total 5.01 5.00' 5.00 5.00 4.98 

An% 18.30 13.10; 24.60 21.80 24.80 
Ab % 80.90 86.60 74.70 77.10 74.50 
Or% 0.70 0.30 0.70 1.10 0.70 

89NK221 
PL2 

65.94 
ad 

22.13 
0.18 
004 
2.51 
9.65 
0.21 

100.68 

2.88 
ad 

1.14 
0.01 
0.00 
0.12 
0.82 
0.01 

4.97 

12.40 
86.40 

1.20 

Km 



HIGH-GRAD! QUARTZ-ASSENT 
SAMPUR CX8S CK93 CK85 CK*1 (1(97 (1( 87 CKR7 CK*7 9ONXI6 90NXI6 90NK16 90NKI6 QONKI6 90NK16 9ONKI6 
An.Iy.. API APi All API AP2 All AP4 APS API APi All AI'4 APi AP6 APi 

5102 66.10 63.53 63.23 65.31 64.64 64,36 64.42 63.10 64.79 64.56 64.93 65.33 65.92 6.4.67 64.90 
T102 o.d .4 ..d .4 04 n.d .4 ..d 0.02 0.02 0.02 0.02 0.03 0.02 0.02 
A1203 28.12 19.93 18.66 19.53 19.76 19.20 20,47 19,14 11.29 1832 16.70 19.33 29.98 28.73 18.96 
P.0(l) 0.09 0.20 0.22 0.04 0.02 0.06 0,02 0.03 0.09 0.22 0.21 0.03 0.24 0.20 0.20 
Mg0 0.02 0.01 0.01 0.01 0.02 0.02 0.33 0.03 0.02 0.01 0.01 0.02 0.01 0.01 0.01 
CoO 0.04 0.03 0.05 0.01 0.01 0.02 0.07 0.02 0.01 .4 0.01 0.02 0.09 0.06 
No20 1.75 3.4* 2.83 1.52 1.73 1.69 2.19 2.60 2.93 1.86 1.28 1.63 A, 24 2.62 2.92 
K20 24.44 12.08 24.04 14.91 24.05 24.4* 13.16 14.46 14.11 13.52 14.09 14.25 10.32 12.95 14.22 
3.0 0.32 0.37 0.46 0.21 0,40 0.24 0.26 0.36 ,. .,. n.o o. 0.o 9.. 0.o 

Tow 	. 101.47 100.53 200.39 200.30 100.90 100.07 100.92 100.76 99.24 99.51 99.23 99.62 99,92 99.25 100.01 

SI 3.00 2.99 2.99 2.99 2.96 2.96 2.92 2.97 3.00 3.00 3.00 3.02 2.99 2.99 2.99 
Ti ..d .4 o.d ,.d n.d n.d .4 .4 .4 0.00 0.00 n.d 0.00 0,00 .4 
Al 1.00 2.02 2.01 2.03 1.06 2.04 2.20 1.03 1.00 1,00 1.02 0,99 2.02 2.02 1.03 
PAW 0.00 0.00 0.02 0.00 n.d 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.00 
M9 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
C. 0.00 0.00 0.00 n.d 0.00 0.00 0.00 0.00 ..d n.d ..d 0,00 0.00 0.00 
Na 0.15 0.31 0.16 0.24 0.16 0.25 0.29 0.24 0.26 0.27 0.12 0.15 0.37 0.23 0.16 
K 0.94 0.10 0.92 0,97 0.92 0.83 0.76 0.94 0.83 0.80 0.83 0.84 0.62 0.76 0.93 
3. 0.01 0.01 0.01 0.00 0.01 0.00 0.02 0.02 o.. M. a.. a.. a.A, no M. 

Total 5,00 5.02 5.00 5.02 5.00 5.02 5.01 5.00 5.00 4.9* 4.91 4.99 3.00 5.00 5.00 

01% *4.30 6.9,40 83.30 96,50 93.90 94.90 79.50 95.50 83,50 *2.70 97.80 95.20 62.70 76.30 9380 
Ab!. 13.30 30.40 26.50 23.40 23.90 15.10 20.10 14.40 26.50 27.30 12.20 14.90 3790 23.40 16.20 
An S 0.20 0.10 0.20 0.00 0.40 0.20 0.40 0.10 0.00 0.00 0.10 0.10 0,40 0.30 0,00 

MOB-GRADE QUARTZ-ASENT LEUCOSOME 
SAMPLE 90NK22 90NK21 90NK22 90NX22 90NX221 90NK29 90MK29 90NK29 90NX29 90262(29 90NX29 90265(29 89265(221 
An.iy.I. API APi API All All API AP2 All AF4 AP5 AF6 All API 

SI02 65.39 64.92 64.40 64.83 64.68 63.25 65.00 65,24 65.72 64.57 64.79 64.81 65.93 
TI02 .4 n.d 04 .4 a.d .4 .4 0.01 0.01 0.01 .4 0.01 n.d 
A1203 18.71 29.00 18.71 19.72 28.49! 19.79 28,34 18.68 18.32 19,44 11.92 18,4* 28.70 
P.0(0 0.06 0.08 0.09 0.09 0.061 0.13 .4 0.06 0.02 0.01 a.d 0.03 0.10 
M10 ..d 0.02 0.01 0.03 0.01 0,17 0,01 0.02 0.02 0.02 0.05 0.02 0,02 
CoO 0.02 0,19 0,03 0.02 0.03 0.03 0,02 0.02 o.d 0.01 0,02 0.02 0.06 
26.20 0.22 3.83 2.94 1.41 1.491 0.59 2.09 2.13 2,4* 2.51 0.84 1.01 663 
2(20 14.70 10.74 24,32 24.70 24.642 25.21 13.91 23.50 24.69 14.79 15.28 15.29 7.65 
3*0 1.50 0,42 0.34 0.32 0.29 a.. o.* a.. a..  

Total 100.83 99.28 99.72 100.13 99.691 99.11 99.36 99.53 100,24 99.35 98.91 99.63 99.09 

SI 2.99 2.9* 2.99 2.98 2.991 2,94 3.00 2.99 3.01 2.99 3.01 3.00 2.99 
TI n.d n.d n.d n.d ,41 .4 n.d n4 a.d n.d n.d ..d n.d 
Al 2.01 2.03 1.02 1.02 1.01! 2.08 1.00 1.01 0.99 1,01 0,98 2,02 1,0" 

n.d 0.00 0.00 0.00 0.00 0.01 .4 0.00 .4 a.d .4 0.00 0.00 
M9 0.00 0.00 0.00 0.00 0.00' 0.02 0.00 0,00 0.00 0.00 0,00 0.00 0.00 
Ca 0.00 0.02 0.00 0.00 0.001 0.00 0.00 0.00 n.d .4 0.00 0.00 0.00 
N. 0.02 0.34 0,27 0,23 0.231 0.05 0.29 0.29 0.25 0.14 0,09 0.20 058 
K 0.23 0.63 0.30 0.86 0.962 0,90 0.82 0.79 0.86 0,87 0.92 0.90 0.44 
3. 0.96 0.01 0.01 0.01 0.02' a.& n.. na no 0.a fl.* fl.a !L 

Total 5.00 4.99 5.02 5.00 5,00 5.00 5.00 4.99 4.99 5.02 4.99 5.00 5,02 

01% *5.60 64.20 83.50 *7.20 96.501 94.30 82.40 80,60 84.70 *6,50 92.20 90.20 43.00 
Ab % 23.30 34.90 2630 12.70 13,401 5,90 28.30 19.30 13.30 23.40 7.70 9,70 56.70 
A.n% 1.10 1,00 0,10 0.10 0.101 0,20 0.10 0,10 0,00 0.00 0.10 0,10 0.30 

i 
I' 



- ANDALUSITE 

SAMPLE CK85 CK85 CK87 9ON16 90NK16 
-LOWOONDUM 

90NK21 90NX22 90NK221 90NX29 90NK29 90NX29 
Analysis ASI AS2 ASI ASI AS2 MI ASI AS2 ASI AS2 AS3 

SiO2 3639 3632 3632 36.65 36.07 36.21 36.84 36301 36.43 36.16 36.38 
'1702 n4 s.d s4 0.05 0.06 04 s.d n41 0.04 0.10 0.05 
A1203 6138 63.19 64.93 62.78 62.15 63.06 64.32 63.99' 62.88 62.11 62.48 
PeO(t) 035 0.46 0.29 0.43 031 031 0.41 0.77! 0,44 033 0.11 
MgO 0.06 0.04 0.01 0.05 0.05 0.05 0.04 0.071 0.04 0.04 0.04 
Cia n4 04 n4 o4 n  0.01 0.01 0.02! 04 s4 n4 
Ni.20 n4 0.03 0.03 0.02 0.02 0.02 0.03 0.021 04 s.d nd 
K2Q 114 s.d o4 s.d s.d s.d 54 0.01 s.d s.d uA 

Total 98.73 100.64 101.78 99.9* 98.86 99.86 101.65 101.37' 99.83 98.94 99.36 

Si 1.00 0.98 0.97 0.99 0.99 0.98 0.98 0.98 0.99 0.99 1.00 
'17 s.d n4 s.d s.d s4 s.d s.d s.d s.d 0.02 s.d 
Al 1.99 2.02 2.03 2.00 2.00 2.01 2,02 2.01 2.01 2.00 2.00 
Fe(t) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 n4 
Mg 04 s.d 04 s.d n4 s.d n4 n4 s.d s.d n4 
Ci s.d s.d 54 s.d s.d s.d n4 s.d uA 04 n4 
Ni n.d n4 54 o   s.d 0  s4 n41 s.d n   s.d 
K s.d n   n   n   s.d n  s.d a   s.d nit nil 

Total 3,00 3.01 3.01 3.00 3.01 3.01 3.01 3.01 3.01 3.00 3.00 

SPTNL CORUNDUM OPAQUZS 
SAMPLE 90NK22 90NX22 CK85 CXi5 9011K16 SAMPLE CKS5 CTJ5 CXS7 CX87 CX87 
Analysis SPI SP2 CORI COR2 CORI Analysis ILM1 ILM2 U..M1 ILM2 ILM3 

SiO2 n   0.01 a   0.02 a  SiO2 0.11 0.77 0.18 0.13 0.16 
Tl02 0.12 0.09 s.d 0.02 039 "1702 52.21 53.86 53.46 54.15 53.90 
A1203 57.81 57.95 98.71 98.71 98.06 A1203 0.02 0.63 0,46 0.05 0.06 
FeO(t) 34.92 34,91 0.43 0.10 0.36 Pe0(t) 46.34 42,79 4239 43.95 40.27 
MOO 0.27 0.27 s.D.. na s,a MoO 0.70 1.22 0.85 0.83 0.80 
MgO 2.13 2.06 0.03 0,04 0.04 MgO 0.12 0.13 0.20 0,21 0.20 
CiO 0.01 0.01 s.d n4 n4 Cr203 0.18 0.09 0.16 0.12 0.14 
29a20 0.24 0.25 0.02 s.d 0.01 
K20 0.03 0.02 s.d s.d s.d 

Total 9533 9537 99.29 9934 99.06 Total 99.68 99.49 98.0* 99,44 9533 

SI 54 s.d n   s.d 0.01 Si a   0.02 0.01 54 n4 
'17 a   s4 1.99 1.99 1.99 Im 0.99 1.01 1.02 1.02 2.05 
Al 2.02 2022 0.01 0.00 0.02 Al s.d 0.02 0.01 DA s.d 

 0.86 0.861 a   s.d s.d 11e2) 0.98 0.89 0.90 0.92 0.87 
 04 s.d s,. 5,11 si '17e(3) 54 n4 54 o4 s.d 

Mn 0.01 0.01 s.a ii,' o.a Mn 0.02 0.03 0.02 0,02 0.02 
Mg 0.09 0.09 54 n   a  'Mg 0.02 0.01 0.01 0.01 0.02 
Cm s.d n.d 54 a   n  1c, 54 n4 54 a   s.d 
No 0.01 0.011 0.00 s.d 9A I 
K s.d s.dI 54 s.d s.d 

Total 3.00 3.00 2.00 2.00 2.00 Total 2,00 1,97 1.97 2.97 1.95 
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CI LNOPYROXENE 

GAEBROS 
SAMPLE CK65 CK65 0(65 CK65 0(65 CK65 0(65 0(65 
Analysis CPXI CPX2 CPX2B CPX3 (i1X4 CPX5 CPX6 CPX7 

Si02 51.70 5054 51.49 54.33 52.35 5159 5030 52.47 
Ti02 0.26 0.81 0.63 0.22 0.16 0.37 0.79 0.24 
A1203 2.17 4.66 3.86 1.07 1.29 2.35 4.25 1.75 
Fc0(t) 6.67 7.69 734 5.67 6.27 6.87 6.69 8.32 
MnO 0.27 0.23 0.27 0.28 0.29 0.27 0.26 0.34 
MgO 14.64 14.19 1458 15.12 1554 15.41 15.02 14.74 
CaO 23.23 22.14 21.97 24.79 23.03 22.99 22.45 22.18 
Na2O 0.24 0.38 0.42 0.15 0.13 0.17 0.39 0.29 
Cr203 n.d 04 n.d o4 04 n.d n.d 

Total 99.19 100.66 100.78 101.63 99.06 100.02 100.35 100.33 

Si 1.93 1.86 1.89 1.97 1.95 1.91 1.86 1.94 
Ti 0.01 0.02 0.02 0.01 0.00 0.01 0.02 0.01 
Al 0.10 0.20 0.17 0.05 0.06 0.10 0.18 0.08 
F(Il) 0.15 0.17 0.18 0.17 0.15 0.13 0.11 0.20 
Fc(111) 0.05 0.06 0.05 0.01 0.05 0.08 0.09 0.05 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.81 0.78 0.80 0.82 0.86 0.85 0.82 0.81 
Ca 0.93 0.87 0.86 0.97 0.92 0.91 0.88 0.88 
Na 0.02 0.03 0.03 0.01 0.01 0.01 0.03 0.02 
Cr n.d n.j n.d nA 04 n.d n4 n.j 

