
UNIVERSITY OF SOUTHAMPTON 

THE STRUCTURAL AND VOLCANIC EVOLUTION OF TERTIARY 

BASINS ALONG THE SOUTHERN MARGIN OF THE RHODOPE 

MASSIF, NORTHEASTERN GREECE. 

A thesis submitted for the degree of 

Doctor of Philosophy 

by 

Paul Frederick Hague 

Department of Geology 

-Faculty of Science 

University of Southampton 

September 1993 





UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF SCIENCE 

GEOLOGY 

Doctor of Philosophy 

THE STRUCTURAL AND VOLCANIC EVOLUTION OF TERTIARY BASINS ALONG THE 
SOUTHERN MARGIN OF THE RHODOPE MASSIF, NORTHEASTERN GREECE. 

by Paul Frederick Hague 

The southern margin of the Rhodope Massif of northeastern Greece has been subjected to a complex tectonic 

history throughout the Tertiary period. Detailed stratigraphic, petrological and structural studies of the 

Palaeogene cover sequences in two areas along this margin provide a unique insight into its early Tertiary 

development. 

The Petrota Basin is a small (approx. 60km^) Palaeogene volcaniclastic basin which is situated within 

the Mesozoic sequences of the Circum Rhodope and is delineated by two major faults with trends of 170°. 

Sedimentation in this basin began with an Eocene late pre-rift to early syn-rift sequence of basal 

conglomerates followed by Lutetian (middle Eocene) limestones and calcareous tuffs. These are 

unconformably overlain by an Oligocene syn-rift sequence of volcanics and volcaniclastics. The volcanic 

products range from basaltic andesites through to rhyolites whilst the volcaniclastics include agglomerates, 

layered tuffs and ignimbrites. 

A detailed analysis of faulting in the Lutetian limestones of the Petrota Basin suggests that the basin 

may have formed in response to post-Lutetian sinistral transtension. However, the structural evolution of the 

Petrota Basin has been complicated by Oligocene caldera collapse. 

The Mesozoic sequences of the Circum Rhodope and the Palaeogene cover sequences have also been 

preserved along the northern margin of the Komotini Basin between Pandrosos and Neda. The Mesozoic 

sequences include the calc-mylonites, phyllites and calcareous phyllites of the Drosia Unit and the 

metabasites, cataclastic granulites and calc-schists of the Fillira Unit. The Palaeogene cover sequences include 

a coarse marginal facies of conglomerates and olistostromes and a contemporaneous Eocene - Oligocene 

flysch sequence composed of calcareous - volcaniclastic turbidites, debris flows, Lutetian limestones, tuffs and 

volcanics. Once again, the volcanic products range from basaltic andesites through to rhyolites. 

Structural investigations along this margin reveal that it was subjected to a phase of NNE-SSW directed 

extension during the Palaeogene. This probably resulted in the evolution of the Komotini basin as a strike-slip 

basin dominated by dextral displacement along the Xanthi-Organi Fault. A post-Oligocene phase of NW-SE 

directed compression was then responsible for the folding of the Palaeogene cover sequences and the 

thrusting of the Fillira Unit over these sequences along a reactivated basin boundary fault. This phase of 

compression resulted in approximately 10% shortening across the margin, A reversion to approximately N-S 

directed extension during the Neogene then resulted in the reactivation of many additional faults. 

Major element geochemistry indicates that the volcanics belong to three different groups: a low-P, high-

K calc-alkaline group, a high-P shoshonitic group and a high-P, high-K calc-alkaline group which may be a 

hybrid of the two previous groups. Both of the high-P groups are restricted to the Petrota Basin. Trace 

element geochemistry demonstrates that the volcanics all display active continental margin characteristics 

whilst K-Ar geochronology carried out on 7 samples, including one from the Maronia monzodiorite, indicates 

that all of the magmatic products fall within a restricted time-scale of 29.0 to 30.8Ma. It is possible that these 

volcanics may be related to active extension in the northern Aegean region rather than active subduction. 
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CHAPTER 1: INTRODUCTION 

1.1. INTRODUCTION 

The Rhodope Massif of northeastern Greece and southern Bulgaria is situated on the Balkan Peninsula 

and is generally regarded as an ancient microplate, sandwiched between the two younger branches of the 

Alpine orogenic chain; the Carpathian-Balkanide system to the north and the Dinaride-Hellenide system to 

the west (Dewey et al., 1973; Hsu et al., 1977) (Fig. 1.1). During the Eocene, a number of basins began to 

form along the southern margin of this Massif. These basins were associated with Oligocene calc-alkaline 

volcanism (Eleftheriadis, 1989,1990; Eleftheriadis et al., 1989; Fytikas et al., 1984; Innocenti et al., 1984) and 

have experienced a complex structural history throughout the Tertiary. The objectives of this thesis are to 

examine the structural evolution of these basins since the early Tertiary and to investigate the relationship 

between basin evolution and volcanism. 

This chapter begins by providing a brief review of the regional geology of northern Greece and goes 

on to discuss the tectonic setting before finally providing a more detailed outline of the objectives and format 

of the thesis. 

1.2. REGIONAL GEOLOGY 

Figure 1.2. is a simplified map of the geology of northeastern Greece which demonstrates that the 

geology can be subdivided into four tectonostratigraphic groups as follows: 

(a) The Palaeozoic - Precambrian Rhodope group 

(b) The Mesozoic Circum Rhodope group 

(c) Tertiary sequences 

(d) Tertiary volcanics and intrusives 

Each of these will be discussed in turn. 

12.1. The Rhodope group 

Geoffvphic Subdivisions 

Zachos & Dimadis (1986) have subdivided the Greek Rhodope into three geographically distinct sub-

groups separated by major thrusts. These sub-groups are as follows: 

(a) The Western Rhodope sub-group 

This sub-group stretches from the Strimon River in the west, to the northward dipping Nevrokopi-
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Figure 1.1. Map illustrating the geotectonic setting of the Rhodope Massif and the location of the study 

area. Structural elements after Dewey & Sengor (1979) and Robertson & Dixon (1984). 
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Xanthi Thrust in the east, which separates the Western Rhodope sub-group from the structurally higher 

Central Rhodope sub-group (Papanikolaou & Panagopoulos, 1981; Zachos & Dimadis, 1983). 

According to Zachos & Dimadis (1986), the Western Rhodope sub-group is composed of a lower 

"Granite-Gneiss-Amphibolite System" which is stratigraphically overlain by a "Carbonate System" containing 

a thick sequence of marbles (the Boz Dag Marbles) capped by a thin sequence of locally exposed mica schists 

(2Lachos & Dimadis, 1986). Petrographic studies have shown that the metamorphism is characterised by the 

paragenesis of quartz - albite - epidote - biotite, and therefore belongs to the greenschist fades (Kronberg, 

1969; Kronberg & Raith, 1977). 

According to Papanikolaou & Panagopoulos (1981) isoclinal folds with NE-SW trending fold axes, which 

affect both the "Granite-Gneiss-Amphibolite System" and the "Carbonate System", are overprinted by later 

post metamorphic folds with NW-SE fold axes, which parallel the trend of the Nevrokopi-Xanthi Thrust. 

(b) The Central Rhodope sub-ff'oup 

This sub-group stretches from the Nevrokopi-Xanthi Thrust in the west to the Xanthi-Organi Fault in 

the east. The marbles belonging to the "Carbonate System" are only rarely present as small remnants along 

the southeastern margin of this sub-group and as a result it is almost entirely composed of rocks belonging 

to the "Granite-Gneiss-Amphibolite System". 

The Central Rhodope sub-group is believed to form the lower limb of a large NW-SE trending 

overturned isoclinal antiform, the core of which is occupied by the Skaloti-Echinos Granite (Zachos & 

Dimadis, 1983). This inverted stratigraphy results in an increase in metamorphic grade up-section from upper 

greenschist fades, immediately north of the Nevrokopi-Xanthi Thrust, to amphibolite fades further north. 

To the east the major NW-SE structural trend apparently swings E-W and then NE-SW in the eastern part 

of the Cental Rhodope sub-group where the northerly fold vergence is indicative of thrusting from the 

southeast (Zachos & Dimadis, 1986). 

(c) The Eastern Rhodope sub-group 

This sub-group stretches from the Xanthi-Organi Fault in the west to the Evros River in the east. The 

"Carbonate System" is completely absent and the basement is largely composed of amphibolite fades rocks 

belonging to the "Granite-Gneiss-Amphibolite System". The delineation of staurolite and sillimanite isograds 

has shown that the metamorphic grade increases from ESE to WNW (Mposkos, 1986). 

Several amphibolite-ultramafic complexes also occur within the Eastern Rhodope sub-group. These 

include the Yinnouli-Sidhiro Complex, which has been attributed to an early phase of emplacement (Zachos 

& Dimadis, 1986), and similar complexes at Soufli (Maratos, 1960; Magganas & Economou, 1988), Dadia, 

Smiyada-Payada, Baiko and Pessani. Geochemical work on the amphibolites and serpentinites at Baiko and 

Pessani has led Billett & Nesbitt (1986) to interpret them as a metamorphosed comagmatic suite of gabbros 

and peridotites with ophiolitic affinities. Furthermore, the incorporation of thrust slices of unmetamorphosed 
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Palaeogene sediments within the complex has prompted them to suggest that they may represent 

dismembered slices of Tethyan oceanic crust which were thrust onto the Rhodope group during or after the 

Palaeogene. 

Age 

The age of the Rhodope group is uncertain. On the basis of the discovery of poorly preserved rugose 

corals, Meyer & Pilger (1963) proposed that the marbles at Faraklon Mountain in the western Rhodope 

group of Greece are of lower Palaeozoic origin. Palaeozoic ages are also supported by Ivanov et al. (1979), 

Jacobshagen et al. (1978) and Kronberg et al. (1970). 

However, the possibility that at least part of the Rhodope group may be of Proterozoic o r i ^ (and 

possibly even Archaean) has been suggested by many Bulgarian geologists, notably Dimitrov & Zidarov 

(1969) and Kozhukharov et al. (1977, 1978). This is supported by the discovery of microphyto-fossils of 

Precambrian age in Bulgaria (Kozhukharov & Timoteev, 1980). 

The precise chronology of the various deformation events which have affected the Rhodope group is 

unclear. Papanikolaou & Panagopoulos (1981) have proposed a Carboniferous (Variscan) age for the NE-SW 

structures in the Western Rhodope sub-group on the basis of the subparallel relationship between the NE-SW 

trending fold axes and aplite veins believed to be related to the Kavala Granite which has been dated at 335 

± 40 Ma using ^ P b / ^ P b techniques on zircon concentrates (Kokkinakis, 1978). However, Burg et al. 

(1990) and Kronberg et al. (1970) have argued that later Alpine deformation has overprinted much of the 

earlier deformation. 

The occurrence of middle Triassic - early Cretaceous radiolaria, silicispongia, foraminifera, conodonts 

and ichnofossils in a low-grade diabase-phyllitoid complex near the village of Dolno-Lukovo in southern 

Bulgaria has led various authors to postulate the existence of a far-travelled allochthonous "East Thracian 

Nappe" which has been tentatively correlated with the low-grade metamorphic assemblages of the Circum 

Rhodope group in northeastern Greece (Boyanov & Trifonova, 1978; Boyanov & Budurov, 1979; 

Tchoumatchenco, 1985; Tikhomirova et al., 1988). 

122. The Circum Rhodope group 

The Circum Rhodope group is composed of a number of dispersed units which overlie the Rhodope 

group and occur in a narrow strip bordering its southern margin. In northeastern Greece these units include 

the Drymos-Melia, Makri, Maronia, Fillira and Samothraki units. 

Stmtig^hic subdivisions 

On a stratigraphic basis Papadopoulos (1982) has subdivided the Circum Rhodope group into three 

formations as follows: 
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(a) The Lower formation 

This is the stratigraphically lowest formation of the Circum Rhodope group. It forms the greater part 

of the Makri Unit and a small proportion of the Maronia Unit. It is a metasedimentary sequence dominated 

by carbonates in the form of marbles, micritic dolomites, limestones and calc-schists. In addition there are 

intercalations of quartz-seridte phyllites, graphite schists, metaquartzites, metagreywackes and 

metaconglomerates (Papadopoulos, 1982). 

(b) The Upper formation 

This formation forms the bulk of the Maronia Unit and the Fillira Unit and a large proportion of the 

Makri Unit. It is a meta-volcanosedimentary sequence composed of greenshcist fades tuffs, dacitic lavas, 

serpentinites and quartzites (Papadopoulos, 1982). According to Magganas (1989) there is a gradual transition 

from these greenschist facies metavolcanics to the prehnite-pumpellyite facies metavolcanics at the base of 

the Drymos-Melia formation in the Maronia Unit. 

(c) The Drymos-Melia formation 

This is the stratigraphically highest formation of the Circum Rhodope group. It occurs in the vicinity 

of Drymos-Melia and has also been identified in small outcrops towards the top of the Maronia Unit in the 

vicinity of Xyligani (Magganas, 1989). It is a volcanosedimentary sequence, of 800-900m thickness, composed 

of sub-greenschist facies shales, marls, bituminous limestones, greywackes, conglomerates and pyroclastic 

rocks. The base of the formation is composed of metavolcanics including dolerites and spillites. 

Metamorphism is of prehnite-pumpellyite to pumpellyite-actinolite fades (Magganas, 1989). 

Intrusive complexes also occur locally in the three aforementioned formations and indude dolerites, gabbros, 

gabbrodiorites and gabbropegmatites. Two notable examples indude the gabbroic complexes of Petrota and 

Samothraki. 

Agp 

The Lower and Upper formations of the Circum Rhodope group have been assigned Permo-Triassic 

and late Jurassic - early Cretaceous ages respectively on the basis of foraminiferal evidence (Maratos & 

Andronopoulos, 1965a, b, c; 1967). In addition, fission track data on apatite concentrates from the Petrota 

Gabbro Complex give a late Jurassic age of 140 ± 46 Ma to 161 ± 31 Ma (Biggazi et al., 1989). 

The age of the Drymos-Melia formation is more contentious. It was initially assigned a Jurassic age on 

the basis of the discovery of a poorly preserved ammonite at Ferrai (Trikkalinos, 1955). A Mesozoic age was 

also postulated by Kopp (1961, 1965, 1969) and Ivanov and Kopp (1969). However, Maratos and 

Andronopoulos (1965a) have disputed this age, arguing that the ammonite may have been detrital and the 

formation is more likely to be of late Cretaceous - Palaeocene age. 
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Geochemistry 

Magganas et al. (1991) have carried out detailed geochemical studies of the greenschists of the Upper 

formation and the metavolcanics at the base of the Drymos-Melia formation. Pyroxeno-phyric lavas from the 

Drymos-Melia formation display tholeitic characteristics together with high MgO, Cr and Ni contents and 

are depleted in TiO^ and 7jc which is typical of boninitic rocks formed in an immature island arc setting 

(Crawford et al., 1989). Furthermore, the greenschists of the Upper formation display geochemical signatures 

characteristic of both mid-ocean ridge basalts (MORE) and volcanic arc basalts (VAB) (Magganas et al., 

1991). 

Similar geochemical studies have also been carried out on the gabbroic complexes of Petrota (Biggazi 

et al., 1989) and Samothraki (Kotopouli et al., 1989). Both of these complexes display sub-alkaline tholeiitic 

characteristics on a plot of (Na^O + K^O) / SiO^ whilst the low TiOj, Zr and Y contents are typical of island 

arc settings. 

Tectonic Inierj[mtation 

The relationship between the Circum Rhodope group and the Rhodope group is very poorly understood 

and has been the subject of much speculation. The geochemical data of Biggazi et al. (1989), Kotopouli et 

al. (1989) and Magganas (1988, 1989) point to a suprasubduction zone origin for the magmatic products of 

the Circum Rhodope. This has led Magganas et al. (1991) to suggest that the dispersed fragments of the 

Circum Rhodope were formed in a narrow, evolving marginal basin - volcanic arc system which was situated 

in northern Palaeotethys during the Permian - early Cretaceous. It is thought that the emplacement of this 

dismembered ophiolite sequence took place at the end of the early Cretaceous. 

An alternative proposal is that the Circum Rhodope fragments may have been extensionally detached 

from the Rhodope group (Sanderson et al., 1987) exposing the latter as a metamorphic core complex similar 

to that which Buick (1991) and Lister et al. (1984) have described on the islands of los and Naxos in the 

Cycladic archipelago, and more recently, Dinter & Royden (1993) and Sokoutis et al. (1993) have described 

in the western Rhodope. 

123. Tertiary sequences 

Tertiary subsidence along the southern margin of the Rhodope Massif has resulted in the formation 

of a number of basins and a thick sequence of sediments and volcaniclastics. According to Bitzios et al. 

(1982), the Komotini, Petrota and Kirki-Essimi Basins formed in response to early Eocene extension. 

Sedimentation began in the Eocene with localised transgressive basal conglomerates followed by marls, 

sandstones, shales and lignite beds belonging to a lacustrine facies. These were overlain by nummulitic reef 

limestones of middle Eocene (Lutetian) age, followed by sandstones, marls and volcaniclastics late Eocene-

Oligocene age. 

The traditional interpretation of the Palaeogene basins flanking the southern margin of the Rhodope 
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Massif is that they formed in response to N-S directed extension above a northward dipping subduction zone 

which existed in the northern or central Aegean during the Eocene - Oligocene (Papazachos, 1976; 

Papazachos & Papadopoulos, 1977). 

Extension apparently ceased after the late Oligocene and was replaced by a phase of early - middle 

Miocene compression. This may have been responsible for the uplift of the Makri and Maronia units and the 

Petrota and Kirki-Essimi basins. However, the restoration of an extensional regime after the middle Miocene 

(Koukouvelas & Pe-Piper, 1989; Lyberis, 1984) resulted in further subsidence of the Komotini Basin, such 

that the Palaeogene sequences in this basin are overlain by Neogene sands and gravels. These are believed 

to be of PUocene age with a Miocene hiatus (Maltezou, 1987). The Neogene sediments are in turn overlain 

by a thin veneer of Quaternary alluvium. Borehole data and modelling of residual gravity anomalies 

demonstrates that a total thickness of 2.8km of Palaeogene and Neogene sediments were deposited in the 

Komotini Basin due to Tertiary subsidence (Maltezou & Brooks, 1989). 

1JS.4. Tertiary magmatism 

Volcanics 

The Tertiary volcanism of northeastern Greece and Bulgaria belongs to the North Aegean Tertiary 

Activity described by Fytikas et al. (1984). Figure 1.3. demonstrates that this volcanism falls within a linear 

zone which transects the Balkan Peninsula and has been referred to as the Transbalkan Strip" of post-

Lutetian tectonomagmatic and metallogenic mobilisation (Boncev, 1978,1980). K/Ar geochronology (Fytikas 

gf a/., 1976,1984; Innocenti gf &/., 1982,1984; Ulov c, a/., 1987) demonstrates that this volcanic activity began 

in the late liocene (Priabonian) at approximately 37Ma and continued until the late Oligocene (Chattian) at 

approximately 23Ma, before the locus of volcanism shifted southwards to the central Aegean in the early 

Miocene. 