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

Mg % 42.80 42.60 43.20 41.80 44.60 44.80 45.10 42.60 
Fe% 7.90 9.20 9.60 830 750 6.60 5.90 10.70 
Mn % 0.40 0.40 030 0.40 050 0.40 0.40 0.60 
Ca% 48.80 47.80 46.80 49.30 4730 4810 4830 46.10 

ENCLAVES A 
SAMPLE CK80E CK80E CK80E CK8OE CK8OE CKSOE CK79E 0(79E CK79E 
Analysis CPXI CPX2 CPX3 CPX4 CPX5 CPX6 CPXI CPX2 CPX3 

Si02 52.21 51.71 52.88 52.39 52.95 52.43 52.34 5232 52.10 
Tt02 0.12 0.26 0.20 0.24 0.13 0.20 0.20 0.16 0.10 
A1203 0.77 133 1.20 1.44 136 1.07 1.01 1.07 0.61 
FcO(t) 9.41 9.44 9.04 8.78 9.27 832 8.94 8.48 934 
P.inO 0.83 0.73 0.81 0.72 0.75 0.71 0.66 0.67 0.83 
MgO 12.72 12.61 12.73 13.04 1235 13.33 13.22 13.67 12.68 
Cr0 23.33 2318 23.00 22.92 2235 23.31 23.17 23.17 23.14 
Na20 0.46 0.49 0.36 0.49 0.49 0.46 0.38 0.42 030 
Cr203 n.d n.4 n4 n4 n.j n4 n.d n4 n4 

Total 99.85 99.96 100.22 100.02 99.85 100.03 99.91 100.16 99.51 

Si 1.96 1.94 1.98 1.96 1.99 1.96 1.96 1.96 1.97 
Ti 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 
Al 0.03 0.06 0.05 0.06 0.07 0.05 0.05 0.04 0.03 
Fc(lI) 0.22 0.22 0.27 0.23 019 0.20 0.22 0 '0 0.22 
Fc(Ul) 0.07 0.07 0.01 0.04 0.00 0.06 0.05 0.06 0.07 
Mn 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 
Mg 0.71 0.71 	. 0.71 0.73 0.69 0.74 0.74 0.76 0.71 
Ca 0.94 0.93 0.92 0.92 0.90 0.93 0.93 0.93 0.94 
Na 0.03 0.04 0.03 0.04 0.04 0.03 0.03 0.03 0.04 
Cr n.j n4 n4 nA n4 n.d n.d n.d n.d 

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

Mg % 3730 37.60 36.70 38.40 36.30 39.10 38.60 39.90 37.60 
11.60 1130 14.20 12.00 15.30 1030 11.60 10.30 11.60 

Mn% 1.40 1.20 1.30 1.20 1.30 1.20 1.10 1.10 1.40 
Ca % 4930 49.70 47.70 4830 4720 49.20 48.70 48.70 49.40 
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MONZONITES 
SAWLE CK79G CK79G CK79G CK79G CK79G CK79G CK800 CK80G CK80G CK80G CK80G CK800 CK80G 
Analysis CPX1 RIM PX1CORE CPX2R1MPX2CORE CPX3 CPX4 CPXI CPX2RIMPX2CORE CPX3 CPX4INCL Cm CPX6 

Si02 52.20 52.46 52.20 52.00 51.77 52.61 53.43 53.81 53.35 53.78 53.48 53.26 53.57 
Ti02 0.07 0.01 0.09 0.04 0.16 0.05 0.20 0.09 0.08 0.04 0.38 0.14 0.14 
A1203 0.63 0.35 0.64 0.58 0.93 0.51 1.04 0.80 0.71 0.58 2.14 0.88 0.81 
FeO(t) 9.58 8.39 9.50 9.78 9.49 9.62 7.82 10.17 7.16 9.13 5.04 7.78 8.45 
MnO 0.79 0.84 0.81 0.80 0.81 0.86 1.31 0.82 1.85 0.76 0.58 1.20 0.76 
MgO 12.50 12.80 12.60 12.58 12.81 12.41 13.30 11.73 13.32 12.32 15.26 13.46 13.05 
CaO 23.24 24.08 23.47 23.32 23.06 23.83 23.22 22.96 23.72 23.50 22.93 23.12 23.14 
Na2O 0.51 0.33 0.50 0.48 0.45 0.47 0.46 0.44 0.39 0.43 0.52 0.39 0.34 
Cr203 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 0.05 n.d n.d 

Total 99.52 99.26 99.82 99.58 99.47 100.37 100.79 100.82 100.58 100.54 100.38 100.23 100.26 
0 

Si 1.97 1.98 1.96 1.96 1.95 1.97 1.98 2.01 1.98 2.01 1.96 1.98 2.00 0 ci 	Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 >11  

Al 0.03 0.02 0.03 0.03 0.04 0.02 0.05 0.040.03 0.03 0.09 0.04 0.04 
Fe(11) 0.23 0.21 0.22 0.22 0.21 0.23 0.24 0.32 0.22 0.29 0.15 0.24 0.26 
Fe(111) 0.07 0.05 0.08 0.08 0.08 0.07 0.02 n.d 0.03 n.d 0.01 0.02 n.d 
Mn 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0,01 0.01 0.02 0.02 
Mg 0.70 0.72 0.71 0.71 0.72 0.69 0.73 0.65 0.74 0.69 0.83 0.75 0.72 
Ca 0.94 0.97 0.95 0.94 0.93 0.96 0.92 0.92 0.94 0.94 0.90 0.92 0.92 
Na 0.04 0.02 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
Cr n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 0.00 n.d n.d 

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 3.99 4.00 4.00 4.00 4.00 4.00 

Mg % 37.10 37.30 37.30 37.40 38.10 36.40 38.30 34.10 38.30 35.40 43.90 38.70 37.40 
Fe % 12.10 10.90 11.40 11.50 11.30 11.90 12.60 16.60 11.50 14.70 8.10 12.50 13.60 
Mn % 1.30 1.40 1.40 1.40 1.40 1.40 1.10 1.40 1.20 1.20 0.40 1.00 1.20 
Ca % 49.50 50.40 50.00 49.80 49.30 50.20 48.00 48.00 49.00 48.60 47.50 47.80 47.70 



AMPHIBOLE 

CABBROS 
SAMPLE CK65 CK65 (1(65 0(65 0(65 CK65 (1(65 (1(65 
Analyala AM] AM2 AM3 AM4 AM5 AM6 AM7 A348 

SiO2 4.4.37 4.4.01 43.42 42.81 42.73 42.32 43.89 4.4.33 
Tt02 0.22 1.7€ 1.85 2.46 2.19 232 1.66 1.84 
A1203 11.95 10.49 12.33 12.37 12.39 12.50 10.10 10.47 
F0(t) 8.68 12.40 9.99 11.31 11.50 1131 13.02 12.38 
MnO 0.20 0.21 0.17 0.16 0.18 0.20 0.20 0.24 
MgO 16.84 13.47 15.45 13.94 14.65 14.94 13.34 13.80 
Ca0 11.81 12.35 11.61 12.15 11.4.4 11.92 11.85 12.13 
N220 2.01 1.70 2.13 1.89 1.97 2.0€ 1.50 1.60 
1(20 035 0.50 0.36 0.72 0.87 0.78 0.74 0.79 

Tctal 96.63 96.91 97.31 97.81 97.92 98.17 96.30 9738 

Si 6.37 6.49 616 6.23 6.18 6.08 6.51 6.49 
AI(iv) 1.63 131 1.74 1.77 1.82 1.92 1.49 132 

Ai(vi) 0.39 0.31 0.35 0.36 0.30 0.20 0.28 0.29 
13 0.02 0.20 0.20 017 0.24 0.27 0.19 0.20 
Fv(1lI) 0.73 0.28 035 0.32 038 0.63 0.39 0.32 
Mg 3.60 2.96 3.32 3.03 3.16 3.20 2.95 3.01 
Fe(11) 0.32 1.25 0.66 1.06 0.82 0.75 1.22 1.19 
Mn 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 

Ca 1.82 1.95 1.79 1.90 1.77 1.84 1.88 1.90 
Na(M4) 0.10 0.03 0.11 0.06 0.12 0.09 0.06 0.05 

Na(A) 0.46 0.46 0.48 0.48 0.43 0.49 0.37 0.40 
K 0.10 0.09 0.07 0.13 0.16 0.14 0.14 0.15 

Mg$ 0.92 0.70 0.84 0.74 0.80 0.81 0.71 0.72 

ENCLAVE A 
SAMPLE CK79E CK79E CK79E CK79E CK79E CK79E CK79E CK79E CK79E CK79E CK79E 
Analysis 	AMICORE AM I RIM AM2CORE A1R1M AM3CORE AM3RIM AM4CORE AM5CORE AMSRIM AM6CORE AM6RIM 

S102 47.21 46.79 46.66 47.82 48.22 46.93 46.65 46.49 46.85 46.66 46.33 
Ti02 1.03 1.14 1.04 0.99 0.85 1.02 1.16 1.13 1.00 1.23 1.16 
A1203 5.95 6.11 639 5.36 538 6.12 6.16 6.31 616 6.38 6.41 
FcO(t) 14.10 13.95 14.16 13.63 13.21 13.83 14.00 14.05 14.65 1336 13.94 
MnO 0.62 0.63 0.61 0.66 0.61 0.61 0.63 0.59 0.60 0.64 0.60 
Mg0 13.76 13.60 13.49 13.91 14.04 13.94 13.62 13.42 13.30 14.00 1336 
CaO 11.89 11.76 12.0€ 11.80 11.80 11.74 11.92 11.88 11.79 11.80 11.82 
Na20 1.36 lii 1.26 1.44 1.27 135 1.39 1.43 1.24 131 1.49 
K20 0.72 0.76 0.81 0.66 0.64 0.74 0.78 0.77 0.71 0.78 0.78 

Tc*aI 96.64 96.25 96.70 96.27 96.02 96.48 96.31 96.07 96.40 9636 96.09 

Si 7.02 7.00 6.94 7.13 7.18 6.98 6.97 6.97 6.95 6.96 6.94 
AI(iv) 0.99 1.01 1.06 0.87 0.83 1.02 1.03 1.03 1.02 1.04 1.06 

AJ(vI) 0.06 0.07 0.09 007 0.12 0.06 0.05 0.08 0.09 0.08 0.07 
13 0.12 0.13 0.12 0.11 0.10 0.11 0.13 0.13 Oil 0.14 0.13 
Fe(UI) 0.28 0.22 0.30 0.18 0.17 0.28 0.27 0.23 0.34 0.23 0.26 
Mg 3.05 3.03 2.99 3.09 3.11 3.09 3.03 3.00 2.96 3.01 3.03 
Fc(11) 1.47 133 1.46 132 1.47 1.44 1.4€ 133 1.49 132 1.49 
Mn 0.0€ 0.0€ 0.08 0.08 0.0€ 0.0€ 0.08 0.0€ 0.0€ 0.08 0.08 

Ca 1.89 118 1.92 1.88 1.88 1.87 1.91 1.91 1.8€ 1.89 1.90 
Na(M4) 0.06 0.06 0.04 0.07 0.13 0.07 0.05 0.05 0.06 0.06 0.06 

Ni(A) 034 038 0.32 0.35 0.29 0.38 0.35 0.37 0.30 0.38 0.38 
K 0.14 0.15 0.15 0.13 0.12 0.14 0.15 0.15 0.14 0.15 0.15 

Mg$ 0.68 0.67 0.67 0.67 0.68 0.68 0.67 0.66 0.67 0.67 0.67 



AMPUIBOLE 

MONZONITES 
SAMPLE (1(790 0(790 CK79G CK79G CP790 CK79G CK79G CK79G CK79G 
Ana1yi2 AM I RIM AJ.Q.R1M AM2CORE AM) RIM AM3CORE AM4 RIM AM4CORE AM5RIM AMSCORE 

SiO2 46.83 47.61 47.05 46.68 47.38 47.63 46.71 47.36 47.22 
1102 0.73 0.81 0.99 1.08 1.11 0.83 0.97 0.84 0.99 
A1203 5.82 5.67 6.13 6.19 5.91 5.38 6.04 5.66 5.83 
FcO(t) 13.9* 11.15 14.16 13.66 13.33 13.94 14.16 13.90 13.71 
MriO 0.61 0.64 0.61 038 14.06 0.66 0.63 0.64 0.63 
MgO 13.93 13.82 1332 14.00 0.61 13.75 13.68 13.94 11.85 
Cz0 11.77 11.88 11.90 11.69 11.77 11.85 11.87 11.94 11.86 
Na2O 1.46 1.39 131 138 1.53 1.39 1.48 1.39 1.43 
1(20 0.80 0.67 0.74 0.74 0.67 039 0.73 0.68 0.69 

Tcd..1 95.93 96.64 96.61 96.20 9637 96.02 96.21 96.35 96.21 

SI 7.01 7.07 7.01 6.96 7.03 7.12 6.98 7.05 7.04 
AI(iv) 0.99 0.93 0.99 1.04 0.97 0.88 1.02 0.95 0.96 

A1(i) 0.04 0.06 0.09 0.05 0.07 0.07 0.04 0.05 0.07 
13 0.08 0.09 0.11 0.12 0.12 0.09 0.11 0.09 0.11 
Fc(1Il) 0.34 0.28 0.21 0.29 0.22 0.22 0.30 029 023 
Mg 3.11 3.06 3.00 3.11 3.11 3.06 3.05 3.09 3.08 
Fc(1I) 1.42 1.48 136 1.42 1.4.6 132 1.47 1.44 1.48 
Mn 0.08 0.08 0.08 0.01 0.08 0.08 0.08 0.08 0.08 

Ca 1.89 1.89 1.90 1.87 1.87 1.90 1.90 1.91 1.90 
Na(344) 0.06 0.06 0.05 0.07 0.07 0.06 0.05 0.05 0.06 

Na(A) 0.36 0.34 0.38 0.39 0.37 035 0.38 0.35 0.36 
K 0.15 0.13 0.14 0.14 0.13 0.11 0.14 0.13 0.13 

MgI 0.69 0.67 0.66 0.69 0.68 0.67 0.68 0.68 0.68 

SAMPLE 0(800 0(800 0(800 CK800 (1(800 CK8OG 0(800 (1(800 CKSOO (1(800 CK800 
Analyzia AMICORE AMIRIM AMIRIM2 AM2 AM) AM4RIM AMSCORE AM5RJM AM6CORE AM6RIM AM7 