The close spatial relationship between the volcanics and the Tertiary basins of northeastern Greece and 

Bulgaria has been emphasised by numerous authors (Alfieris & Kyriakopoulos, 1990; Eleftheriadis, 1989, 

1990; Eleftheriadis et al, 1989; Harkovska et al., 1989; Innocenti et al., 1984; Yanev et ai, 1990) In 

northeastern Greece the volcanism is particularly well developed in the Pharasino, Dipotama-Kotyli and 

Kaloticho areas within the Rhodope Massif to the north of Xanthi and in the Petrota, Nea Santa-Sapes, Kirki-

Essimi and Fere-Dadia areas along the southern margin of the Rhodope Massif in the vicinity of 

Alexandropoulis. This intimate association has led Bitzios et al. (1982) to suggest that the distribution of the 

volcanism was controlled by the activity of deep Tertiary faults during the late Eocene to Oligocene. 

The volcanic products of northeastern Greece range from basaltic andesites to rhyolites with associated 

pyroclastics, agglomerates and ignimbrites. Intermediate products are the most predominant and all of the 

volcanics exhibit geochemical characteristics which are typical of calc-alkaline or shoshonitic volcanics formed 

at active continental margins. These characteristics include high Al^O, and large ion lithophile element 
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(LILE) concentrations, low TiO; and Y concentrations, and no Fe enrichment (Alfieris & Kyriakopoulos, 

1990; Eleftheriadis, 1989, 1990; Eleftheriadis et al, 1989; Innocenti et ai, 1984;). These characteristics have 

led several authors to suggest that the volcanics may be related to northward subduction in the central 

Aegean during the Oligocene (Fytikas et al., 1984; Innocenti et al, 1984; Papavassiliou & Sideris, 1982). 

Intrusives 

The Tertiary intrusives of northeastern Greece include the Philippi (or Vrondou) Granite, the Xanthi 

Granite, the Maronia Monzodiorite and the Leptokarya Granite. These have been assigned the following ages 

on the basis of various geochronological techniques: 

(a) The Vrondou Granite: K-Ar: 28Ma (Bitzios et al., 1981). 

(b) The Xanthi Granite: K-Ar: 27.9Ma (Kronberg, 1974); Rb-Sr: 26.3 ± O.lMa or 28.8 ± O.TMa 

(Kyriakopoulos, 1987). 

(c) The Maronia Monzodiorite: Rb-Sr: 29.8 ± 1.3Ma or 28.9 ± O.lMa (Kyriakopoulos, 1987); Rb-Sr: 28.7 
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± 0.9Ma (Del Moro et al., 1988); Apatite fission tracks: 29.3 ± 2.0Ma (Biggazi et al., 1989). 

(d) The Leptokarya Granite: K-Ar: 28Ma (Bitzios, 1973); Rb-Sr: 31.9 ± 05Ma and 31.8 + 0.6Ma 

(Kyriakopoulos, 1987); Rb-Sr: 31.7 ± 0.7Ma (Del Moro et al., 1988) 

Christophides (1977), Del Moro et al. (1988) and Jones et al. (1992) have all shown that these granitoids 

generally exhibit geochemical characteristics which are typical of calc-alkaline suites formed at active 

continental margins. These characteristics include high LILE concentrations, low FeO/MgO ratios and low 

Ti02 and Y concentrations. The Maronia Monzodiorite is anomalously enriched in P^O,, K^O and other 

LILE's and has therefore been classified as a shoshonitic intrusion (Del Moro et al., 1988). These 

observations have been cited as evidence to support the theory that a northward-dipping subduction zone 

existed in the central Aegean during the Oligocene (Del Moro et al., 1988). 

Using aeromagnetic and gravity modelling, Maltezou & Brooks (1989) have demonstrated the close 

spatial relationship between these granites and the deep Tertiary faults responsible for the formation of the 

Tertiary basins. Similarly, Del Moro et al. (1988) have remarked upon the striking NE-SW linear trend of 

a suite of Oligocene intrusions running from the Mariona Monzodiorite in the SW to the Tris Vrisses 

intrusion in the NW. 

1.3. THE TECTONIC EVOLUTION OF THE NORTH AEGEAN REGION SINCE THE 

MESOZOIC 

There are numerous accounts of the evolution of the Aegean region since the early Mesozoic (Bernoulli 

& Laubscher, 1972; Sengor et al., 1980; Sengor & Yilmaz, 1981) but by far the most exhaustive review is that 

of Robertson & Dixon (1984). Figure 1.4. illustrates the evolution of the Aegean region since the early 

Mesozoic according to Robertson & Dixon (1984). 

According to this model, Neotethys began to form in the middle Jurassic when various tectonic units, 

which were later to form much of Greece and Turkey, were rifted off the African continent and began to 

move northwards (Fig. 1.4.(a)). During this time, the Rhodope Massif and the Pontides of northern Turkey 

were located on the southern margin of the Eurasian continent. Rifting continued throughout the early -

middle Cretaceous and was accompanied by the subduction of Palaeotethys along the southern margin of the 

Rhodope Massif and the Pontides (Fig. 1.4.(b)). This subduction is thought to have been responsible for the 

rifting of the Black Sea and the Srednogorie province of Bulgaria, and the extensive calc-alkaline magmatism 

and the obduction of ophiolitic melanges onto the Eurasian margin throughout the early Cretaceous (Sengor, 

1979). The dispersed fragments of the Circum Rhodope group of northeastern Greece are thought to 

represent the remnants of a narrow marginal basin - volcanic arc system which was located in the northern 

region of Palaeotethys during this time (Magganas et al., 1991). Neotethyan rifting, and magmatism on the 

Eurasian margin, are thought to have ceased in the late Cretaceous (Maastrichtian) (Fig. 1.2.(c)). 

During the Eocene, a number of basins began to form along the southern margin of the Rhodope 

Massif. These basins provided a focus for extensive calc-alkaline magmatism during the Oligocene (Fytikas 

10 



Chapter I 

,73 

cvqelija opHiotite v 
caic-aiK*lint pWknki 

' fuTvre WwhTMn , 
We<( hmfMtophiePw potenrial zone of \ V' accretion of infra-

V L oce»n(c Of^'oliTes Coilapsed h/eotefh/an 
rjrfge JyjAcn 

oblique colti'ston 

pwiAt V 
£oheUeni'c opSib/i'feJ 

~119Ma Cb) 1 7 3 M & ( a ) 

5i&ckSe& 

!6?Ma 
. bfcdnogoriĉ  
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et al., 1984; Innocenti et al., 1984) which may have resulted from the closure of a Tethyan oceanic tract in 

the central Aegean at about this time (Fig. 1.2.(d)). 

The north Aegean region then appears to have been subjected to a phase of early - middle Miocene 

compression which resulted in the folding of Eocene - Oligocene sediments (Doust & Arikan, 1974; 

Koukouvelas & Pe-piper, 1989; Lyberis, 1984; Merder, 1981). 

Dewey & Sengor (1979) have suggested that the present tectonic regime in the eastern Mediterranean 

probably dates from the late Miocene when the Bitlis Ocean was finally consumed along a northward dipping 

subduction zone in northern Iran and the "Anatolian wedge" began to escape westwards along the right-lateral 

North Anatolian Fault and the left-lateral East Anatolian Fault. This essentially partitioned the Aegean region 

into two distinct tectonic domains separated by the North Anatolian Fault and its westward extension into 

the North Anatolian Trough. Since the late Miocene, continued convergence of the African and Eurasian 

plates has been responsible for the subduction of the final Neotethyan remnant along the Hellenic trench to 

the south of Crete. This has been accompanied by N-S extension across much of the Aegean region (Jackson 

et al, 1982) and several authors have argued that much of this extension has taken place on low angle 

extensional detachments (Buick, 1991; Dinter & Royden, 1993; Lister et al. 1984; Sokoutis et ai, 1993). 

1.4. OBJECTIVES OF THESIS 

Despite extensive research throughout the southern Aegean region during the last few decades, the 

tectonic evolution of the northern Aegean region stUI remains very poorly understood. Specific unresolved 

problems include: 

(a) The relationship between the Circum Rhodope and the Rhodope groups 

According to Magganas et al. (1991) the dispersed fragments of the Circum Rhodope were emplaced 

on the Rhodope Massif at some stage during the early Cretaceous. However, as yet, there is no conclusive 

evidence which precludes a common origin for the two groups. 

(b) The kinematics and relative chronology of tectonic events 

The identification of thick sequences of Palaeogene sediments in the Komotini Basin (Lalechos & 

Savoyat, 1979; Maltezou & Brooks, 1989) indicates that Tertiary extension and subsidence of the Komotini 

Basin clearly began in the Palaeogene. Various authors have postulated that the north Aegean region was 

then subjected to a phase of early - middle Miocene compression which resulted in the folding of the 

Palaeogene sediments (Doust & Arikan, 1974; Koukouvelas & Pe-piper, 1989; Lyberis, 1984; Merrier, 1981). 

This is then believed to have been followed by post-middle Miocene extension which was responsible for 

further subsidence of the Komotini Basin and the deposition of 1.2 - 2km of Neogene sediments (Lalechos 

& Savoyat, 1979; Kyriakidis et al, 1989; Koukouvelas & Pe-piper, 1989; Lyberis, 1984). However, the precise 

kinematics and relative chronology of these events is still very poorly constrained. Furthermore, as Maltezou 
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& Brooks (1989) have pointed out, the deposition of approximately 2.8km of Palaeogene and Neogene 

sediments in the Komotim Basin is difficult to reconcile with the contemporaneous uplift and unroofing of 

the late Oligocene Maronia Monzodiorite. 

(c) The causes of Oligocene magmatism 

The traditional interpretation of Oligocene magmatism in northern Greece is that it is related to 

subduction in the northern or central Aegean region during the Oligocene (Fytikas et al., 1984; Innocenti et 

al., 1984; Papazachos 1976; Papazachos & Papadopoulos, 1977). However, various authors have emphasised 

the close spatial relationship between Oligocene volcanism and the Tertiary basins of northeastern Greece 

(Alfieris & Kyriakopoulos, 1990; Eleftheriadis, 1989, 1990; Eleftheriadis et al., 1989; Innocenti et al., 1984). 

Therefore it is conceivable that the Oligocene volcanics of northeastern Greece may have inherited their 

subduction zone signatures from an earlier subduction event and were merely erupted due to Oligocene 

extension and adiabatic melting. 

The objectives of this thesis are to examine the structural evolution of the southern margin of the Rhodope 

Massif since the early Tertiary and to investigate the relationship between basin evolution and Oligocene 

volcanism. To achieve this, two areas were selected for more detailed study. These two areas are illustrated 

in Fig. 1.5. 

The first of these areas is the Petrota Basin, which is a Palaeogene volcaniclastic basin located within 

the Circum Rhodope, approximately 30km to the west of Alexandroupolis. Chapter 2 provides a brief account 

of the lithostratigraphy and petrology of this basin whilst Chapter 3 provides a more detailed study of the 

structural evolution of the basin. 

The second of the two areas includes Circum Rhodope rocks and Palaeogene cover sequences which 

are preserved along the northern margin of the Komotini Basin between the villages of Pandrosos and Nea 

Santa. Chapter 4 provides a brief account of the lithostratigraphy and petrology of this basin margin whilst 

Chapter 5 provides a more detailed study of the structural evolution of the margin. 

These two areas were chosen since they provide an opportunity to study the early development of the 

Tertiary basins along the southern margin of the Rhodope Massif, whilst also serving to illustrate different 

aspects of the regional geology. The Petrota Basin illustrates the relationship between the Tertiary basins and 

Oligocene volcanism, whilst the northern margin of the Komotini Basin illustrates the kinematics and relative 

chronology of the various tectonic events. 

Chapter 6 provides a description of the geochemistry and geochronology of the Oligocene volcanics 

which occur in the Petrota Basin and along the northern margin of the Komotini Basin and compares them 

with the Oligocene volcanics in the vicinity of Sapes and in the Kirki-Essimi Basin to the east. 

Chapter 7 provides a synthesis of the main conclusions of the preceding chapters and includes a 

discussion of the regional implications of these conclusions. 

13 
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CHAPTER 2: LITHOSTRATIGRAPHY OF THE PETROTA BASIN 

2.1. INTRODDCnON 

The Petrota Basin is a Palaeogene volcanidastic basin located within the Mesozoic sequences of the 

Circum Rhodope, approximately 30km west of Alexandroupolis (Papadopoulos, 1982). It covers an area of 

approximately 60km^ centred on the village of Petrota and is delineated by two major 170° trending faults. 

Map 1 is a 1:25,000 scale map of the area which was produced in order to provide a framework for more 

detailed structural and volcanic studies. This map is simplified in Fig. 2.1, whilst Fig. 2.2 provides a schematic 

fence diagram which illustrates the basic structure and stratigraphy of the basin. The work was undertaken 

concurrently with an independent study by Frass et al (1990) and aims to compliment their work. This 

chapter begins by providing brief petrological descriptions of the various lithologies and then goes on to 

compare and contrast the stratigraphy established in this study with that proposed by Frass et al. (1990). All 

grid references are given as 6-figure references expressing the minutes and tenths of a minute east and north 

of an origin at 25°E, W N . 

2.2. MESOZOIC SEQUENCES 

The Palaeogene sequences of the Petrota Basin unconformably overlie Mesozoic pre-rift sequences 

which include the metamorphic rocks of the Circum Rhodope group and the Petrota Gabbro Complex. 

22.1. The Circum Rhodope group 

This includes both the Maronia Unit to the west of the Petrota Basin and the Makri Unit to the east. 

Both are generally composed of greenschist fades schists, calc-schists, marbles and occasional quartzites. 

Locally, blastomylonites and gniesses, containing feldspar augen, occur, notably at GR 339 517 in the contact 

aureole of the Maronia monzodiorite. Circum Rhodope rocks are exposed within the boundary faults of the 

Petrota Basin in the Paliorema River valley (e.g. at GR 379 521). Here they display a mylonitic fabric and 

contain feldspar augen. In addition, intrafolial folds are common, indicating substantial degrees of ductile 

deformation. In this valley they represent the base of the Petrota Basin above which all later sequences have 

been deposited with unconformity. 

22 J. The Petrota Gabbro Complex 

This is a heterogeneous gabbroic complex composed of a variety of magmatic lithologies. It is largely 

exposed in the southern part of the Petrota Basin but also occurs to the north of Askite in the northwestern 

corner of the basin. It has been assigned a late Jurassic age of 140 ± 46 Ma to 161 ± 31 Ma on the basis 

of fission track data from apatite concentrates (Biggazzi et al., 1989). Contacts between the gabbro complex 
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and the metamorphic sequences of the Circum Rhodope group cannot be observed in the field since any 

contacts are either faulted or obscured by overlying Palaeogene sequences. 

The best exposure of the Petrota Gabbro Complex occurs along the coastal section at GR 360 520 where 

the full range and variety of rock-types and their contact relationships can be observed. The bulk of the 

complex is composed of a sequence of layered gabbros and gabbronorites wWch commonly display 

orthocumulate textures and contain calcic plagioclase, of labradoritic-bytownitic composition (Anjo-An^), 

whilst augite and orthopyroxene occur as intercumulus phases and magnetite often occurs as a post-cumulus 

phase (Figs. 23a & b). 

The cumulate gabbros are frequently cut by finer-grained doleritic dykes of similar composition (i.e. 

containing plagioclase, orthopyroxene, augite and magnetite) but with additional quartz in some cases. These 

tend to display ophitic or subophitic textures with euhedral laths of plagioclase enclosed by oikocrysts of 

pyroxene. 

In places the gabbros are also cut by coarse pegmatites of similar composition. These contain crystals 

of up to 5cm in length and are composed of calcic plagioclase, and augite and orthopyroxene which are 

commonly intergrown and display a distinctive schiller effect. 

All three of these rock-types typically display a significant degree of alteration. This involves the 

saussuritisation of the plagioclases which results in their albitisation and subsequent transformation to form 

aggregates of albite, epidote, clinozoisite, calcite and sericite. This is accompanied by chloritisation and 

uralitisation of the augites which results in their alteration to blebs or patches of chlorite and a fibrous 

amphibole such as tremolite (Figs. 2.3a & b). Both of these processes are characteristic of low-grade 

metamorphism or late-stage hydrothermal alteration of basic igneous rocks and are particularly common in 

ophiolite complexes. 

Additional magmatic products within the complex include more granitic rock-types in the form of 

microgranites or microgranodiorites. These correspond to the "leucocratic dykes" of Frass et al. (1990). They 

contain two feldspars (plagioclase and orthoclase), quartz which often displays a granophyric intergrowth with 

plagioclase, and biotlte which commonly shows evidence of late-stage hydrothermal alteration to chlorite. The 

whole complex is pervaded by pegmatitic veins of quartz, feldspar, epidote, chlorite and calcite which are 

themselves cross-cut and often offset by coarse veins of quartz and plagioclase. 

Ultramafic rocks were observed at one locality on the foreshore at GR 356 521. These were poikilitic 

Iherzolites containing chadocrysts of olivine (which had been almost entirely altered to serpentinite and 

magnetite) enclosed by large oikocrysts of orthopyroxene and augite (Fig. 23c). No contact between these 

ultramafics and the gabbros was observed in the field and so any relationship between the two is entirely 

speculative. However, the occurrence of serpentinised Iherzolites may testify to the presence of a comagmatic 

suite of gabbros and ultramafics typical of ophiolite complexes. Unfortunately, the absence of any significant 

ductile deformation, and the fact that no contacts with the metamorphic sequences of the Circum Rhodope 

can be observed in the field, make it impossible to deduce precisely how this gabbro complex was emplaced 
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Figure 23. Photomkrographs of thin sections from selected iithologies from the Petrota Basin. TTie field 

of view in all phot<%raphs = 1.4mm x 2.1mm; PPL = plane polarised light; XPL = crossed polarised l i^L 

(a) Sample PG-4 in PPL: Cumulitic gabbro from the Petrota Gabbro Complex at GR 360 520 displaying 

euhedral laths of Ca-plagioclase and magnetite surrounded by an intercumulus phase of au^te which 

displays partial alteration to amphibole. 

(b) Sample PG-4 in XPL; Cumulitic gabbro from the Petrota Gabbro Complex at GR 360 520. 

(c) Sample P G ^ In XPL: Serpentinised Iherzolite from the Petrota Gabbro Complex at GR 356 321 

displaying serpentinised olivine chadocrysts enclosed by a large oikocryst of dmopyroxene. 

(d) Sample PL-1 in XPL: Biolithic limestone from the Lutetian limestones at GR 373 518 displaying 

bioclasts of Nummulites (in bottom right quadrant) and coralline algae (in top left quadrant). 

(e) Sample PAl-16 In XPL: Sample of the Vrakos andesites from GR 368 564 displaying phenocrysts of 

plagioclase, hypersthene, aupte and magnetite in a hyaline - cryptocrystalline groundmass. The 

plagioclase phenocryst in the top right quadrant displays concentric oscillatory zoning whilst the 

pyroxenes occur as polyminerallic clusters (or glomerocrysts). Hypersthene displays low 1st order 

interference colours whilst augite displays higher 2nd order interference colours and one phenocryst of 

augite displays twinning parallel to the {001} plane. 

(f) Sample PAl-16 in XPL: Sample of the Vrakos andesites at GR 368 564 displacing phenocrysts of augite, 

hypersthene and plagioclase in a hyaline - cryptocrystalline groundmass. Hypersthene displays low 1st 

order interference colours whilst augjte displays higher 2nd order interference colours and the largest 

phenocryst of augite displays repeated twinning parallel to the {001} plane. 

(g) Sample PD-4 in PPL; Sample of the Askite dacites from GR 342 557 displaying phenocrysts of augite, 

hypersthene, plagioclase, biotite and magnetite in a hyaline groundmass with a weak flow banding. The 

pyroxenes occur as polyminerallic clusters (or glomerocrysts). The anomalous interference colours are 

due to the use of blue filter for photography. 