SiO2 49.49 48.40 48.02 48.15 48.10 48.90 47.62 4932 48.81 4.8.48 48.31 
1102 0.96 1.01 0.92 1.05 1.04 0.90 1.00 030 1.07 1.08 1.08 
A1203 6.00 6.20 6.09 6.11 6.35 5.63 6.17 4.93 628 6.67 6.28 
FcCI) 12.92 13.28 13.60 1233 13.40 12.84 13.27 13.24 13.43 1334 1337 
MnO 032 037 039 033 035 036 033 0.61 033 034 035 
MgO 13.91 13.95 13.7* 1339 13.82 13.95 13.90 1431 13.86 13.06 13.94 
C.iO 11.69 11.18 11.84 11.16 11.73 11.81 11.62 11.16 11.69 1129 11.88 
N.20 1.35 139 1.34 139 1.48 131 130 1.18 1.38 1.4.4 1.47 
1(20 0.68 0.70 0.74 0.76 0.71 0.62 0.65 0.74 0.79 0.76 0.76 

T*aI 97.52 97.28 96.92 96.47 97.18 9632 96.26 96.79 97.84 97.22 97.84 

Si 7.22 7.11 7.10 7.21 7.08 7.22 7.07 1.26 7.13 1.17 7.07 
A1(iv) 0.78 0.89 0.90 0.79 0.92 0.71 0.93 0.74 0.88 0.83 0.93 

AI(vi) 0.26 0.18 0.16 0.28 0.18 0.20 0.15 0.12 0.21 0.32 0.16 
11 0.11 0.11 0.10 0.12 0.12 0.10 0.11 0.06 0.12 0.12 0.12 
Fc(UI) 0.09 0.16 0.17 0.01 0.16 0.10 0.19 0.21 0.15 0.11 0.16 
Mg 3.03 3.05 3.04 3.00 3.03 3.07 3.08 3.18 3.02 2.86 3.04 
F.c(U) 1.4* 1.47 131 13.4 1.49 1.49 1.4.6 1.12 1.49 136 130 
Mn 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.07 0.07 0.07 

Ca 1.83 1.85 1.8* 1.86 1.85 1.87 1.85 1.86 1.83 1.78 1.86 
Na(M4) 0.15 0.10 0.08 0.13 0.10 0.10 0.10 0.09 0.13 0.19 0.09 

Na(A) 0.24 0.30 0.31 027 0.32 0.27 0.34 0.25 0.26 0.22 0.33 
K 0.13 0.13 0.14 0.14 0.13 0.12 012 0.14 0.15 0.14 0.14 

MgI 0.67 0.68 0.67 0.66 0.67 0.67 0.68 0.69 0.67 0.65 0.67 

397 



AMPHIBOLE 

ENCLAVE B 
SAMPLE NKW4E NKW4E NKW4E NKW4E NKW4E NKW4E NKW4E NKW4E NKW4E NKW4E 
Analysis AM I CORE AM I RIM AJ42CORE AM2RIM AM3CORE AM3RIM AM4 AM6E14CL AM7 AM8CORE 

Si02 43.66 42.81 43.29 43.12 51.60 43.24 43.19 43.52 43.25 43 19 
1102 1.17 100 0.84 091 0.05 0.88 1.13 0.59 I.($? I (I) 
A1203 898 9.94 922 9.19 3.08 8.9! 9.48 12.05 9.26 1159 
FeO(t) 16.91 16.93 1732 17.41 13.26 17.42 17.56 1736 17.62 1692 
MnO 0.85 084 0.95 0.90 0.92 0.85 0.89 0.82 0.87 080 
MgO 10.46 10.04 10.72 10.66 14.81 10.58 10.25 8.35 10.25 9.74 
CaO 11.30 11.62 11.91 11.72 12.48 11.76 11.70 11.52 11.76 1023 
Na2O 1.00 1.06 0.96 1.24 0.38 1.16 1.24 1.42 1.06 0.86 
K.20 1.07 1.05 0.96 1.07 0.17 1.04 1.17 1.10 1.02 1.14 

Total 95.40 95.29 96.37 96.22 96.75 95.8.4 96.61 96.93 96.20 95.47 

Si 6.67 6.56 6.54 6.55 7.53 6.60 6.56 6.59 6.58 6.53 
AI(iv) 1.33 1.44 1.46 1.45 0.47 1.40 1.44 1.41 1.42 1.47 

A1(vi) 0.29 0.36 0.19 0.20 0.06 0.20 0.25 0.75 0.24 0.60 
Ti 0.13 0.12 0.10 0.10 0.01 0.10 0.13 0.07 0.13 0.11 
Fe(111) 0.44 0.43 0.69 037 0.31 0.54 0.45 0.10 0.51 034 
Mg 2.38 2.29 2.42 2.41 3.22 2.41 2.32 1.89 2.32 2.20 
Fe(1l) 1.73 1.74 133 1.64 1.31 1.68 1.79 2.13 1.73 1.60 
Mn 0.11 0.11 0.12 0.12 0.11 0.11 0.11 0.11 0.11 0.10 

Ca 1.85 1.91 1.93 1.91 1.95 1.92 1.90 1.87 1.92 I 66 
Na(M4) 0.06 0.05 0.04 0.05 0.03 0.04 0.05 0.10 0.05 0.19 

0.22 0.27 0.24 0.32 0.08 0.30 0.31 0.32 0.27 006 
IC 0.21 0.21 0.19 0.21 0.03 0.20 0.23 0.21 0.20 0.2.2 

MgI 038 0.57 0.61 0.60 0.71 039 037 0.47 037 038 

398 



PLAGIOCLASE 

GABRROS 
SAMPI..E CK65 CK65 CK65 CK65 CK65 CK65 CK65 ('1(65 CK65 
Analysis PL  RIM PLICORE PURIM PL2CORE PL3 PLAIN PL5CORE PL6RJi1 PIJCORE 

Si02 44.72 44.99 46.35 45.20 46.04 46.27 45.73 45.40 44.86 
Ti02 0.00 0.01 0.02 n.d n.d n.d 0.02 n.d n.d 
A1203 34.81 34.51 33.99 34.83 35.07 34.91 35.28 35.05 34.62 
FeO (t) 0.34 0.21 0.26 0.30 0.30 0.23 0.37 0.41 0.37 
MgO 0.03 0.03 0.03 0.02 0.05 0.04 0.03 0.03 0.03 
CaO 18.17 18.85 17.3.4 18.26 18.03 17.54 18.34 18.21 18.58 
Na20 1.20 1.39 1.68 1.16 1.28 1.48 1.10 1.15 1.25 
JQO 0.00 0.02 0.04 0.04 0.02 0.02 0.02 0.03 0.03 

Total 99.30 100.01 99.71 99.81 100.79 100.49 100.89 100.28 99.74 

Si 2.08 2.08 2.14 2.09 2.10 2.12 2.09 2.09 2.08 
Ti n.d n.d 0.00 n.d n.d n.d 0.00 n.d n.d 
Al 1.91 1.88 1.85 1.90 1.89 1.88 1.90 1.90 1.89 
Pe(t) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.91 0.94 0.86 0.90 0.88 0.86 0.90 0.90 0.92 
Na 0.04 0.13 0.15 0.10 0.11 0.13 0.10 0.10 0.11 
K n.d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 5.02 5.04 5.01 5.01 5.00 5.00 5.00 5.01 5.02 

An % 89.20 88.10 84.90 89.50 88.50 86.70 90.10 89.60 89.00 
Ab% 10.70 11.80 14.90 10.30 11.40 13.20 9.80 10.20 10.80 
Or% 0.10 0.10 0.20 0.20 0.10 0.10 0.10 0.20 0.20 

399 



PLAGIOCLASE 

SAMPLE (1(811! C(800 (1(8113 0(11(11 CXI113 CK110E CX8r11 (1(811! (1(8(1! (1(8(11 (1(11(83 CK11(8Z 
AoIyoa PLIRIM PLICORE PL2RJMI PL2.RTh42 PL2CORI PL2CO41.2 PL3RL'4 PL3COI3.E PL4RIM FI.4C01(.I PL4c'O82 PURIM 

S102 61.60 61.00 6122 60.25 58.19 56.55 62.49 59.43 58.50 51.25 58.10 61.7* 
1)02 n.d s.d ad s.d s.d 0.01 .d it d s.d ad s.d it d 
A1203 2329 24.29 24.14 2.5.09 26.20 27.41 2360 25,64 2601 26.95 26.80 24.18 
PcO(t) 026 0.22 044 0.13 0.14 0.1* 040 0.17 0.04 0.18 0.11 0.20 
MgO 0.1)4 0.02 0.09 0.02 0.06 0.03 005 0.03 0.03 003 0.03 0.1)4 
C3 390 5.19 539 6.1* 7.75 8.97 465 6.63 7.21 7.77 8.06 5.10 
Ns20 9.08 8.42 7.97 7.81 6.96 6.12 1.61 7.6* 7.19 6.15 6.67 8.43 
8(20 0.17 0.19 0.17 0.18 0.22 0.17 0.24 0.17 0.22 0.23 0.13 0.20 

Total 98.34 99.33 9936 99.66 9932 99.44 100.04 99.77 99.31 99.26 99.90 99.93 

Si 2.77 2.73 2.73 2.69 2.61 235 2.77 2.66 2.63 2.58 2.60 2.74 
Ti s.d s.d s.d ad ad n.d ad ad s.d ad ad s.d 
Al 1.24 1.28 1.29 1.32 1.39 1.46 0.2.3 1.35 1.38 1.43 1.41 1.27 
1s (t) 0.01 0.01 0,02 0.01 0.01 0.01 0.02 0.01 0.00 001 0.00 0.01 
Mg 0(8) 0.00 0.01 0.00 0.00 000 0(1) 0.00 000 0.00 0.00 0.00 
C. 0.19 0.25 0.26 0.30 0.37 0.43 0.2.2 032 0.35 0.3* 0.39 024 
Ms 0.79 0.73 0.69 0.68 0.61 034 0.74 0.67 0.63 0.60 0.5* 0.73 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Total 5.01 5.00 4.9* 5.00 5.00 4.99 4.99 5.01 5.00 5.01 4.99 5.00 

A.n% 19.00 23.10 26.90 30.10 37.60 4430 22.70 32.00 35.20 38(8) 39.70 24.80 
Al, 8000 73.80 72.10 68.80 61.10 54.70 75.90 67.00 63.50 60.60 59.50 74.10 
Or% 1.00 1.10 1.00 1.00 1.30 1.00 1.40 1.00 130 130 0.80 1.20 

SA(.O't.E 0(7981 CK7913 CR7981 CR7981 CR7981 CR7981 CR7981 CR7981 CK7981 CR7981 
Anslyms PU PL2IN PLXX)KE PURIM PlAIN P13 Pt.6RJM PL7IN PURIM PL*CORE 

SiO2 59.70 58.80 59.28 61.98 61.82 58.16 60.81 60.14 58.59 57.31 
1102 0.02 0.03 0.04 0.03 0.03 0.02 0.02 0.02 0.03 0.02 
Ai203 24.48 25.42 24.48 23.12 23.33 25.44 23.29 24.18 25.30 26.11 
1[1s0 It) 0.18 0.06 0.27 0.18 0.32 0.20 0.31 0.36 0.19 0.14 
Mg0 0.02 0.05 0.02 0.02 0.03 0.03 0.03 0.04 0.02 0.02 
C.0 6.45 7.31 631 4.76 5.02 7.41 4.98 5.80 7.16 6.34 
76.20 1.93 7.46 7.59 6.79 6.77 7.34 8.81 8.10 734 6.64 
8(20 0.20 0.17 0.29 025 0.22 0.14 0.17 0.18 0.17 019 

Total 99.98 99.30 98.48 99.13 99.54 98.74 98.42 98.82 99.00 96.83 

Si 2.69 164 2.68 2.77 2.76 2.63 2.75 2.71 2.64 2.60 
T. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 
Al 1.30 1.35 1.31 1.22 1.2.3 1.36 1.24 1.28 1.35 1.40 
Ps 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 001 
Mg 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
C. 0.31 0.35 0.32 0.23 0.24 0.36 0.24 0.28 0.35 041 
Na 0.69 0.65 0.67 0.76 0.76 0.64 0.77 0.71 0.66 0.58 
K 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 001 

Total 5.01 5.01 5.00 5.00 5.01 5.01 5.02 5.40 5.01 3.00 

An S 30.70 34.48 31.60 2270 23.70 3530 23.60 28.10 3410 4030 
An 1. 63.20 64.20 66.70 75.90 75.00 63.70 7530 70.90 65.00 3340 
Oil. 1.10 1.00 1.70 1.40 1.20 0.80 1(10 1.00 1.00 1.10 



PLAGIOCLASE 

ENC1.AV9.S 

SAMN.E NW4S NPW4E W4E NKW4E NKWAE N1(W46 NKW4E NXW4E N1(W44 NKW4E NPW4!! NW4E 
A!y.i. P11 PURIM PL--009.E PURIM PL3CO#E PL4RIMI P14&IMI PLICORI PLACOIU POSRIM P(3CO*E I'SARIM £L4CO4*E 

5102 51.96 603* 6097 6019 5638 59*6 61.00 59.17 5813 60.72 58.01 6080 6062 
1702 n4 n4 n4 0.02 .4 001 .4 002 002 .4 .4 0.01 001 
A1203 2707 25.3* 25*3 2536 2741 25.33 2419 25.54 22 $6 24*3 2715 2.541 2333 
F.O(t) 004 023 007 019 03* 009 006 021 015 0.09 0.06 021 013 
64*0 • 0.04 0.02 002 007 0.02 002 0.04 004 0.01 002 004 004 
C.0 7.61 334 3.77 6.25 8,04 6.46 5.44 6.96 730 3.44 1.12 594 5.110 
N.20 6.60 7.71 7.73 744 6.25 7.3.4 7,63 7.09 639 7*7 635 731 760 
X20 0.10 0.12 0.07 0.11 0.11 0.13 034 0.10 0.13 0.17 0.10 0.10 0.10 

Total 100.65 9932 99.76 9938 9234 99.26 10031 99.13 99.47 99.17 100.01 100.02 9935 

Si 2.61 2.69 2.71 2.6* 2.36 2.62 2.73 2.66 2.61 2.7* 239 2.70 2.10 
17 n4 n4 n  000 .4 n4 .4 0,00 000 n4 n.d .4 n.j 
Al 1.41 133 132 133 147 *34 *30 135 *42 13* 1,43 *33 *33 
F(t) 0.00 0.01 0.00 00* 0.0* 000 000 001 00* 0.00 01*) 0.01 0,01 
Mg .4 0,00 0.00 000 001 000 0.00 000 0,00 0.00 0.00 000 000 
C. 0.36 0.27 0.27 030 039 0.3* 0.26 03.4 036 0.26 039 026 0.21 
N. 039 067 0.67 0,64 033 064 0,65 0.62 037 0,68 031 063 066 
K 0.01 0.01 0.00 001 001 001 002 0.01 0.01 0.01 0.01 0.01 00* 

Total 4.99 4.98 497 4.97 4.99 4.97 4.96 4.99 497 (9* 4.98 4,97 4.97 

An% 38.20 28.10 29.10 31.50 4*30 3230 27.70 35.00 3*30 27,40 4040 30.20 29,10 
Ab % 61.20 70.80 7030 6140 38*0 66*0 7030 64.40 6090 71.60 3900 69,20 7030 
0.% 0.40 1.10 0.40 0.70 0.70 0.80 2.10 0.60 0.80 100 030 0.60 0.60 

SAMPLE CK75E CK75E CT75E CK75E CX75E CK75E 0(75K C1K75E 0(75K 0(759 
Aniy.. P1.16164 PLICORE PURIM PL2CO#E PURIM PL3CORE PL4RIU PIACORE P136*64 P13COPR 

S102 59.6* 4907 3730 33.90 6031 54.71 61.70 5739 6133 3*30 
1702 0.01 0.02 0.02 002 002 0.02 002 0.02 001 0.04 
A1303 34*3 3083 2.5.42 2*03 2315 27.24 23.99 2636 23.97 30.47 
F.0 (to 0*3 0.20 0.20 0.12 0.02 0.10 0.18 0.12 0.10 016 
MgO 002 0.03 0.03 004 002 002 002 0.02 002 0.03 
C.0 5*4 1432 7.74 10.19 5.07 9.83 5.33 1.61 5.56 1332 
N.20 *31 530 7.211 53$ *74 6.09 *39 6.62 *33 3.85 
620 0.13 0.0* 0.12 0.09 0.20 00* 0.11 009 0.13 0.011 

Tnc.3 91.43 98.05 9*31 91.77 92.13 9*11 99.94 99.43 99.66 99,45 

Si 2.70 2.29 2.62 2.46 2.73 2.51 2.74 239 2.74 233 
fl .4 .4 000 000 000 0.00 000 000 n4 000 
Al 1.29 1.69 1.37 *32 1.27 *47 *16 1.40 1.26 1.64 
NO 001 0.01 00* 0.00 000 000 001 00* 0.00 0.01 
Mg 0.00 0.00 0.00 0.00 000 0.00 0.00 000 0(8) 0.00 
C. 0.2* 0.72 038 033 0.25 0.41 0.26 0,42 017 0.65 
N. 0.75 032 0.64 0.30 0.77 0.54 0.72 038 0.72 034 
6 00* 00* 001 00* 00* 0.0% 0.0* 001 001 001 

Total 5.03 502 502 502 303 502 300 500 500 5.00 

An % 2730 6900 3600 5140 24.00 4700 26.30 41.60 26,70 65.40 
Ab % 7200 30.50 62.60 41.10 74.90 52.60 12.80 37.90 72.40 34.20 
01% 0.70 0.50 0.70 0.30 1.10 030 0.60 030 0.90 0.50 

011 



MONZONITES  

SA1WLE CK800 CX800 CK800 C1C800 CK800 CK800 CK800 CKS0O CK790 CK790 CK790 CK790 CX790 CK790 CK790 CK790 CK790 CK790 AVI AVI AVI 
Anaiy.6. PLICORE PL2DCL P1_3R.114 PL.3COR.E P1..4RD.( PL4CORE PL5CO41.E Pt.6D1CL Pt.IRD.4 P1_1C0P.E PL2RIM PL2CORE Pt3Rfl4 PL3CORE PL4RA4 P1..4CORE PL5RD4 PLSCORB Pt.1Rfl4 PL2Rfl4 PL3R.Th4 

SiO2 59.86 59.27 60.92 57.43 61.46 61.56 56.09 60.18 39.43 57.03 63.20 62.23 58.86 59.96 5863 57.96 5893 64.22 61.45 61.77 61.15 
T102 0.02 0.02 0.03 0,02 ii.d 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.00 0.02 0.03 0.02 n.4 nd n.d 
A1203 25.22 25.18 24.75 27.75 24.84 24.68 26.45 23.82 23.09 26.13 22.22 22.38 24.68 25.96 24.73 25.26 24.64 21.48 23.42 23.38 23.60 
Poo (t) 0.17 0.19 0.21 0.16 0.18 0.20 0,34 0.23 0.26 0.44 0.13 0.21 0.31 0.22 0.28 0.32 0.34 0.11 0.12 0.16 0.16 
M80 0.02 0.01 0.02 0.01 0.02 0.00 0.15 0.05 0.05 0.06 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.01 0.01 0.02 0.00 
C.0 6.56 8.30 5.87 5.87 5.93 7.03 7.69 7.21 6.42 8.21 3.86 4.30 6.89 8.20 7.18 7.66 6.83 2.91 4.98 4.62 5.26 
N.20 7.63 6.64 7.80 6.07 7.75 7.12 6.49 6,94 7.64 6.63 9.58 9.31 7.61 6.87 7.20 7.03 7.61 10.13 8.95 6.9* 8.67 
K20 0.20 0.12 0.29 0.15 0.22 0.25 0.15 0.14 0.19 0.15 0.16 0.19 0.28 0.22 0.41 0.40 0.27 0.12 0.22 0.15 0.15 

Total 99.70 100.33 99.89 100.79 100.40 100.92 99.37 100.59 99.09 98.67 99.17 98.67 98.67 98,48 98.53 98.68 98.67 99.00 99.15 9947 99.03 

SI 2.67 2.64 2.71 2.55 2.72 2.71 2.61 2.66 2.67 2.59 2.82 2.80 2.67 2.59 2.66 2.63 167 2.86 2.75 2.76 2.74 
TI 0.00 0.00 0,00 0.00 .4 n.d .4 0.00 .4 0.00 .4 .4 0.00 0.00 .4 0.00 0.00 0.00 .4 nd .4 
Al 1.33 1.35 1.30 1.45 1.29 1.28 1.40 1.44 1.33 1.40 1.17 1.19 1.32 1.39 1.32 1.35 1.32 1.13 1.24 1.24 1.23 
PC (t) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 
Ma 0.00 0.00 0.00 0,00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 
Ca 0.31 0.40 0.28 0.44 0.03 0.33 0.37 0.34 0.31 0.40 0.18 0.21 0.33 0.40 0.35 0.37 0.33 0.14 0.24 0.23 0.25 C Na 0.66 0.57 0.67 0.52 066 0.61 0.57 0.60 0.67 0.58 0.83 0.81 0.67 0.61 0.63 0.62 0.67 0.88 0.78 0.78 0.75 (' K 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.02 0.02 0.01 0.01 0.00 0.00 t > Total 5.00 4.98 4.99 4,99 4.98 4,96 4.98 5.00 5.00 5.00 5.01 5.02 5.01 5.02 5.00 5.01 5.01 5.01 3.02 5.02 5.01 C/) 

31.80 40.60 28.90 45.20 29.30 34.80 39.20 36.20 31.40 40.30 18.00 20.10 32.80 39.20 34.60 36.70 32.60 13.60 23.20 22.70 24.90 Ab7. 67.10 58.70 69.40 53.90 69.40 63.70 59.90 63.00 67.50 58.90 81.10 78.80 65.60 59.50 62.70 61.00 65.80 85.70 75.50 76,40 74.30 
Or% 1.20 0.70 1.70 0.90 1.30 1.50 0.90 0.80 1.10 0.90 0.90 1.10 1.60 1.30 2.70 2.30 130 0.70 1.20 0.80 0.80 



K-FELDSPARS 

M0NZ0NrrES GRANODIORITES Q-MONZONrrES 
SAMPLE CX790 0(790 CK790 CK790 0(790 CR800 0(800 0(800 0(800 0(750 0(750 0(750 NKL8 NKL8 NKL8 NJCL8 An1ya1s APIRIM APICORB AF2 AP3RIM AR APIRIM APICORE AF2 AP3 API AF2 AP3 API AF2 AF3 AR 

SiO2 64.05 64.56 64.58 64.55 63.94 6530 65.82 65.14 65.56 6437 63.64 63.01 65.27 64.21 63.68 64.67 A1203 18.33 18.54 18.29 18.25 18.45 18.98 18.93 19.11 19.18 18.43 18.20 18.65 18.15 18.23 18.38 18.57 FeO (t) 0.12 0,13 0.08 0.13 0.08 0.12 0.17 0.11 0.14 0.07 0.02 0.09 0.06 0.04 0.01 0.09 MgO n.d nd n.d m.d m.d 0.02 0.02 0.01 0.02 m.d m.d m.d m.d m.d 0.02 m.d CaO 0.02 0.15 0.06 0.05 0.07 0.13 0.09 0.14 0.18 0.02 m.d n.d m.d m.d m.d 0.02 Na2O 1.08 2.20 1.47 1,88 2.36 1.90 1.80 1,51 2.52 1.30 1.53 1.20 1.04 0,99 1.00 I 	1() K20 15.09 13.32 14.67 13.98 13.51 13.72 13.90 14.27 12.76 14,45 14.80 15.13 15.48 15.48 15.55 14')4 BaO 0.06 0.29 0.15 0.19 0.18 0.26 0.15 0.20 0.31 0.48 0.12 0.32 0.18 0.18 0.16 0.17 

TOTAL 98.75 99.19 99.30 99.03 98.59 100.63 100.88 100.49 100.67 99.32 98.31 98.40 100.17 99.13 98.86 99.75 

SI 2.99 2.99 3.00 3.00 2.98 2.99 2.99 2.98 2.98 3.00 2.99 2.96 3.01 2.99 2.98 2.99 Al 1.01 1.01 1.00 1.00 1.01 1.02 1.01 1.03 1.03 1.01 1.01 1.03 0.99 1.00 1.01 1.01 Fe(t) 0.00 0.01 0.00 0.01 0.00 0,01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Mg 
Ca 

n.d 
0.00 

m.d 
0.01 

m.d n.d m.d 0.00 0.00 0.00 0.00 mA nd n.d m.d mA 0.00 m.d 
0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 m.d m.d m.d m.d m.d 000 Na 0.10 0.20 0.13 0.17 0.21 0.17 0.16 0.13 0.22 0.12 0.14 0.11 0.09 0.09 0.09 0.12 IC 0.90 0.79 0.87 0.83 0.80 0.80 0.81 0.83 0.74 0.86 0.89 0.91 0.91 0.92 0.93 0.88 Ba 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 

TOTAL 5.00 5.00 5.00 5.00 5.02 4.99 4.98 4.99 499 4.99 5.02 5.03 5,00 5.01 5.02 5.00 

An% 0.10 0.80 0,30 0.20 0,30 0.70 0.50 0.70 0.90 0.10 0.00 0.00 0.00 0,00 0.00 010 Ab% 9.80 19.90 13.20 16.90 20.90 17.30 16.40 13.80 22.90 12.00 13.60 10.80 9.30 8.90 8,90 11,70 Or% 90.10 79.30 86.50 82.80 78.70 82.10 53.20 85.50 76.20 87.90 86,40 89,20 90.70 91.10 91.10 8820 



BIOTITES 

MONZONfW.S GRANODIORITES Q-MONZONflES 
53.MPI.R CX a(11,52 C1(5) CX.750 C1750 CX733 (1(750 C1c750 MXLI MXLI MXLI HILl 

A-ty.i. RIIIMCL 61214 61304 III 812 10 614 615 III 812 DI) RU 

S.02 3*31 57.52 37.86 3650 37.53 3737 3717 3641 5530 31,1* 3654 3662 
1302 2.16 2.97 2.13 197 1.15 166 2.03 1.4.4 2.15 1.94 336 2.09 
A1203 13.16 1319 1361 15.07 15.41 1233 1449 13.21 15.32 15.17 14.17 15.54 
Fn0(1) 16.14 16.15 16.15 1*46 11.35 1730 I*..36 11.0 11.64 11.30 5031 19.10 
14.0 04* 04.4 040 0*2 0.15 0.14 0.71 0-73 0.74 0,60 06* 0,10 

MO 14.07 13.62 13*9 1132 11.76 12.22 11,71 12. 11.69 1045 10.25 11.11 
007 0.04 004 0.02 003 .4 032 0.02,  014 019 0.12 010 

0,0* 007 009 0.07 003 6.07 0.03 0.07 032 0.02 005 007 

XX) 9.45 9.5.1  9,45 9.50 9.30 9.61 937 9.40 9.10 9.42 9.24 936 

F n.. n4 n.. 0.66 074 0.70 0.65 0.75 n.. n.. .. n.. 