(h) Sample PD-2 in PPL: Sample of the Askite dacites at GR 351 553 displaying phenocrysts of plagioclase, 

augite, hypersthene, biotite and magnetite in a streaky, eutaxitic hyaline groundmass. 

(I) Sample PA2-3 in XPL: Sample of the Askite andesites at GR 351 551 showing phenocrysts of 

plagioclase, biotite and augite in a crypto - microcrystalline groundmass. 
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Chapter 2 

One other occurrence of similar gabbroic rocks was observed outside the basin margins on the coast 

between Makri and Alexandroupolis at GR 464 511. This demonstrates that these gabbros are not uniquely 

confined to the Petrota Basin. It is also worth noting the similarity between this gabbro complex and that 

described by Kotopouli et al. (1989) on the island of Samothraki. 

2.3. EOCENE SEQUENCES 

The top of the Petrota Gabbro Complex and the metamorphic sequences of the Circum Rhodope are 

marked by an erosional unconformity above which the Palaeogene sequences have been deposited. These 

Palaeogene sequences begin with Eocene basal conglomerates, Lutetian (middle Eocene) limestones and 

calcareous tuffs which occur both within the Petrota Basin and outside its margins. It is therefore difficult 

to ascertain whether these Eocene sequences represent late pre-rift or early syn-rift sequences as will be 

discussed later. 

23.1, The basal conglomerates 

The base of the Eocene sequences is marked by accumulations of basal conglomerates which occur in 

localised pockets directly above the erosional unconformity. These conglomerates are not laterally continuous 

and never exceed 10m in thickness. They are exposed along the coastal section at GR 370 518 where they 

directly overlie the Petrota Gabbro Complex and are themselves overlain by the Lutetian limestones (Fig. 

2.4a). Here, they are poorly sorted monomictic conglomerates composed of subrounded to rounded clasts 

of gabbros and related rock types, of up to 10cm in diameter, in a fine grained muddy matrix. 

232. The Lutetian limestones 

The Petrota Gabbro Complex and the pockets of basal conglomerates which occur along the coastal 

section are overlain by a sequence of Lutetian limestones. These are largely exposed in the southern part of 

the Petrota Basin but also occur directly above the Petrota Gabbro Complex in the northwestern comer of 

the basin between Askite and Krovilli (e.g. at GR 344 563 and GR 342 566). They also occur outside the 

confines of the basin where they rest with erosional unconformity on the metamorphic rocks of the Circum 

Rhodope (e.g. at GR 384 550). 

The limestones are largely composed of massive biomicrosparites-biolithites containing bioclastic 

fragments in a micritic-microsparry cement (Fig. 2.3d). Bioclasts include macroforaminifera such as 

Nummulites and Assilina praespira. The latter was first discovered by DouviUe (1905). It has also been 

identified in limestones from the neighbouring countries of Yugoslavia (Witt Puyt, 1941) and Bulgaria (Gocev, 

1933) and is a well constrained biostratigraphic indicator of Lutetian age. Other foraminifera that have been 

identified include Fabiania cassis, Orbitolites, Discocyclinia, Globig^rina, PUmorbulina cretae, Linderina and 

Halkyardia minima (Papadopoulos, 1982). Coralline algae is also a common constituent of these limestones 

(Rg. 2.3d). 
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Figure 2.4. Photographs and 1 photomicrograph of selected iithologies from the Petrota Basin. 

(a) Photograph of the Lutetian limestones overlying monomictic basal conglomerates at GR 370 518. Length 

of hammer shaft = 40cm. 

(h) Photograph of flow banding in the Askite dacites at GR 347 555. Length of hammer shaft = 40cm. 

(c) Photograph of silicified volcanics at GR 380 553 displaying the hyaline groundmass and linear natwe 

of alteration. Length of hammer shaft = 40cm. Photograph taken at 320°. 

(d) Photograph of accretionary lapilli in the Petrota tuffs at GR 357 538. Length of pencil = 15cm. 

(e) Photograph of pumice fragments in the Askite tuffs at GR 356 544. Length of pencil = 8cm. 

(f) Photograph of the Askite andesites conformably overlying the Askite tuffs at GR 341 557 immediately 

south of Askite. 

(g) Photograph of "ropey" textured pahoehoe-type lava flows at GR 345 554 to the south of Askite. Length 

of hammer shaft = 40cm. 

(h) Photograph of the Esochi conglomerates at GR 350 520 illustrating large sub-angular clasts and boulders 

of schists, marbles and volcanics in a fine-grained muddy matrix. Length of hammer shaft = 40cm. 

(i) Photomicrograph (in XPL) of Sample MM-2 of the Maronia monzodiorite from GR 337 517 displaying 

plagioclase, biotite, augite, orthopyroxene and magnetite enclosed by an intercumulus phase of alkali 

feldspar. The augite immediately to the right of the field of view displays repeated twinning along the 

{001} plane. Field of view = 2.8mm x 4.2mm. 
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Chapter 2 

Occasionally (e.g. at GR 372 518) the limestones are more clastic and display a distinct bedding and a 

profusion of macrofossils such as echinoids, gastropods, bivalves, corals, bryzoa and occasional belemnites. 

This profusion of fauna is diagnostic of a shallow-marine or lagoonal environment. 

2 3 J . Hie calcareous tufTs 

The Lutetian limestones pass gradually upwards into calcareous tuffs which are preserved on the top 

of the hill of Hristianos at GR 372 535 and in the Paliorema River valley. These are generally poorly sorted 

tuffs containing angular fragments of microporpyritic, vesicular, devitrified glass (i.e. pumice), quartz and 

calcite, of up to 1cm in size, in a ferruginous cryptocrystalline matrix. They are texturally immature, not 

reworked and probably relatively close to their source, which implies that volcanic activity in the region must 

have started soon after the Lutetian. 

2.4. OLIGOCENE SEQUENCES 

The top of the Eocene sequences is marked by a second erosional unconformity below which the Eocene 

sequences are rarely preserved in their entirety. Unfortunately, because there is nowhere in the basin where 

the Eocene sequences are directly overlain by any younger sequences, it is unclear whether the unconformity 

represents a late Eocene erosional surface or a younger one. However, in the northwestern comer of the 

basin (e.g. at GR 344 563), the Oligocene volcanics and volcaniclastics appear to overlie the Petrota Gabbro 

Complex with an Eocene hiatus. This lends support to the hypothesis that the unconformity represents a late 

Eocene erosional surface. 

The Oligocene sequences are composed entirely of volcanics and volcaniclastics which occupy 

downthrown areas of the Petrota Basin to the north and west of the main exposures of the Petrota Gabbro 

Complex and the Eocene sequences. The precise stratigraphy of these sequences is difficult to ascertain owing 

to the lack of stratigraphic continuity across the basin. For this reason the petrology of each lithology will be 

described systematically and their stratigraphic relationships will be discussed in detail in Section 2.7. 

2.4.1. The Esochi rhyoiites 

These occur in the southwestern quadrant of the basin to the south of Odontoton where they occupy 

a downthrown area between the Maronia Unit and the Petrota Gabbro Complex. Excellent exposures can 

be observed along the coast. 

Large subhedral to euhedral phenocrysts of quartz make up the dominant phenocryst phase, and are 

accompanied by phenocrysts of biotite and highly altered phenocrysts of alkali feldspar in an extremely altered 

groundmass. This altered groundmass may have resulted from the devitrification of an initially hyaline 

siliceous groundmass. Alteration also involves the sericitisation and kaolinisation of the feldspars which results 

in extremely unconsolidated rocks which are very susceptible to weathering. Epidote and chlorite are 

additional alteration products of the feldspars which occasionally give the rocks a yellow-greenish tinge. The 
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phenocrysts do not display a flow alignment and there is no evidence for flow banding in the groundmass. 

These rocks may overlie the Eocene sequences at depth, but their stratigraphic relationship to the other 

volcanics and volcaniclastics is uncertain. However, the fact that they are the most highly altered volcanic 

rocks in the basin and the occurrence of petrologically similar fragments in the Petrota tuffs and the layered 

tuffs to the north suggests that these may be the earliest volcanic rocks in the basin. 

2.4.2. The Vrakos andesites 

These occupy a downthrown area in northeastern quadrant of the basin and occur as volcanic flows and 

breccias of limited lateral extent. It is possible that these andesites may overlap onto the rhyolites at their 

southwestemmost extent but no contact is visible in the field. 

Table 2.1 summarises the mineralogy and basic petrological characteristics of 12 samples of these 

volcanics and demonstrates that phenocrysts of plagioclase, augite, orthopyroxene and magnetite are present 

in all of the rocks of this group. The plagioclase commonly occurs as laths displaying albite twin lamellae but 

occasionally occurs as larger polygonal phenocrysts displaying concentric oscillatory zoning characteristic of 

calc-alkaline rocks (Fig. 2.3e). Its composition is in the andesine-labradorite range (An^-An^) The 

phenocrysts of augite are generally euhedral and often display repeated twinning parallel to the {001} plane 

(Fig. 2.3f). In sample PAl-4 they display altered rims of magnetite. Phenocrysts of hypersthene are also 

present and are commonly associated with the augite in polyminerallic clusters (or glomerocrysts). Magnetite 

is also occasionally present as a phenocryst phase and one sample (sample PAl-13) was found to contain 

small phenocrysts of hornblende. The phenocrysts occasionally display a weak flow alignment and are 

generally set in a crypto- or microcrystalline groundmass containing microlites of plagioclase, magnetite and 

occasional pyroxenes. These rocks are often vesicular and sometimes contain amygdales (e.g. Sample PAl-3). 

Their degree of alteration varies from fresh to extremely altered. The nature of this alteration will be 

discussed briefly in Section 2.6. 

2.43. The Petrota tuffs 

These tuffs occupy a large downthrown area in the central part of the Petrota Basin to the north of the 

main exposures of the Petrota Gabbro Complex and the Eocene sequences. They appear to overlap onto the 

Vrakos andesites to the northeast. 