TOTAL 93.49 95.17 94.30 9432 96.07 9332 95*) 953. 9331 94.25 9435 94.36 

Si 5,77 36* 5.75 5,65 5.66 54.3 5.63 5.64 5.50 5*5 5.64 5.62 
Ti 032 03.4 0.32 0.23 021 0t 0.35 0.17 0.29 0.22 0.59 024 
Al 2.41 2.4* 2.44 2.74 2.71 2.75 2.59 2.74 2*2 2.74 2.39 2.11 

2.02 115 2.05 2.79 231 250 2.33 2.35 2.44 2.34 164 2.45 
Mn 032 007 0.05 0.11 all all 032 0 0.10 0.06 009 009 

Mg 3.14 515 5.15 2.54 2.64 2.77 2.64 2.74 2.72 2-3* 237 2.56 
C. 001 0131 001 00.) 040 .4 0.01 0.00 002 0.03 0,02 0.02 

N. 002 0.4)2 0.03 0.02 0.02 032 0.01 002 002 0.01 002 002 

1 III 1.841.83 1.231 123 1.16 115 113 III 1.14 113 1,13 
F .. n 032 035 034&31 035  

TOTAL 15.16 15.67 13.63 1534 1531 531 15.30 155$ 15.12 15,49 1539 13.63 

M.J(54g'.F.) 061 039 041 052 0.53 055 0.33 034 0.53 0.50 0.47 051 

ENCLAVE A ENCLAVES B 
5156714 CX79E CX75E CX75* (1(758 (1(729 CK75E C1138 NXW4E MXVII NXW4E MXVII MXVII 

81114 DII 912 MIS 614 63 610 61114 612 6(3 611 MIS 

3.02 35.97 36.22 36.10 35,41 3631 35*4 36.36 35.61 35,72 35.49 35.52 33.64 
1302 4.24 2.19 2*2 2*4 2.21 332 2.57 1.91 2.17 3.47 2.63 23* 
A(203 13. 1417 14.55 14.64 15.04 14.72 1117 15.92 16.07 15.66 15,61 15.46 

F.00) 17.15 1941 19.70 19)6 1191 1932 19.17 11,05 1839 17.10 11.15 IllS 

1410 0.51 0.50 0.70 0.12 074 072 073 077 0,6* 0.76 0.64 064 
M6() 13.11 11.25 11,17 1166 11.46 1096 10.99 1116 10.16 11.27 1131 11.30 
(47 ODI 0.07 002 001 001 002 030 0.07 0.0* 003 003 009 
54.1) 001 017 0.07 0.05 007 00* 006 032 0.07 0.156 0.05 0156 
XX) 939 947 9.53 9.52 9.31 931 9.02 9.73 9.16 949 9.70 9A3 
F . 0.14 (155 05* 0.62 639 036 6.4 .4 6.4 6.4 6.4 

TOTAL 94.19 95)6 95.11 94.95 *147 *4.64 94.65 436 94.19 91.23 94.51 97.41 

S. 533 336 5.52 5.41 5.56 333 5.60 5.30 5.31 5.1* 5.19 334 
fl 0.19 025 032 033 0.56 033 030 022 0.33 0.40 031 03* 
Al 2.4* 2.69 2.62 2.52 2.73 2.6* 2.70 2.90 2.95 2*5 2.14 2.16 

F.0) 221 230 2.52 2.30 LU 2.16 2.47 2.33 2.37 2.50 243 2.36 
Mn 037 0.09 009 011 0.10 009 010 010 032 0,10 0.0* 0.4* 
Mg 3 In 2.70 2.6* 241 2.52 232 2.10 2.50 2.59 2.65 247 

C. 001 00! 032 032 047 031 0.03 0.01 001 007 00! 001 
N. o.W 0.02 002 001 002 002 0.02 002 032 0.02 031 002 

1 1.64 041 166 Iii 1.17 1.69 ITS 1.92 1)6 1.91 1.91 Ii, 
F 6.4 030 027 0.2* 0.30 0.31 0.27 6.4 6.4 6.4 .4 6.4 

TOTAL IS 1340 15.65 1546 15.61 1537 1532 15.50 15.63 13.66 15.73 1566 

Mg/Mg+F.) 051 032 0.32 052 031 031 0.55 031 033 032 033 



GABBRO -OLIVINE 
SAMPLE CK65 0(65 CK65 0(65 CK65 
Analysis OLI 0L2 0L3 0L4 0L5 

Si02 40.16 40.10 39.45 40.37 39.44 
A1203 0.02 0.02 0.02 0.03 0.00 
FeO (t) 21.15 20.36 21.43 21.03 21.33 
Mno 0.64 0.62 0.66 0.61 0.67 
MgO 40.39 41.13 39.96 39.62 40.26 
CaO 0.02 0.01 0.66 0.02 0.03 

Total 102.38 102.24 101.54 101.68 101.75 

Si 1.01 1.01 1.01 1.02 1.00 
Al 0.00 0.00 0.00 0.00 0.00 
Fe 0.45 0.43 0.46 0.45 0.45 
Mn 0.01 0.01 0.01 0.01 0.01 
Mg 1.52 1.54 1.52 1.50 1.53 
Ca 0.00 0.00 0.00 0.00 0.00 

Total 2.99 2.99 3.00 2.98 3.00 

Fo % 77.05 78.05 76.65 76.85 76.85 
Fa% 22.85 21.95 23.35 23.15 23.15 

GABBRO - ORTHOPYROXENE 
SAMPLE 0(65 CK65 CK65 CK65 CK65 
Analysis OPXI OPX2 OPX3 OPX4 OPXS 

Si02 52.29 55.62 53.67 54.32 54.00 
Ti02 0.17 0.16 0.22 0.18 0.13 
A1203 2.21 1.74 2.33 2.32 1.79 
FcO(t) 17.03 15.07 15.98 16.46 14.76 
MoO 0.60 0.57 0.54 0.53 0.56 
MgO 26.21 28.30 27.00 26.60 27.97 
CaO 1.26 0.93 1.16 1.26 0.98 
Na2O 0.07 0.04 0.04 0.04 0.03 

Total 99.84 102.43 100.93 101.72 100.22 

Si 1.90 1.95 1.92 1.93 1.93 
Ti 0.01 0.00 0.01 0.01 0.00 
Al 0.01 0.07 0.01 0.10 0.08 
Fe(H) 0.41 0.42 0.42 0.46 0.39 
Fe(W) 0.10 0.02 0.05 0.03 0.05 
Mn 0.02 0.02 0.02 0.02 0.02 
Mg 1.42 1.48 1.44 1.41 1.49 
Ca 0.05 0.04 0.04 0.05 0.04 
Na 0.01 0.00 0.00 0.00 0.00 

Total 4.00 4.00 4.00 4.00 4.00 

Mg % 74.90 75.90 75.00 73.00 77.20 
Fe % 21.50 21.50 21.90 23.70 20.00 
Mn % 1.00 0.90 0.90 0.80 0.90 
Ca % 2.60 1.80 2.30 2.50 1.90 

CK65 
OPX6 

53.97 
0.13 
1.43 

16.29 
0.59 

26.85 
1.20 
0.05 

100.51 

1.94 
0.00 
0.06 
0.44 
0.05 
0.02 
1.44 
0.05 
0.00 

74.30 
22.40 
0.90 
2.40 
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Swnplc Rock-type Q II Kf Am Si Cp* Opx Cl 	Op 13 CXIucr Total Points 

CK65 Gabbm 39.2 20.9 19.8 5.1 29 	10.7 1.4 1(8) 5(X) 
NXA6 61.2 13.8 8.2 3.0 4.2 9.6 100 70) 
(1(795 Enclave A 5.8 55.6 0.8 24.0 0.8 0.4 9.0 3.6 100 5(8) 
CK77E 0.6 56.2 5.0 26.0 0.8 6.2 5.0 1(8) 500 
NKRSIIE 0.6 62.2 2.0 20.0 1.4 2.7 1.8 91 10(X) 
CK75E Enclave B 4.9 48.4 53 11.0 22.0 6.2 2.3 100 5(8) 
NKW4E 4.4 4.8.2 10.6 24.4 4.0 1.2 4.4 2.8 tOO 5(8) 
90NK31 POcpIiyIiIC 9.6 37.8 33.7 11.4 0.7 3.8 1.4 1.2 100 1(88) 
NKRSIIt mcasZ(wtitc 17.1 31.8 35.7 4.2 6.1 2.7 1.0 0.8 100 1(88) 
AVI Monronite 8.8 4.4.0 34.9 7.5 0.8 1.6 1.6 0.8 100 1(1*) 
NKRS9 (Cntre) 8.7 47.1 25.8 5.2 01 63 3.3 2.3 0.9 100 1(8*) 
89NK232 2.7 33.1 49.9 33 6.0 2.1 2.0 0.6 100 8(8) 
(1(750 0rodiotite 22.8 40.0 20.0 5.8 7.6 2.4 2.1 1.8 103 5(8) 
(1(76 23.0 41.9 18.2 5.8 6.7 2.7 1.1 0.6 100 1(88) 
NXL6 Q-Mxizonite 7.9 363 27.7 17.7 2.2 4.0 2.7 1.3 100 1(1)D 
NX.LI0 16.2 38.4 18.6 16.6 6.6 1.4 1.8 0.4 tOO 5(8) 
NKWI 26.3 32.1 23.6 4.1 6.6 1.6 2.1 3.3 100 700 
NXW2 22.2 42.4 17.2 4.7 7.0 1.6 2.8 1.6 100 700 
NKA4 29.1 34.7 22.1 8.7 0.4 Ii 2.1 99 7(X) 
NKBI (Uaion) 11.4 40.3 25.5 12.6 2.9 3.4 23 1.4 100 10(8) 
NKLIIJ Lampmphyie 5.1 4.4 29.0 47.9 7.7 5.8 100 700 

11odoikas (1982) 
T11181 Q-Monzonitc 103 48.7 31.2 73 0.3 1.2 0.6 100 1(88) 
T11205 17.6 4.4.6 27.9 5.6 3.0 0.4 0.9 100 1000 
TH20) 166 41.6 25.5 9.2 3.9 2.0 1.1 100 1(18) 
T14215 17.3 41.6 34.7 3.8 0.4 1.6 0.8 100 1(88) 
T1L236 173 40.5 29.6 8.3 21 1.4 0.5 100 1(18) 
TH239 17.2 41.0 28.9 83 2.6 1.3 0.6 100 1088 
111277 81 39.2 46.3 4.0 0.7 1.2 03 tOO 1(88) 
114289 16.2 42.9 29.4 6.9 1.4 1.9 0.6 99 1000 

ThIlo Ckwite 19.2 45.1 25.2 6.9 2.4 0.8 03 100 1(18) 
T5272 22.4 37.2 35.2 2.1 1$ 0.8 0.8 100 1000 
TH307 33.0 33.4 22.6 63 1.9 13 1.1 100 10(8) 

774.34 Gronodionte 22.1 47.9 22.3 3.6 2.1 2.0 0.2 1(X) 10(70 
111165 20.4 46.8 25.9 33 1.8 1.2 03 1(X) 1000 
111171 19.2 47.0 18.3 6.3 53 2.3 1.2 100 1000 
111213 21.1 48.2 23.7 2.9 2.7 1.2 03 100 1000 

T116A3 Monzonite 123 39.0 40.1 63 0.3 1.3 0.4 tOO 10(X) 
11167 (Centre) 14.3 33.4 43.0 5.8 1.9 1.3 0.4 100 1000 
77169 5.2 43.7 35.4 9.9 2.3 2.1 1.2 100 1000 
111118 5.8 52.2 32.0 63 0.5 2.1 0.9 100 1000 
111121 43 36.1 49.7 6.1 0.4 2.2 1.1 100 10(10 
114129 4.4 36.1 47.7 7.3 1.9 1.3 1.3 100 1(8*) 
114277 8.2 39.2 46.3 4.0 0.7 1.2 03 100 1000 
114312 6.9 49.1 32.3 7.4 1.8 1.8 0.8 100 1000 

THI4O Porphyritic 0.6 30.7 56.4 0.8 93 1.0 1.0 100 10(X) 
111204 mcrmitc 42.4 43.7 1.7 03 9.6 1.9 0.3 tOO 1000 
111360 4.0 46.0 33.7 8.2 0.1 4.6 2.1 1.2 100 1000 
TH269 4.3 49.3 33.7 73 0.1 2.2 I.? 13 100 1000 
114321 2.2 35.0 503 4.2 0.5 53 1.2 0.8 100 1000 
11*346 43 413 4.4.9 1.8 0.8 4.3 13 0.7 tOO 1000 
111351 3.6 473 37.2 5.1 0.6 33 1.4 1.3 100 1000 
711356 2.9 37.2 46.0 93 0.1 2.8 1.1 03 100 1000 
111360 3.1 421 43.8 63 3.6 1.1 0.1 100 1(8*) 
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APPENDIX V 

X-Ray Fluorescence Spectrometry (XRF) analytical method 

Samples were analysed for 10 major elements (Si, Al, Ti, Fe, Mg, Mn, Ca, Na, K) 

and 17 trace elements (Ba, Rb, Sr, La, Ce, Nd, V, Sc, Cr, Ni,Cu, Zn, Th, Y, Zr, Nb, Pb) 

using Philips PW1450 and PW1480 automatic XRF spectrometers in Edinburgh 

University. 

Samples were crushed in jaw-crusher and powdered using a TEMA tungsten mill. 

For major element analyses whole-rock powders were fused to glass disks using a borate 

flux (Johnson Mitthey Spectroflux 105). Unless otherwise stated, samples were ignited 

prior to fusion, in order to get Loss On Ignition values (LO!). In general, fresh samples 

were analysed, and LOl values are low (usually less than 1%). Trace elements were 

analysed on pressed powder pellets. Full details of the sample preparation procedure can 

be found in Fitton & Dunlop (1985) and Fitton et al. (1984). Samples were analysed 

according to the USGS and CRPG international standards as reported in Abbey (1980). 

Table V.1 presents the typical accuracy of the XRF analyses as reported in Fitton et 

al. (1984). Reproducibility is there presented as 10 and accuracy as the root mean of the 

squared deviation (RMSD). 