The rocks show great lithological diversity. The coarser varieties include unbedded, poorly sorted 

agglomerates which are well exposed at GR 363 541, on the prominent hill approximately 400m west of 

Petrota. They are largely composed of sub-angular pumice fragments, in the form of non-porphyritic or 

microporphyritic devitrified glass, fragments of the local country rocks, such as mica-schists, of up to 50cm 

in size and small quartz clasts in an altered ferruginous groundmass. They are clearly proximal to their source 

and may, in some cases, represent vent agglomerates. 

Finer grained, layered tuffs occasionally occur within this group and at GR 357 538, fine-grained lapilli 
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tuffs, containing accretionary lapilli of up to 5mm in diameter, can be observed (Fig. 2.4d). 

Sample Grid Ref. Phenocryst phases Groundmass Texture Alteration 

PAl-1 367 555 Plagioclase (occasionally zoned), 
augite, hypersthene, magnetite 

Cryptocrystalline No alignment. 
Glomerocrysts of 
pyroxene 

Fresh 

PAl-2 364 553 Plagioclase (occasionally zoned), 
augite, hypersthene, magnetite 

Cryptocrystalline No alignment. 
Glomerocrysts of 
pyroxene 

Fresh 

PAl-3 372 562 Plagjoclase, augite, hypersthene Microcrystalline 
with disseminated 
pyroxenes and 
magnetite 

No aUgnment. 
Glomerocrysts of 
pyroxene. 
Amygdaloidal 

Moderately 
altered 

PAl-4 373 559 Plagioclase (occasionally zoned), 
augite/hypersthene ( - magnetite, 
occasionally zoned) 

Microcrystalline 
with disseminated 
magnetite 

No alignment. 
Glomerocrysts of 
pyroxene 

Moderately 
fresh 

PAl-5 359 556 Plagioclase (occasionally zoned), 
augite, hypersthene, magnetite 

Microcrystalline 
with disseminated 
magnetite 

No alignment. 
Glomerocrysts of 
pyroxene 

Moderately 
fresh 

PAl-6 361 550 Plagioclase (often zoned), augite, 
hypersthene, magnetite 

Microcrystalline 
with disseminated 
magnetite 

No alignment. 
Glomerocrysts of 
pyroxene 

Fresh 

PAl-11 370 564 Plagioclase (often zoned), augite 
& hypersthene (occasionally 
zoned), magnetite (rare) 

Microcrystalline 
with disseminated 
magnetite 

No aligimient. 
Glomerocrysts of 
pyroxene. 
Vessicular 

Fresh 

PAl-12 370 563 Plagioclase (occasionally zoned), 
augite & hypersthene 
(occasionally zoned) 

microphenocrysts 
make up >90% of 
the groundmass 

Vague alignment. 
Glomerocrysts of 
pyroxene 

Moderately 
fresh 

PAl-13 361 553 Plagioclase (often zoned) augite, 
hypersthene, magnetite, 
hornblende (rare) 

Cryptocrystalline/ 
microcrystalline 

Vague alignment. 
Glomerocrysts of 
pyroxene 

Fresh 

PAl-14 364 554 Plagioclase (occasionally zoned), 
augite, hypersthene, magnetite 
(rare) 

Microcrystalline 
with disseminated 
magnetite 

No alignment. 
Glomerocrysts of 
pyroxene. 
Vessicular 

Moderately 
altered 

PAl-15 370 564 Plagioclase (occasionally zoned), 
augite, hypersthene 

Crystalline with 
disseminated 
magnetite 

No alignment. 
Glomerocrysts of 
plag. & pyroxene 

Moderately 
fresh 

PAl-16 368 564 Plagioclase (occasionally zoned), 
augite, hypersthene, magnetite 
(rare) 

Hyaline-
cryptocrystalline 

No alignment. 
Glomerocrysts of 
pyroxene 

Fresh 

Table 2.1. Mineralogy and petrological characteristics of 12 samples of the Vrakos andesites. 
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2.4.4. The Askite tuffs 

The Askite tuffs occur in the vicinity of Askite and to the NW of Petrota. They clearly overlie the 

Petrota tuffs at GR 360 545 and may also overlap onto the Vrakos andesites. These rocks are largely 

composed of coarse poorly sorted white tuffs containing sub-angular to angular pumice fragments (Fig. 2.4e) 

and occasional volcanic and schistose fragments derived from the local country rocks. The volcanic fragments 

are predominantly leucocratic and contain large phenocrysts of quartz, feldspar and biotite. They are 

remarkably similar to the Esochi rhyolites described earlier, which suggests that these tuffs probably post-date 

the rhyolites. Individual flakes of biotite are also common in the tuffaceous matrix. Towards the top of the 

sequence there is an increasing proportion of andesitic and dadtic fragments of similar composition to the 

overlying rock-types. At GR 352 548, these volcanic fragments are present as large angular blocks of up to 

2m in size in a 5m thick layer with an unconsolidated fine-grained grey tuffaceous matrix. 

Finer grained white-grey tuffs are also present in this layered sequence (e.g. at GR 354 552). At this 

locality, they display small-scale cross-lamination and prograding foresets which may be indicative of shallow-

water deposition. These fine-grained tuffs also contain occasional larger clasts of the volcanics, particularly 

those of the leucocratic variety. 

At GR 359 547 there is a 1cm thick horizon between two coarse tuffaceous layers in which plant 

material has been exceptionally well preserved. This observation, coupled with the identification of cross-

lamination, suggests that these tuffs were probably deposited in a shallow-water, lacustrine environment which 

experienced periodic fluctuations in the water level. This lacustrine environment may have been located in 

a volcanic crater or caldera. 

The Askite tuffs have experienced extensive alteration resulting in the formation of zeolites and clays. 

In some cases the occurrence of epidote and/or chlorite also results in a yellowish-green tinge instead of the 

usual white colour. 

2.4 J . The Askite dacites 

These dacites occur in the northwestern part of the Petrota Basin, notably in the area surrounding the 

village of Askite and on the south side of the E-W trending ridge of Vraki. They clearly overlie the Askite 

tuffs at GR 350 544 and GR 341 557 (Fig. 2.4f) and occur in the form of volcanic flows and breccias of 

limited lateral extent. Often these dacites occur as massive unbroken flow units of up to 30m in thickness, 

as at GR 350 544 on the south side of the ridge of Vraki. More commonly, however, they occur as blocky 

lava flows containing fragments of up to 2m in diameter in an unconsolidated fine-grained tuffaceous matrix. 

Excellent examples of flow banding and "ropey" textured pahoehoe-type lava flows occur on the hillside to 

the south of Askite at GR 347 555 and GR 345 554 respectively (Figs. 2.4.(b) & (g)). 

Table 2.2 summarises the mineralogy and basic petrological characteristics of 10 samples of these 

volcanics. All of the samples contain small phenocrysts of magnetite and larger phenocrysts of plagioclase 

which commonly display albite twin lamellae but occasionally show concentric oscillatory zoning characteristic 
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of calc-alkaline volcanics. Biotite is usually present, often displaying partial alteration to magnetite, whilst 

phenocrysts of augite and hypersthene are also common. As in the Vrakos andesites, the phenocrysts of 

augite often display repeated twining parallel to the {001} plane and they frequently occur as polyminerallic 

clusters or glomerocrysts (Fig. 23g). Brown euhedral phenocrysts of hornblende are occasionally present in 

rocks containing biotite (e.g. Sample PD-1) but are more common when biotite is either rare or absent (e.g. 

Sample PD-13). These phenocrysts of hornblende often display partial alteration to magnetite. Finally, quartz 

is very occasionally present as large resorbed phenocrysts. 

Sample Grid Ref. Phenocryst phases Groundmass Texture Alteration 

PD-1 351 545 Plagoclase, magnetite, biotite, 
hornblende, augite, quartz 

Hyaline 
(Obsidian) 

No alignment or 
banding 

Fresh 

PD-2 351 553 Plagioclase (occasionally zoned), 
magnetite, biotite, augite, 
hypersthene (quartz?) 

Hyaline Eutaxitic. Alignment 
of phenocrysts 

Moderately 
fresh 

PD-3 347 563 Plagioclase (occasionally zoned), 
magnetite, biotite, augite, 
hypersthene, quartz 

Microcrystalline Vaguely banded 
groundmass 

Slightly 
altered 

PD-4 342 557 Plagioclase (occasionally zoned), 
magnetite, biotite, augite, 
hypersthene 

Hyaline 
(Obsidian) 

Vaguely aligned 
phenocrysts. 
Cumulophyric 

Very fresh 

PD-6 344 554 Plagioclase, magnetite, biotite, 
augite/hypersthene, quartz 

Hyaline Eutaxitic. Vaguely 
aligned phenocrysts 

Moderately 
fresh 

PD-9 348 555 Plagioclase (occasionally zoned), 
magnetite, biotite 

Cryptocrystalline 
(devitrifled) 

Eutaxitic Slightly 
altered 

PD-10 348 557 Plagioclase (occasionally zoned), 
magnetite, biotite (-magnetite) 

Cryptocrsytalline 
(devitrifled) 

Vague alignment of 
phenocrysts 

Slightly 
altered 

PD-13 350 566 Plagioclase (occasionally zoned), 
magnetite, augite, hypersthene, 
hornblende (-magnetite) 

Crypto-
microcrystalline 
(devitrifled) 

Variolitic -
ophimottled. No 
alignment or banding 

Slightly 
altered 

PD-14 339 543 Plagioclase (zoned) magnetite, 
biotite 

Hyaline -
cryptocrsytalline 
(devitrifled) 

No alignment or 
banding 

Moderately 
fresh 

PD-15 343 545 Plagioclase, magnetite, biotite, 
augite, hypersthene 

Hyaline -
cryptocrsytalline 
(devitrifled) 

No alignment or 
banding 

Moderately 
fresh 

Table 22. Mineralogy and petrological characteristics of 10 samples of the Askite dacites. 

The massive unbroken flow units at GR 351 544 and GR 341 557 have a hyaline groundmass which 

displays no evidence for flow banding and is extremely reminiscent of obsidian. More commonly, however, 

the dacites display a hyaline groundmass with a streaky eutaxitic texture which may either be due to flow 

banding or the compaction of glassy pumice fragments in an ignimbrite (Fig. 2.3h). In many cases the 
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eutaxitic textures are probably due to a combination of both processes. The alignment of clusters of 

phenocrysts is also common in these eutaxitic rocks and gives them a cumulophyric texture (e.g. sample PD-4; 

Fig. 23g). Partial devitrification of the dacites occasionally results in a spherulitic texture and in many cases 

total devitrification results in the formation of a cryptocrystalline groundmass. Sample PD-13 displays an ophi-

mottled texture in which diffuse plag^oclase spherulites enclose small microlites of plagioclase and magnetite. 

2.4.6. The Askite andesites 

These occur on the top of Vraki Ridge but have been called the Askite andesites to avoid confusion with 

the Vrakos andesites. They directly overlie the Askite dacites to the west but overlie the Askite tuffs to the 

east. Like the Vrakos andesites and the Askite dacites they also occur in the form of volcanic flows and 

breccias. 

Sample Grid Ref. Phenocryst phases Groundmass Texture Alteration 

PA2-2 342 549 Plagioclase (occasionally zoned), 
biotite (-magnetite), augite, 
hypersthene, magnetite 

Crypto-
microcrystalline 

No alignment of 
phenocrysts 

Slightly 
altered. 
Some caldte 

PA2-3 351 551 Plagioclase (occasionally zoned 
or skeletal), biotite, augite, 
hypersthene, magnetite 

Crypto-
microcrystalline 

Vague alignment 
of phenocrysts 

Fresh 

PA2-4 352 550 Plagioclase (occasionally zoned), 
biotite (-magnetite), augite, 
hypersthene, magnetite 

Crypto-
microcrystalline 

Vague alignment 
of phenocrysts 

Fresh 

PA2-5 347 546 Pla^oclase, biotite (-magnetite) 
augite, hypersthene, magnetite 

Cryptocrystalline 
with disseminated 
pyroxenes & mgt. 

Vague alignment 
of phenocrysts 
and groundmass 

Fresh 

PA2-10 355 547 Plagioclase (often zoned), 
biotite, augite, hypersthene, 
magnetite 

Crypto-
microcrystalline 

No alignment of 
phenocrysts 

Fresh 

PA2-11 555 546 Plagioclase, biotite (-magnetite) 
augite, hypersthene, magnetite 

Microcrystalline No alignment of 
phenocrysts 

Slightly 
altered 

PA2-12 349 551 Plagioclase (often zoned), 
biotite, augite, hypersthene, 
magnetite 

Crypto-
microcrystalline 

No alignment of 
phenocrysts 
Vessicular 

Fresh 

Table 23. Mineralogy and petrological characteristics of the Askite andesites. 

Table 2 3 summarises the mineralogy and basic petrological characteristics of 7 samples of these 

volcanics. Phenocrysts of plagioclase, biotite, augite, orthopyroxene, and magnetite are present in all of the 

rocks of this group. As in the Vrakos andesites and the Askite dacites, the plagioclase commonly displays 

albite twin lamellae but occasionally displays concentric oscillatory zoning characteristic of calc-alkaline rocks. 

Large phenocrysts of biotite, displaying partial or complete alteration to magnetite, are a diagnostic feature 
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of these rocks (Fig. 2.3i) and enables them to be distinguished from the Vrakos andesites described earlier. 

Like the Vrakos andesites, these rocks also contain phenocrysts of augite and hypersthene. These phenocrysts 

are generally euhedral but smaller than those in the Vrakos andesites and similar in size to those in the 

Askite dacites. Phenocrysts of hornblende are absent from these rocks. The phenocrysts occur in a crypto-

or microcrystalline groundmass and only occasionally display a vague flow alignment. 

2.4.7. The Esochi conglomerates 

These are exposed in the southwestern quadrant of the Petrota Basin, where they overlie the Esochi 

rhyolites and either overlap onto or have a faulted contact with the Petrota Gabbro Complex to the east. 

They are poorly sorted volcamclastic mudflow deposits (or lahars) in which large sub-angular clasts and 

boulders of up to 50cm in size occur in a fine-grained muddy matrix (Fig. 2.4h). These clasts include 

fragments of rhyolites and dacites, together with marbles and schists from the Circum Rhodope group and 

gabbros and related rocks from the Petrota Gabbro Complex. The volcanic clasts are by far the most 

predominant clasts, whilst the relative proportion of additional clasts varies according to the proximity to 

either the Circum Rhodope group or the Petrota Gabbro Complex. The muddy matrix also contains angular 

clasts of quartz of up to 2mm in size which probably represent detrital quartz phenocrysts derived from the 

rhyolites. These volcaniclastic conglomerates occasionally exhibit a very crude bedding but are generally 

unbedded. Their precise age is uncertain but since they contain dacitic fragments, which are petrologically 

similar to the Askite dacites, they must post-date these dacites. However, they are probably still related to 

the same phase of Oligocene volcanism and can probably be regarded as the youngest member of the 

Oligocene sequences. 

2.4.8. Hydrothermai alteration and silicification 

The affects of the hydrothermai processes of saussuritisation and uralitisation in the Petrota Gabbro 

Complex have already been discussed. However, hydrothermai alteration has also affected the Oligocene 

volcanic and volcaniclastic sequences of the Petrota Basin. 

Hydrothermai alteration of the andesites has resulted in the kaolinisation and seridtisation of the 

feldspar phenocrysts and propylitisation of the pyroxenes. Locally, complete silicification of the Vrakos 

andesites has resulted in the formation of a cryptocrystalline or hyaline groundmass rich in finely disseminated 

pyrite and containing relict phenocrysts of plagioclase and pyroxene (e.g. at GR 380 553; Fig. 2.3c). 

Hydrothermai brecciation of these rocks is also common. The Petrota tuffs also display evidence for 

silicification which results in an increase in their resistance to weathering and erosion (e.g. at GR 379 553 

and GR 360 544). The zones of silicification commonly display linear trends (e.g. at GR 360 544 and GR 363 

541) which suggests that they are governed by pre-existing deep-level fractures which may be related to the 

structural evolution of the basin. 

This type of alteration is analogous to that of volcanic-rock-hosted alunite-kaolinite ± pyrophyllite (or 

28 



Chapter! 

acid sulphate) type epithermal deposits which form in the near-surface regions of geothermal systems 

associated with intrusive complexes. It has been shown that such systems tend to coindde with regonal scale 

fracture systems in areas of extensional faulting, particularly in back-arc regions dominated by potassic and 

silicic magmatic activity such as the western U.SA. during the Mesozoic-Tertiary (Berger & Henley, 1989). 

Gold is often transported, at or near saturation, as gold bisulphate complexes such as Au(HS ) in the 

meteoric fluids of epithermal systems. Its precipitation from solution occurs when there is a sudden change 

in the pH or the fH^ of the fluids. This also results in the deposition of sulphides such as pyrite. Therefore, 

the occurrence of large quantities of disseminated pyrite in the silidfied volcanics of the Petrota Basin 

indicates that these zones of alteration may be of economic potential, since the conditions must have been 

favourable for the precipitation of gold if it was present in the epithermal fluids. 

2.5. OLIGOCENE INTRUSIONS 

Two very different types of Oligocene intrusion have been identified in this area and will be discussed 

separately. 

2 J . l . Siliceous Intrusions 

These intrude the Oligocene volcanics and volcaniclastics of the Petrota Basin and have been identified 

in two areas. The first is the prominent monolith of Vrakos, at GR 368 557, which intrudes the Vrakos 

andesites and is composed almost entirely of siliceous glass, containing finely disseminated pyrite and 

occasionally showing a spherulitic texture due to devitrification. This siliceous glass is highly vesicular which 

suggests that the magma responsible for its formation was rich in volatiles at the time of emplacement. 

Hydrothermal brecciation due to pervasive late-stage ferruginous fluids is also common. A similar siliceous 

intrusion intrudes the Askite dacites on the curvilinear ridge of Odontoton at GR 346 538. It is possible that 

these siliceous intrusions occupy the sites of relict volcanic vents or ring faults within the Petrota Basin. 

2£2. The Maronia monzodiorite 

This is a largely homogeneous intrusion which has been intruded into the metamorphic sequences of 

the Maronia Unit and outcrops over approximately 7km^. Its contact with the metamorphic sequences is sharp 

and can be observed at GR 340 517 where there is little evidence of veinmg in the country rocks. Here, 

contact metamorphism has resulted in the development of a gneissose fabric with an obvious leucocratic-

melanocratic banding. The intrusion itself contains occasional xenoliths of the country rocks displaying varying 

degrees of assimilation but there is no evidence for magma mixing or late-stage veining within the intrusion. 

It is also unmetamorphosed and undeformed and therefore clearly postdates the deformation and 

metamorphism of the Maronia Unit. Various techniques have been used to date the intrusion. Del Moro et 

al. (1988) have obtained an age of 28.7 ± 0.9Ma using the Rb-Sr technique, whilst Kyriakopoulos (1987) has 

obtained ages of 29.8 ± 1.3Ma and 28.9 ± O.lMa using the same technique on biotite concentrates and 
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Biggazzi et al. (1989) have obtained an age of 29.3 ± 2.0Ma from apatite fission tracks in the same sample. 

Therefore, the intrusion can be assigned a late Oligocene (Chattian) age with a reasonable degree of 

conviction. 

Petrologically, the intrusion is medium-coarse grained and is composed of plagioclase displaying 

polysynthetic twinning, biotite showing very occasional hydrothennal alteration to chlorite, and two pyroxenes 

(orthopyroxene and augite). The augite often displays repeated twinning parallel to the {001} plane (Fig. 