Table V.1 

Weigbt% Mean 
(n=5) 

la RMSD ppm Mean 
(n=5) 

Ia RMSD 

Si02  43.80 0.09 0.22 Ni 170.9 0.3 4.3 
14.06 0.05 0.12 Cr 380.5 2.9 11.0 

1 203  12.46 0.03 0.05 V 236.6 3.5 11.5 
MgO 8.31 0.03 0.08 Sc 18.2 0.3 2.4 
CaO 10.62 0.03 0.05 Cu 48.4 0.4 5.3 
Na20 3.61 0.04 0.06 Zn 113.9 1.1 5.0 
KO 1.412 0.005 0.02 Pb* -1.8 1.6 4.0 
Ti02  3.165 0.006 0.01 Sr 1129.7 4.0 9.6 
MnO 0.215 0.007 0.01 Rb 46.7 0.5 3.5 
P205  1.030 0.003 0.01 Zr 366.0 1.0 14.8 

Nb 92.2 0.5 2.4 
Ba 718.4 5.6 39.0 
Th 16.6 1.2 2.8 
La 78.9 0.8 5.6 
Ce 156.7 1.6 13.5 
Nd 66.2 0.6 3.6 
Y 33.2 0.4 3.4 

In the results n.a = not analysed, nil = not detected 



APPENDIX Va 

XRF results 



GABBROS 
SAMPLE 	CK65 	CK66 	CK67 	CK7 1 	NICA 1 	NKA2 	NKA3 	NKA7 NKRS 12 

S102 41.16 42.45 40.43 41.99 43.88 42.09 44.11 41.13 42.01 
T102 1.11 1.12 1.31 1.05 1.41 0.98 1.58 1.57 1.03 
A1203 18.64 15.14 14.40 23.53 15.72 16.82 15.73 20.13 16.58 
Fe203 15.27 12.10 18.56 10.85 15.20 15.63 15.07 13.89 15.51 
MnO 0.17 0.16 0.20 0.11 0.17 0.18 0.17 0.15 0.19 
MgO 7.62 7.33 9.49 4.78 7.04 7.51 6.90 6.42 7.54 
CaO 13.81 19.08 13.69 15.16 13.81 14.18 13.78 13.42 14.52 
Na2O 1.02 0.77 0.86 1.18 0.91 1.04 1.11 1.59 0.96 
K20 0.20 0.09 0.15 0.20 0.26 0.23 0.30 0.38 0.26 
P205 0.05 0.06 0.06 0.05 0.02 0.02 0.04 0.04 0.02 
LOl 0.39 1.00 0.51 0.80 1.12 0.81 0.66 0.88 0.71 

TOTAL 99.45 99.30 99.65 99.70 99.53 99.49 99.44 99.61 99.34 

V 414.4 318.3 5253 333.4 443.7 438.2 432.7 377.1 472.8 
Ba 81.7 73.7 87.0 74.4 21.8 47.8 15.9 85.2 65.1 
Sc 26.1 41.5 47.6 30.0 443 39.0 39.8 43.6 41.9 
La 5.0 nil 3.6 4.9 5.8 2.1 4.0 3.0 0.1 
Nd 7.7 9.5 0.9 5.9 nil 6.9 4.9 16.8 11.5 
Ce 24.6 25.3 14.7 37.8 13.1 24.8 15.6 23.4 20.1 
Cr 62.7 88.7 86.6 25.3 37.1 30.4 31.2 26.1 37.4 
Ni 31.7 44.7 49.8 9.1 41.9 60.5 38.9 8.2 62.0 
(u MR IiA MA 6S.7 1R2-0 21S.1 168.9 54.0 181.4 

LAMPROPHYRES 
NXL22 NKL2I NKL24 9ONK118 

48.04 46.89 53.64 49.38 
1.34 1.49 0.88 1.71 

12.92 14.23 17.93 13.04 
13.44 13.59 7.94 13.89 
0.24 0.42 0.22 0.24 
5.40 5.00 2.74 4.98 
9.45 9.32 7.21 8.75 
1.75 2.32 3.91 1.78 
3.41 3.21 3.20 4.77 
1.81 1.45 0.65 1.13 
na. na. na. 0.52 

97.78 97.90 98.32 100.19 

369.2 355.6 145.9 371.9 
962.8 752.8 972.9 1850.1 
443 40.2 14.2 40.7 
49.1 463 52.0 36.8 
53.9 65.9 52.8 69.8 
99.6 122.7 113.8 113.0 

9.8 11.3 5.2 30.0 
15.5 13.1 18.1 10.7 
263 67.5 40.0 83.6 



PORPHYRITIC MONZONITES 

SAMPLE CK770 CK78 CK79G CK800 CK91 89NX2 18 89NK21 9 89NX230 89NK233G 89NX234 NKRS 10 NKRS 11 G 

Si02 63.91 63.83 65.15 6448 63.09 63.80 64.24 65.15 64.07 64.30 63.06 64.62 
Ti02 0.44 0.43 0.42 0.43 0.47 0.39 0.38 0.40 0.44 0.43 0.42 0.39 
A1203 16.49 16.54 16.00 15.95 16.59 16.64 17.25 16.13 16.69 15.79 16.51 15.75 
Fe203 4.33 4.12 3.83 3.95 4.56 4.11 3.69 3.77 4.16 3.87 4.13 3.65 
MnO 0.09 0.08 0.07 0.08 0.09 0.10 0.08 0.05 0.07 0.07 0.08 0.08 
MgO 1.42 1.41 1.30 1.32 1.61 1.16 0.79 1.07 1.56 1.36 1.42 1.34 
CaO 4.25 4.24 3.79 3.77 4.55 4.15 3.74 3.18 4.44 3.89 4.27 3.87 
Na2O 3.84 3.78 3.87 3.72 4.02 4.18 4.40 3.69 3.94 3.93 3.65 3.61 
K20 4.70 4.80 4.74 4.91 4.34 4.25 4.56 5.15 4.96 4.64 4.81 4.66 
P205 0.17 0.17 0.15 0.16 0.19 0.16 0.11 0.15 0.17 0.15 0.16 0.14 
L0I n.a. n.a. n.a. n.a. n.a. 0.35 0.44 0.60 0.20 0.40 0.37 0.62 

TOTAL 99.65 99.41 99.32 99.13 99.53 99.29 99.69 99.32 100.43 98.81 98.87 98.73 

V 90.4 87.0 84.1 83.9 92.0 63.5 58.3 63.2 80.5 73.9 76.3 82.3 
Ba 964.0 984.7 724.9 1134.7 779.9 980.5 1007.5 663.5 943.4 730.1 955.3 787.9 
Sc 7.1 8.6 7.8 6.8 11.0 8.5 6.3 7.6 10.0 10.5 5.8 5.3 
La 28.0 26.1 33.6 43.9 44.0 26.4 32.2 36.1 28.8 32.9 26.8 36.7 
Nd 25.6 23.9 22.9 22.7 28.6 21.7 21.2 19.4 24.0 20.2 9.7 20.9 
Cc 69.0 64.2 64.7 69.3 68.3 57.6 56.9 60.5 62.8 61.9 38.2 640 
Cr 2.4 2.3 4.8 7.2 3.0 nil 0.6 8.1 3.1 3.4 5.2 9.6 
Ni 5.9 7.1 6.3 7.3 7.7 8.9 9.1 11.7 11.2 11.0 5.8 5.9 
Cu 21.3 3.8 3.5 6.3 9.2 3.0 3.6 7.7 5.4 69.9 1.3 10.8 
Zn 31.2 29.3 32.0 34.0 47.0 41.2 47.3 30.2 30.0 31.1 24.4 29.4 
Pb 17.5 16.8 17.2 17.3 18.0 13.8 17.1 13.6 15.5 15.6 18.0 16.1 
Th 24.6 20.8 31.2 34.3 29.3 17.1 11.8 43.5 23.2 27.9 19.6 30.3 
Rb 191.7 191.6 212.1 204.5 186.0 147.7 191.4 251.1 188.5 212.6 192.5 230.1 
Sr 515.1 515.7 443.9 464.2 505.5 547.9 564.7 383.7 522.6 422.6 526.4 412.8 
y 22.2 20.6 19.6 21.3 23.6 22.4 21.6 20.4 22.7 20.9 15.6 15.8 
Zr 159.0 159.0 172.5 162.7 158.7 179.9 224.8 187.8 161.0 169.1 137.4 160.1 
Nb 15.4 14.4 14.7 16.2 15.2 9.5 8.8 14.9 15.5 16.1 14.5 13.9 



MONZONIFES (CENTRE) 

SAMPLE NKRS6 NKRSS NKRS9 89NK232 AVI AV2 

Si02 60.94 56.36 63.48 59.16 62.79 61.73 
TiO2 0.42 0.49 0.38 0.49 0.48 0.49 
A1203 16.93 18.14 18.26 17.33 16.69 16.74 
Fc203 3.83 4.60 3.77 4.86 4.67 4.80 
MnO 0.10 0.13 0.11 0.11 0.10 0.10 
MgO 1.81 2.13 1.03 1.36 1.43 1.53 
CiO 4.91 6.29 5.22 5.25 4.01 4.23 
Na20 3.49 4.44 4.44 4.26 333 3.73 
K.20 4.24 4.04 4.30 5.68 5.14 4.72 
P205 	. 0.29 0.30 0.15 0.21 0.16 0.17 
10! 0.50 0.23 0.29 0.83 D.A. na. 

TOTAL 97.46 97.14 101.44 99.54 98.98 98.23 

V 90.6 113.3 74.2 94.8 80.7 833 
13a 911.4 1179.9 1103.8 944.2 695.0 6371 
Sc 8.0 9.7 3.1 6.8 5.1 8.0 
La 26.2 25.6 36.0 45.5 44.8 41.2 
Nd 16.8 18.5 21.8 22.2 26.1 26.3 
Cc 45.3 55.1 79.5 62.7 79.2 75.9 
Cr 12.1 11.8 6.2 1.6 nil 1.0 
Ni 6.7 5.7 3.7 12.2 15.1 15.2 
Cu 8.2 2.5 12.3 46.9 8.3 7.5 
Zn 42.9 40.2 49.8 56.2 34.8 35.1 
Pb 25.8 14.2 17.7 24.3 15.8 14.5 
Th 12.7 9.1 15.8 29.0 36.5 27.0 
Rb 182.4 145.1 143.6 274.6 240.9 220.0 
Sr 502.3 684.6 649.0 583.6 489.4 482.8 
Y 15.5 21.8 26.2 26.8 32.2 31.9 
Zr 168.3 175.8 184.0 189.9 261.1 2.40.3 
Nb 13.7 13.4 13.3 19.1 24.0 24.6 

(Fbcodoriku. 1982) 
SAMPI.E Till 30 T116A3 Th6133 Th67 

SiO2 61.93 61.26 62.78 63.03 
TiO2 0.51 0.51 0.49 0.42 
A1203 17.99 17.08 17.39 16.76 
Fe203 4.97 4.42 3.83 3.65 
MnO 0.21 0.14 0.14 0.13 
MgO 2.09 1.44 1.89 1.51 
CaO 4.66 4.13 3.98 3.25 
Na20 3.89 3.91 3.88 333 
1(20 4.76 4.94 4.91 5.40 
P205 0.22 0.25 0.24 0.15 
101 0.60 0.66 0.69 0.81 

TOTAL 101.83 98.74 100.22 98.64 

V D.S. n.a. D.A. D.A. 
Ba 1072.0 721.0 686.0 612.0 
Sc D.A. D.A. D.A. na. 
La 38.0 42.0 38.0 44.0 
Nd 26.0 28.0 20.0 23.0 
Cc 32.0 73.0 68.0 71.0 
Cr D.A. D.A. D.A. D.A. 
Ni D.A. D.A. D.A. D.A. 

Cu 13.0 13.0 13.0 26.0 
Zn 46.0 38.0 40.0 37.0 
Pb 33.0 19.0 18.0 28.0 
Th 22.0 30.0 41.0 54.0 
Rb 184.0 226.0 224.0 263.0 
Sr 564.0 504.0 492.0 426.0 
Y 21.0 30.0 24.0 36.0 
Zr 176.0 262.0 238.0 229.0 
Nb 24.0 26.0 24.0 39.0 
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QUARrL..M0NZ0NITES 

SAMPLE NKLI NKL2 NKL7 NKLS NKRSI NKRS2 NKWI NKW2 NKW4G 

Si02 68.43 67.86 68.83 68.94 64.21 67.32 68.74 68.12 67.19 
Ti02 0.30 0.28 0.28 0.27 0.40 0.31 0.28 0.29 0.31 
A1203 15.71 15.48 15.44 15.39 16.11 15.22 15.49 15.75 15.87 
Fc203 2-95 3.04 2.91 2.85 3.81 2.94 2.81 3.10 2.91 
MnO 0.09 0.08 0.09 0.09 0.10 0.10 0.08 0.08 0.07 
MgO 0.98 0.97 1.02 0.99 1.60 1.43 0.84 0.96 0.80 
CaO 3.22 3.52 3.45 3.52 5.42 3.86 3.46 3.73 3.74 
Na20 3.37 3.49 3.77 3.71 3.63 3.27 3.45 3.62 3.76 
K20 3.64 3.77 3.49 3.35 2.60 3.71 3.68 3.58 3.85 
P205 0.10 0.13 0.10 0.12 0.18 0.14 0.09 0.11 0.11 
LOl na. n.a. na. n.a. 0.57 0.38 n.a. n.a. 0.49 

TOTAL 98.77 98.62 9936 99.22 98.65 98.68 98.93 99.32 99.10 

V 54.3 60.9 56.2 55.6 101.1 65.7 51.3 58.9 49.5 
Ba 595.1 673.3 501.2 481.5 399.0 567.4 363.3 473.2 662.8 
Sc 7.6 5.9 6.9 5.9 4.8 4.9 1.9 2.6 7.3 
La 21.7 27.0 27.8 27.5 26.8 16.1 19.2 33.8 28.0 
Nd 13.9 17.1 20.4 15.5 28.2 21.4 14.1 17.0 16.4 
Ce 30.4 43.8 45.6 37.5 63.9 39.5 3.4.4 46.8 48.8 
Cr nil 0.8 0.6 1.8 8.7 6.7 nil 0.2 nil 
Ni 3.7 4.6 5.3 4.3 5.2 3.6 23.9 19.3 8.7 
Cu 1.6 0.4 nil 1.7 8.6 8.4 1.4 2.2 nil 
Zn 30.4 31.2 30.8 29.5 43.8 37.5 28.3 32.6 31.4 
Pb 23.0 21.3 24.1 23.8 16.1 20.5 22.3 22.9 14.8 
Th 10.5 13.5 14.6 14.4 17.6 14.3 16.7 21.9 14.2 
Rb 140.8 136.3 14-4.1 136.8 107.0 150.7 174.7 159.0 127.0 
Sr 670.4 709.6 660.3 662.9 581.6 558.5 536.7 573.4 547.1 
Y 16.3 143 18.3 17.3 18.6 14.0 14.8 14.6 17.2 
Zr 121.1 117.7 99.0 100.8 126.3 110.3 93.2 193.9 154.7 
Nb 6.1 53 8.3 7.9 8.3 8.7 7.3 7.1 8.6 

(Theodorikas, 1982) 
SAMPLE TH222 TH.235 111238 

Si02 65.95 66.3.6 65.51 
Ti02 0.36 0.43 0.44 
A1203 15.96 15.94 16.1 
Fe203 3.41 3.39 3.77 
MnO 0.11 0.09 0.009 
Mg0 0.69 1.15 1.28 
CaO 3.25 4.03 3.9 
Na2O 4.25 3.72 3.68 
K20 4.31 3.78 3.73 
P205 0.1 0.11 0.11 
LO! 0.35 0.65 03 

TOTAL 98.74 101.1 99.11 

V n.a. na. n.a. 
Ba 656.0 681.0 783.0 
Sc na. n.a.. n.a. 
La 25.0 30.0 30.0 
Nd 11.0 8.0 12.0 
Cc 24.0 32.0 38.0 
Cr n.a. n.a. na. 
Ni n.a. ni. n.a. 
Cu 8.0 10.0 11.0 
Zn 40.0 30.0 37.0 
Pb 14.0 26.0 20.0 
Th 18.0 17.0 17.0 
Rb 155.0 14.0.0 141.0 
Sr 420.0 384.0 404.0 
Y 18.0 15.0 19.0 
Zr 155.0 115.0 126.0 
Nb 13.0 20.0 19.0 
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GRANODIORITES 

SAMPLE 0(73 ('1(74 (X75G 0(76 89NK2 I &3 89NK2 17 

SiO2 66.83 67.36 67.20 66.86 67.31 66.82 
TiO2 0.40 0.40 0.40 0.40 0.38 0.40 
A1203 15.67 15.54 15.60 15.49 15.66 15.75 
Fe203 3.88 3.80 3.84 3.80 3.56 3.74 
MnO 0.11 0.10 0.10 0.10 0.10 0.10 
MgO 1.15 1.16 1.19 1.17 1.10 1.15 
Ca0 3.68 3.62 3.73 3.61 3.51 3.69 
Na2O 3.57 3.61 3.66 3.57 3.56 3.66 
1(20 3.76 3.77 3.58 3.68 4.15 3.82 
P205 0.14 0.13 0.13 0.12 0.12 0.13 
101 n.a. n.a. n.a n.a. 0.37 0.43 

TOTAL 99.17 9931 99.42 98.80 99.82 99.69 

V 60.7 57.6 60.7 60.4 52.4 54.0 
Ba 805.5 748.3 731.4 683.4 780.5 744.8 
Sc 6.5 6.0 7.4 6.0 7.2 7.3 
La 38.0 273 40.4 43.2 25.4 30.1 
Nd 24.8 22.9 24.9 26.3 20.5 20.8 
Cc 69.3 60.4 68.7 75.4 52.8 58.6 
Cr 0.4 0.1 nil nil 1.0 nil 
Ni 4.1 4.3 4.6 4.7 9.1 8.8 
cu 3.2 2.7 33 2.2 nil nil 
Zn 50.3 49.8 52.9 50.7 43.6 46.3 
Pb 19.4 20.2 18.9 20.0 16.6 16.2 
Th 22.8 27.8 25.9 26.2 15.2 20.1 
Rb 154.5 158.0 145.9 155.1 16.4.5 158.6 
Si 4.43.5 441.8 438.9 429.0 446.7 452.1 
Y 22.9 21.5 21.6 22.0 22.1 22.1 
Zr 160.5 151.9 153.0 1501 162.6 167.2 
Nb 11.2 11.5 10.8 11.8 11.9 12.4 

Tbcodorikas (1982) 
SAMPLE THI70 771I7I 11-1213 

SiO2 65.24 63.91 69.17 
TiO2 0.42 0.5 0.3 
Al203 16.47 17.09 15.44 
Fc203 3.74 4.67 2.66 
MnO 0.15 0.18 0.12 
MgO 1.02 1.38 0.69 
CaO 3.56 4.45 2.96 
Na20 3.63 3.47 3.79 
1(20 4.02 3.47 3.59 
P205 0.13 0.16 0.09 
LO! 0.72 0.63 0.45 

TOTAL 99.1 99.91 99.26 

V n.a. na. na. 
Ba 780.0 776.0 686.0 
Sc n.a. n.a. na. 
La 24.0 25.0 19.0 
Nd 17.0 16.0 12.0 
Cc 30.0 36.0 21.0 
Cr n.a. na. na. 
Ni n.a. n.a. D.A. 
cu 11.0 14.0 5.0 
Zn 52.0 62.0 39.0 
Pb 31.0 26.0 15.0 
Th 21.0 9.0 5.0 
Rb 151.0 126.0 156.0 
Sr 469.0 563.0 411.0 
Y 22.0 26.0 14.0 
Zr 149.0 145.0 104.0 
Nb 16.0 17.0 19.0 
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GRANITES s.s. 
Thcodorjkas (1982) 

SAMPLE NKW3 NKRS3 NKRS4 NKL5 Th273 

S102 70.14 74.82 71.11 72.61 68.93 
Ti02 0.31 0.11 0.17 0.17 0.28 
A1203 14.48 13.79 14.43 14.69 16.17 
Fc203 2.58 1.11 1.79 1.65 2.60 
MnO 0.07 0.04 0.06 0.05 0.12 
MgO 0.64 0.34 0.75 0.28 0.57 
CaO 2.34 2.28 3.00 1.86 3.10 
Na2O 3.79 3.37 3.50 3.41 3.87 
K20 4.56 4.42 3.94 4.78 4.04 
P205 0.15 0.06 0.08 0.05 0.08 
LOl n.a. 0.28 0.40 n.a. 0.67 

TOTAL 99.05 100.61 99.23 99.52 100.43 

V 43.4 23.0 39.0 153 n.a. 
Ba 566.7 180.2 330.6 828.2 822.0 
Sc 2.6 nil 0.7 1.2 n.a. 
La 40.3 5.7 14.6 31.6 22.0 
Nd 24.7 6.2 10.0 17.3 14.0 
Cc 63.6 22.6 25.3 57.9 23.0 
Cr 1.8 26.2 2.7 nil n.a. 
Ni 19.8 5.9 3.9 3.1 n.a. 
Cu 4.7 4.6 53 0.4 21.0 
Zn 35.6 17.6 223 19.2 41.0 
Pb 31.0 27.5 263 44.3 26.0 
Th 42.9 18.5 25.6 32.1 9.0 
Rb 181.9 215.3 147.6 190.5 172.0 
Sr 574.0 266.9 512.7 442.8 439.0 
Y 17.2 4.2 9.1 14.4 17.0 
lx 187.2 63.5 80.0 120.7 114.0 
Nb 12.4 6.1 6.4 9.5 8.0 

Samples plotted on the ternary Rb-HI-Ta diagrams (Chapter 7, section 7.7.2) 
from Theodorikas (198 2) 

Quartz-monzonitcs Granodicijtc Granite s.s 
SAMPLE Th119 TH215 TH277 TH213 Th273 

(XRF) 
Si02 62.30 62.98 67.72 69.17 68.93 
T102 034 0.37 0.40 0.30 0.28 
A1203 17.21 17.30 16.26 15.44 16.17 
Fe203 5.61 333 3.29 2.66 2.60 
MnO 0.15 0.12 0.12 0.12 0.12 
MgO 2.65 0.44 0.75 0.69 0.57 
CaO 4.96 3.33 2.47 2.96 3.10 
Na2O 337 4.30 3.77 3.79 3.87 
K20 4.02 4.42 5.01 3.59 4.04 
P205 0.23 0.10 0.22 0.09 0.08 
LOt 0.30 0.86 0.87 0.45 0.67 

TOTAL 101.54 97.75 100.88 99.26 100.43 

(INNA) 
U 6.15 3.64 10.90 5.00 5.40 
TI, 22.70 18.80 47.70 19.40 13.70 
Cs 3.04 1.44 1.48 1.72 1.90 
Sc 9.40 2.90 6.20 3.40 3.20 
1ff 6.10 5.60 6.80 3.74 3.70 
Ta 3.76 3.04 3.14 5.30 4.10 
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cI\ 

ENCLAVES A ENCLAVES B 

SAMPLE CK77E CK79E NKRS7 NK.RS1 IE 89NX233E CK75E 	89NK216E NKW4E NKW6E 

Si02 55.07 55.31 55.70 56.04 58.61 49.10 57.13 52.39 51.50 
Ti02 0.87 0.83 0.83 0.61 0.59 1.04 0.85 0.72 0.76 
A1203 16.91 17.43 18.40 18.26 17.19 19.38 18.38 19.88 19.94 
Fe203 7.97 8.23 7.43 7.48 6.41 11.26 7.59 8.51 8.40 
MnO 	- 0.19 0.17 0.20 0.18 0.13 0.30 0.22 0.24 0.23 
MgO 3.77 3.18 4.38 3.78 2.69 3.58 2.44 2.72 3.05 
CaO 7.18 7.03 7.74 7.76 6.14 6.17 6.27 7.79 8.64 
Na2O 4.98 5.58 3.72 5.79 4.54 4.54 4.79 5.42 4.99 
K20 1.31 0.92 2.66 0.38 3.01 2.11 1.86 0.70 0.90 
P205 0.22 0.34 0.29 0.28 0.24 0.26 0.23 0.28 0.22 
LOl n.a. n.a. 0.98 0.62 0.73 1.55 0.48 0.81 1.64 

TOTAl. 98.46 99.02 99.30 98.73 99.33 99.30 100.24 99.45 100.26 

V 187.7 196.0 201.4 179.8 132.5 198.1 122.0 202.3 200.5 
Ba 118.9 35.2 441.5 60.4 309.1 174.1 202.3 5.3 38.9 
Sc 23.9 21.8 24.2 12.6 13.5 15.2 13.7 15.4 23.2 
La 47.5 61.6 40.3 49.6 49.0 25.6 28.9 23.4 18.4 
Nd 12.8 17.9 21.4 19.1 18.5 30.2 38.6 24.0 33.1 
Ce 56.4 77.9 55.8 65.3 65.7 76.5 85.4 59.8 61.2 
Cr 17.5 0.7 35.3 11.6 3.7 2.9 0.8 nil 2.8 
Ni 9.6 8.3 13.4 9.7 13.5 5.1 9.9 9.3 11.6 
Cu 7.8 14.0 20.1 77.1 6.1 8.0 3.3 2.6 5.1 
Zn 68.8 85.7 85.2 73.6 49.0 179.4 96.5 106.6 75.9 
Pb 9.8 15.3 18.8 13.8 9.5 13.8 10.6 10.6 13.0 
Th 14.6 17.8 12.5 16.7 19.8 6.3 26.2 6.7 3.2 
Rb 55.9 31.4 135.7 13.2 143.9 221.0 122.3 29.9 75.0 
Sr 328.1 261.0 445.2 351.2 424.1 424.5 474.3 577.9 753.8 
y 14.3 18.0 19.9 27,3 18.8 29.6 44.6 30.8 45.7 
Zr 82.0 161.9 208.4 169.9 143.6 225.9 296.6 164.2 226.3 
Nb 13.0 14.7 13.7 12.7 13.7 20.4 26.0 14.9 189 



ELAION GRANFOIDS 

SAMPLE 90NK82 89NK1 89NK5 89NK94 89NX100 NKB24 NKB25 
1 2 3 4 5 6 7 

Si02 66.05 68.76 69.47 70.28 71.23 70.71 69.70 
Ti02 0.39 0.28 0.26 0.26 0.26 0.23 0.28 
A1203 16.23 15.93 15.78 15.46 15.05 15.29 15.57 
Fe203 3.03 2.18 2.02 1.73 1.51 1.60 1.96 
MgO 0.90 0.55 0.52 0.73 0.47 0.46 0.68 
CaO 3.17 2.29 1.96 1.94 1.49 1.72 2.10 
Na20 4.30 4.58 4.36 4.51 4.42 4.36 4.67 
1(20 4.51 3.97 4.18 4.04 4.57 4.64 4.04 
MnO 0.07 0.05 0.04 0.02 0.03 0.02 0.03 
P205 0.20 0.11 0.10 0.08 0.08 0.08 0.11 
WI 0.85 0.70 0.82 n.a. 0.74 0.71 0.50 

TOTAL 99.71 99.40 99.51 99.05 99.93 99.82 99.64 

V 57.1 26.2 24.9 24 21 21.8 27.7 
Ba 1078.6 867.8 823.4 695 615.3 896.5 711.4 
Sc 2 3.6 4.3 6 3.1 3 3.9 
La 44.2 56.1 51.3 29 25.4 30.1 30.4 
Nd 34.8 32.2 29.1 24 25.8 27.7 25.2 
Cc 100.1 89.7 81.3 63 65.2 71.9 73 
Cr 6.4 1.1 1.1 1 1.5 nil 2.1 
Ni 5.2 9.4 9.3 11 10.2 10 11 
Cu 5.4 nil nil nil nil nil nil 
Zn 35.9 40.4 31.5 25 21.9 22.9 30.3 
Pb 28.5 40.4 38 31 31.9 33.6 33.1 
Th 43.9 36.7 40 31 31 37.5 30.6 
Rb 157.4 194.9 189.8 196 210.1 196.5 196.2 
Sr 882.8 626.2 571.4 490 357.1 486.4 510.4 
Y 22 21.2 13.6 15 13.3 18.2 18.6 
Zr 277.4 251.7 233.9 190 178.9 183.5 203.2 
Nb 17.5 14.3 14.6 11 11.3 12.9 14.1 

Numbers 1-2 refer to the sequence of samples presented on figures 7.21, 7.22. 7.23 of section 7.8. Chapter 7 

NKB29 NKB32 89NK73 89NK77 89NK89 89NK90 89NK92 
8 9 10 11 12 13 14 

70.63 71.52 69.49 70.28 71.05 70.89 70.47 
0.26 0.25 0.28 0.27 0.25 0.25 0.28 

15.50 15.13 15.56 15.30 15.19 15.46 15.94 
1.46 1.06 1.71 1.71 1.30 1.55 1.35 
0.47 0.16 0.55 0.52 0.36 0.65 0.42 
1.72 1.73 1.84 1.75 1.64 1.76 1.48 
4.44 4.44 4.19 4.52 4.29 4.31 3.09 
4.76 4.69 5.32 4.60 5.02 4.47 7.84 
0.02 0.02 0.02 0.03 0.02 0.02 0.03 
0.08 0.08 0.10 0.09 0.09 0.08 0.10 
0.52 0.50 0.83 0.48 0.89 n.a. 0.42 

99.84 99.58 99.90 99.54 100.11 99.44 101.42 

22.3 16.6 24.8 24.7 19.7 21 23.4 
720.4 963.5 972.8 781.7 817.4 652 1895.1 

2.7 2.6 2.9 4.1 2.6 5 5.4 
24.3 24.8 31.1 53.7 40.1 26 33.6 
21.9 24 26.5 23.6 22 23 31.6 
59.3 61.7 70.2 60.3 58.5 54 82.7 
1.8 1.8 1.7 2.4 1.1 1 5.6 

10.5 9 10.5 10.2 9.2 11 10.2 
nil nil nil nil nil nil nil 

23.2 12.8 22.4 25.8 17.4 22 18.8 
31.3 26 23.4 26.8 26.6 33 30.1 
32.1 34.4 31.2 25.6 30.7 32 35.4 

206.1 155 220.9 193.4 191.1 205 270.6 
446.5 58.7 573 507.7 464.1 423 670.5 

12.7 15.6 15 17.1 14.8 17 16.9 
192.5 199.5 206.5 192.3 188.7 188 216.7 

12.2 12 9.8 14.5 11.7 12 12.5 



APPENDIX VI 

Inductively Coupled Plasma (ICP) Spectrometry 

Eighteen samples were analysed for REE, using the Philips PV8210 1.5-rn ICP 

spectrometer at the Royal Holloway & Bedford New College, University of London, 

Egham. 

The Inductively Coupled Plasma spectrometry method involves the initial 

chromatographic separation of the rare earth elements from rock powders using cation 

exhange columns. The resulting solution is sprayed into a high temperature (6000-

10,000 K) ICP flame. The plasma is defined as a gas with the atoms in an ionised state 

and is generated by inductive heating of argon gas inside a two-turn copper coil. The 

high temperature of the plasma ensures the absence of chemical interferences. The 

spectral lines of the light emmitted alter the injection of the sample solution into the ICP 

are characteristic of the element and the intensity of the light corresponds to the element 

concentration. Walsh et al. (1981) give the full details of operating conditions during this 

analytical method. 

1. Sample dissolution 

Approximately 0.500 (0.01) g of rock powder sample were weighed in platinum 

crucibles, initially dissolved in 15 ml of a 2:1 HF-HCI04  mix and fully evaporated in a 

sand bath. Cooled and dried samples were dissolved in 5 ml of concentrated HC1, 

warmed and half-filled with distilled water and then heated for 15 mins. The still hot 

solutions were then filtered. The residues were added to the filter-papers with the aid of 

a "rubber policeman" and by thorough washing with distilled water. The filtrate was then 

collected in 100 ml beakers. After overnight filtration the filter papers were placed in 

clean silver crucibles, which were then loaded into a 250CC furnace. After warming up, 

the furnace was left at 250 for 30 mm, then increased in 30 min steps up to 800C, where 

they were left for 30 mm. The samples were then removed from the furnace and 5 pellets 

of NaOH were added to the crucibles and then returned to the furnace, set at 800*C, for 

further 30 mm. When removed from the furnace, the solutions were swirled and left to 

cool. When the crucibles were cool 5 ml of distilled water, followed by approximately 3 

ml of concentrated HCI were added. The solutions were stirred in order to remove any 

residue adhered to the edges of the crucibles. Subsequently, the contents of each crucible 

were added to its respective filtrate, washing with distilled water. Each final solution, 

ready for the ion exchange stage, was made up to 100 ml distilled water. 
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Ion exchange procedure 

Chromatographic separation of the REE was carried out by a cation exchange 

procedure, using glass columns loaded with Dowex AG50W-X8, 200-400 mesh cation 

exchange resin and pre-washed with 200 ml distilled water. Samples were loaded into 

the columns and elutions used initially 500 ml 1.7M HC1 (discarding the eluate) and 

finally 600 ml 4M HC1, for the collection of the REE. The final solutions were 

evaporated to 15 ml, then transfered to clean 50 ml beakers and evaporated to dryness. 

These residues were stored for ICP analysis, when they were re-dissolved in 5 ml of 10% 

HNO3. 

ICP analysis 

During the chemical procedure one standard sample (internal RHBNC set) and and 

one blank were subjected to the same preparation as the unknown samples, in order to 

check the quality of the results. Table VI.! lists the REE analyses of standard samples 

KCIO and KC! 1 during the course of this study, compared with the accepted average 

REE concentrations of the standard sample (internal RHBNC dataset) and also the 

average concentrations in three blank samples. Furthermore, analytical precision of the 

ICP method has been calculated by Walsh et al. (1981) and is presented here in Table 

VI.2. 

Table VI.! 

Standards 
REE (ppm) KCIO(m) KCIO(o) KCI1(m) KCI1(o) 

Blank 
mean (n=3) 

La 4.72 4.3 21.94 23.0 0.11 
Ce 10.78 9.2 52.36 52.64 -0.68 
Pr 1.04 1.6 5.84 5.9 -0.70 
Nd 6.90 6.8 25.80 26.5 -0.57 
Sm 1.32 1.7 5.09 5.2 -0.42 
Eu 0.78 0.75 1.52 1.4 -0.02 
Gd 1.81 1.9 4.95 5.0 -0.39 
Dy 2.28 2.0 5.17 4.5 -0.07 
Ho 0.35 0.43 0.85 1.0 -0.09 
Er 1.19 1.25 2.56 2.7 0.13 
Yb 1.12 1.1 2.37 2.7 0.02 
Lu 0.15 0.16 0.32 0.3 -0.02 

(m) = measured during the course of this study 
(o) = accepted value according to internal RHBNC set 
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Table YI.2 
Precision estimate (from Walsh etal., 198 1) 

Mean (ppm) 2c (ppm) 

La 5.83 0.75 
Ce 12.30 0.86 
Pr 1.89 0.16 
Nd 9.64 0.67 
Sm 2.48 0.11 
Eu 0.90 0.02 
Gd 2.59 0.14 
Dy 2.96 0.05 
Ho 
Er 1.75 0.08 
Yb 1.79 0.04 
Lu 0.28 0.01 

A synthetic standard containing all the REE and Y (labelled "comp") was analysed 

every eighth sample during this study in order to check for instrument drift. Although 

REE concentrations tended to be higher by 1-2% than the accepted values, especially 

regarding La and Ce, these deviations are considered less than the analytical precision 

estimates (J.N.Walsh, pers .comm., 1990). 
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APPENDIX Via 

REE results 
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Kotopouli & Pc-Piper (1989) 
Gabbro Enclave A Enclave B Monzonite Porphyritic monzonite Granodiorite Granite Quartz-monzonite 

SAMPLE CK65 CK79E CK77E1 CK75EI AVI CK77G CK79GI CK75GI NKW3 SRI SRIO 

La 4.781 70.75 53.271 28.92! 41.86 34.78 31.861  40.74: 34.91 72.60 57.00 
Ce 10.671 87.34 67.88 68.28' 87.93 70.44 60.051 70.611 21.72 142.00 86.00 
Pr 149! 7.60 5.64 7.99 9.961  9.03 6.301 7.421 na. na. 
Nd 8.80! 22.40 18.20 30.00 36.301  30.10 23.20 i 26.301 26.30!  59.00 29.00 
Sm 1.84 3.10 2.56 5.36, 6.39! 4.96 3.83: 4.32 4.42' 11.50 6.33 
Eu 
Gd 

0.79 
2.111 

0.65 0.61 1.171 1.17' 1.11 0.90 1.00 1.01 2.28 1.21 
3.14 2.43 4.811 5.18, 4.73 3.12 3.621 3.33 na. 

Dy 2.38 2.91 2.61 5.16 5.63 4.25 3.93 3.09! n.L na. 
Ho 0.371 0.51 0.42 0.93, 0.981 0.74 0.55 0.66 0.49' na. n.a. 
Er 1.231 1.66 1.37 3.08' 3.20, 2.45 1.791 2.11' 1.511 Yb 1.13' 2.09 1.80 3.531 3.721 2.43 2.16' 2.41 1.671 3.32 1.96 
Lu 0.I7 0.37 0.301 0.56, 0.541 0.37 0.331 0.361 0.251 0.68 0.56 

SAMPI..E Elaion granitoid. Deformed Vrondou granitoids Envelope 
89NK1 89NK941 89NK51 89NK43 89NK19 NKDI4 I NKD20 NKDI 

Q-monzonite Bi-granite Bi-granite Bigranite 
La 48.34 38.171 26.45 30.47 22.07 41.05 25.85 15.54 
Cc 94.07 73.85! 56.28 56.78 45.44 81.31 55.98 30.21 
Pr 10.43 7.59 6.54 5.68 5.04 8.78, 6.49 2.81 
Nd 36.90 27.40 26.40 20.40 21.40 31.60! 26.30 11.30 
Sm 6.10 4.501 4.97 3.03 4.35 5.121 5.16 1.98 
Eu 1.21 0.931 1.31 0.81 1.11 1.051  1.19 0.25 
Gd 4.25 3.181 4.29 2.12 4.12 3.801 4.82 1.79 
Dy 3.76 2.77: 4.55 2.27 4.83 3.63j 5.12 2.50 
Ho 0.58 0.40i 0.75 0.35 0.81 0.58 0.86 0.40 
Er 1.72 1.19! 2.36 1.14 2.52 1.78: 2.63 1.41 
Yb 1.82 1.39: 2.57 1.63 2.62 2.01; 2.65 1.70 
Lu 0.26 0.20: 0.37 0.25 0.37 0.28 0.38 0.26 



APPENDIX VII 

Sr and Nd isotope analytical procedure 

Sr and Nd isotopic analyses on whole rock powders were performed at the Scottish 

Universities Research and Reactor Centre (S.U.U.R.C.) at East Kilbride. Both Sr and 

Nd analyses were performed using a VG Isomass 54E Mass Spectrometer. All chemical 

procedures were carried out in clean laboratories and all teflonware was thoroughly 

cleaned with HNO3, HC1 and distilled water before and during the analyses. The isotopic 

analyses involved an initial stage of chemical dissolution of the samples, spiking for Sm 

and Nd, collection of REE and Sr fractions through a cation exchange procedure, and a 

final stage of mass spectrometric analyses. 

Sample dissolution 

Samples were accurately weighed (100 to 450 mg of sample, depending on rock 

composition) into clean PFA teflon beakers. Samples were initially dissolved in 5-10 ml 
40% HF and 1 ml 14M HNO3, for the dissolution of silicate and fluoride material. They 

were then left for 48 hours on a hotplate at 1500,  before full evaporation. Dried samples 

were subsequently dissolved in 2-4 ml 14M HNO3, left overnight on a hotplate and then 

evaporated to dryness. The samples were finally dissolved in 6 ml 6M HC1, and left on 

the hotplate overnight, prior to aliquoting and spiking for the REE. 	Finally, the 

aliquoted samples were dried down, then dissolved in 2 ml of 2.5M HC1 and centrifuged, 

in order to remove any traces of residue prior to the ion exchange stage. 

Ion exchange procedure 

Sr and REE were separated using quartz cation exchange columns containing Bio 

Rad AG50W X8 200-400 mesh cation resin. The columns were cleaned prior to use 

with 6M HC1, distilled water and 2.5M HC1. Columns were pretreated with 2.5M HC1. 

Loading of samples, washing and elution of Sr were carried out using 2.5M HC1, and the 

final solutions were fully evaporated. The REE fraction was collected in the same 

columns using further elution in 3M HNO3, and again the final solutions were fully 

evaporated. 

Separation of Nd from the REE fraction was carried out using PTFE teflon-filled 

columns. 	Column pretreatment and sample loading used 0.31M HC1, subsequent 

elutions used 0.155M HC1, 0.31M HCI, and fmal Nd collection was carried out using 

0.31M HCI. Finally, elution and collection of Sm were carried out using 0.62M HC1. 
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The Nd and Sin fractions were finally evaporated to dryness. The PTFE columns were 

cleaned at the end of this stage with 6M HC1. 

3. Mass Spectrometry 

Sr was analysed using outgassed single Ta filament assemblies. The Sr fraction was 

dissolved in 1 il of 1M H3PO4  and loaded onto the Ta filament. The sample solution 

was dried on the filament by the passage of current. All isotopic data were corrected 

using a value of 88Sr/86Sr of 8.37521. The average 87Sr/86Sr of the standard sample 

NBS987 was 0.71028±1 (2(y) during the analyses. All 87Sr/86Sr values of the samples 

were corrected to 0.7 1022. 

The Nd fractions were loaded on outgassed standard triple filaments, consisting of a 

side Ta filament and a Re centre filament. Samples were dissolved in 1 ml of 0.01M 

H3PO4  and loaded onto the filaments. Samples were dried on the filaments with the 

passage of a 0.5A current. The 143Nd/14 Nd ratio was corrected for machine 

fractionation using a 146Nd/1 Nd value of 0.7219. The 143Nd/1 Nd value of the JM 

standard was 0.511323+9 during the analyses. 
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APPENDIX VIII 

X-Ray Diffraction (XRD) analytical method 

XRD analyses were performed in Edinburgh using a fully automated Philips PW 

1808 diffractometer, which has a large computerised databank of mineral phases and also 

associated software for "best-match" identification. 

27 very fine-grained samples of cataclastically deformed and altered granitoids, 

marble and fault gouge from the Elaion area (Chapter 4), 1 sample of cataclastically 

deformed and altered granitoid from the southern Vrondou margin, and 2 samples of the 

fine-grained material filling veins in the "shattered" amphibolite, close to the Serres fault 
(Chapter 3) were analysed. 

A small fraction of sample was crushed with a pestle and mortar with a little acetone, 

and then spread onto a glass slide. The slide was then placed into the sample loading 

system of the diffractometer and then analysed automatically. The scan range for peak 

angles was 2 to 60, using a Cu K alpha source. A peak angle range of 20 to 60 

covered the identified phases. The diffractogram was compared to the best fit from the 

databank, using the inbuilt software. 
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