2.4i). All of these minerals are enclosed by an intercumulus phase of alkali feldspar which displays 

microperthitic exsolution of albite and gives the rock an ophitic texture. This mineral association and the 

notable absence of quartz, enables the intrusion to be classified as a monzodiorite. 

2.6. QUATERNARY SEQUENCES 

The youngest rocks in the Petrota Basin are alluvial sands and gravels which occur in the Paliorema and 

Gialon River valleys and in the immediate vicinity of the coast where they unconformably overlie all earlier 

lithologies of the basin. 

2.7. DISCUSSION AND CONCLUSIONS 

Figure 2.5 is a map of the geology of the Petrota Basin according to Frass et al., (1990) which enables 

a direct comparison with Fig. 2.1. Figure 2.6 summarises the stratigraphy established in this study with that 

proposed by Frass et al., (1990). This demonstrates that although there are many similarities between the 

petrological observations of the two studies, there are subtle differences between the two stratigraphic 

interpretations, which are highlighted in the ensuing discussion. 

In this study, the lithologies have been assigned to four major tectono-stratigraphic groups separated 

by major erosional unconformities. These four groups are as follows: 

(a) Mesozoic (pre-rift) sequences. 

(b) Eocene (late pre-rift or early syn-rift) sequences. 

(c) Oligocene (syn-rift) sequences and intrusions. 

(e) Quaternary (post-rift) sequences. 

According to this study, the Mesozoic sequences, include the low-grade metamorphic rocks of the Circum 

Rhodope group, which have been assigned a Permian to early Cretaceous age (Maratos & Andronopoulos, 

1965a, b, c; 1967), and the Petrota Gabbro Complex, which has been assigned a late Jurassic age of 140 ± 

46 Ma to 161 ± 31 Ma (Biggazzi et al., 1989). This is broadly similar to the stratigraphic succession of Frass 

et al. (1990). However, they have subdivided the Petrota Gabbro Complex into a "Main Fades" composed 

of "isotropic granular gabbros" cut by "leucocratic dykes", and an overlying sequence of "Cumulitic Gabbros" 

consisting of layered gabbros and ultramafics. They therefore conclude that the whole complex represents 

an inverted sequence which has been tectonically emplaced. However, in this study the occurrence of two 

lithologically distinct stratigraphic units was not observed and there was no obvious evidence for tectonic 
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Sdadgrmphic succeaaicm 
according to tbis study 

Stratignqphic successicm 
according to Fuss et al.. 1990 
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Syn-iift 

Late pre-rift to 
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Quatemaiy Alluvium Quaternary Alluvium 

Esochi Conglomerates Upper Limestone (Upper Eocene to Oligocene) 

UC3 

Askite Andesites 

Askite Dacites 

Askite Tuffs 

Petrota Tuffs 

Vrakos Andesites 

Esochi Rhyolites 

Calcareous Tuffs 
Lutetian Limestones 
Basal Conglomerates 

Petrcrta Gabbro Complex 

Circum Rhodope 

Rhyolite (rich in phenocrysts) 
Rhyolitic Breccia Tuff 
Rhyolitic Suite of Odontoton 
Tuff of Petrota 

- Rhyolitic Unit 

Rhyodacitic Breccia Tuff 
Dacitic Lava Sheets of Askite 
Banded Tuffs 
Altered and Weathered Tuffs 
Li^-coloured Rhyodacitic Basal Tuffs 

Dacitic to Rhyo-
dacitic Successim 

Biotite-bearing Andesite 
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Figure 2.6. Comparison between the stratigraphy of the Petrota Basin established in this study and that 

proposed by Frass et aL (1990). 
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emplacement in the form of pervasive shear fabrics. However, this does not necessarily preclude the 

possibility that this gabbro complex, and the associated ultramafic rocks, may represent a dismembered 

Mesozoic ophiolite sequence. 

Subsequent to the formation of the Mesozoic sequences, there followed a period of uplift and erosion 

which resulted in an erosional unconformity (UCl) and a major early Cretaceous to Eocene hiatus. The 

unconformity was then overlain by an Eocene sequence of basal conglomerates followed by Lutetian 

limestones and calcareous tuffs. Once again, this broadly agrees with the stratigraphic succession of Frass et 

al. (1990) except that they suggest that the Lutetian limestones stratigraphically overlie a tuffaceous unit (the 

Tuff-tuffite-interbedding) which implies that volcanic activity began during or prior to the Lutetian. This does 

not agree with the observation that the Lutetian limestones directly overlie the basal conglomerates on the 

coast at GR 371 518. Furthermore, a gradual change up-section from Lutetian limestones to calcareous tuffs 

can be observed in the Paliorema River valley. Therefore, it is possible to conclude that the calcareous tuffs 

overlie the Lutetian limestones and that volcanic activity was not initiated until after the Lutetian. 

Frass et al. (1990) have also recognised that the Lutetian limestones can be interpreted as a sequence 

of reef limestones which testifies to the existence of marine or lagoonal conditions during the Lutetian. The 

fact that the Lutetian limestones occur both within the Petrota Basin and on top of the Makri and Maronia 

units outside the main boundary faults, implies that the whole region, and not simply the Petrota Basin, must 

have been submerged at this time. Therefore, although these limestones may form part of an early syn-rift 

sequence related to basin formation during the Palaeogene, they cannot strictly be included in the syn-rift 

sequences of the Petrota Basin. Hence, they must be considered as late pre-rift or early syn-rift sequences. 

The Eocene sequences are rarely preserved in their entirety below a second erosional unconformity 

(UC2) which may represent another short period of uplift prior to the main phase of basin evolution and 

volcanism during the Oligocene. 

The point where the two interpretations start to diverge is in the Oligocene sequences. This is largely 

because Frass et al. (1990) categorise these sequences according to their petrological characteristics as 

opposed to their stratigraphic relationships and have therefore divided the volcanic rocks into an "Andesitic 

Succession", a "Dacitic to Rhyodafitic Succession" and a "Rhyolitic Unit". Because of the lack of stratigraphic 

continuity across the Petrota Basin it is difficult to draw up a precise stratigraphy for the Oligocene volcanics 

and volcaniclastics. However, the stratigraphy established in this chapter is based on overlapping relationships 

between the various lithologies. The base of the Oligocene sequences is marked by the Esochi rhyolites which 

occur in the southwestern quadrant of the basin and correspond to the "Rhyolites (rich in phenocrysts)" of 

Frass et al. (1990). These rhyolites probably represent the earliest syn-rift sequences since, unlike the Eocene 

sequences, they are confined to the Petrota Basin. The Esochi rhyolites are overlain by the Vrakos andesites 

and the Petrota tuffs which correspond to the "Two-pyroxene Andesites" and the "Tuff of Petrota" of Frass 

et al. (1990). These are then overlain by the Askite tuffs, which include the "Banded Tuffs" and the "Light-

coloured Rhyodacitic Basal Tuffs" of Frass et al. (1990), and are followed by the Askite dacites, which include 
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the "Dacitic Lava Sheets of Askite", the "Rhyodacitic Breccia Tuff" and the "Rhyolitic Suite of Odontoton" 

of Frass et al. (1990). The Askite dacites are then overlain by the Askite andesites which correspond to 

Biotite-bearing Andesite" of Frass et al. (1990). The Askite tuffs, dacites and andesites occupy a caldera-

shaped area around Askite, which appears to be delineated by a curvilinear ring fault which passes E-W 

through the siliceous intrusion of Odontoton and assumes an approximately N-S orientation in the centre of 

the basin. This ring fault also acts as the locus for late-stage hydrothermal alteration and silidfication (see 

Chapter 3). Finally, the youngest rocks belonging to the Oligocene syn-rift sequences are the Esochi 

conglomerates which overlie the rhyolites in the southwestern comer of the basin and ran be interpreted as 

an extremely fluidised mudflow (or lahar) deposit which probably washed off the slopes of pre-existing 

volcanoes. This lithology corresponds to the "Rhyolitic Breccia Tuff of Frass et al. (1990). 

The Oligocene volcanics and volcaniclastics are intruded by siliceous intrusions in two areas. The first 

is at GR 368 557 where the Vrakos andesites are intruded by the siliceous intrusion of Vrakos, whilst the 

second is at GR 346 538 where the Askite dacites are intruded by the siliceous intrusion of Odontoton. These 

intrusions may occupy the sites of relict volcanic vents or ring faults. Further late-stage alteration and 

silicification of the volcanics appears to be governed by tectonic features within the Basin, a point which was 

also recognised by Frass et al (1990). 

Another type of Oligocene intrusion occurs just outside the margins of the Petrota Basin where the 

metamorphic sequences of the Circum Rhodope group have been intruded by the Maronia monzodiorite. This 

intusion has been assigned a late Oligocene (Chattian) age of 28.7Ma to 29.8Ma on the basis of various 

chronological techniques (Biggazi et al., 1989; Del Moro et al., 1988; Kyriakopoulos, 1987). 

Finally, the Oligocene sequences end with a third erosional unconformity above which the Quaternary 

alluvium of the Paliorema and Gialon River valleys has been deposited as post-rift sequences. 
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CHAPTER 3: STRUCTURAL STUDIES IN THE PETROTA BASIN 

3.1. INTRODUCTION 

Chapter 2 demonstrated that the Petrota Basin is a Palaet^ene volcaniclastic basin, delineated by major 

boundary faults which trend 170°. However, the interpretation of the basin as a simple extensional basin which 

formed due to post-Lutetian E-W directed extension is incompatible with the pervasive N-S extensional 

regime which is thought to have existed throughout the Aegean region for much of the post-Lutetian period. 

In an attempt to provide more accurate constraints on the structural evolution of the Petrota Basin a rigorous 

analysis of lineament and fracture data was undertaken. This chapter presents the results of this analysis and 

goes on to propose a model for the structural evolution of the basin since the Lutetian. The chapter also 

includes a more general discussion of the structural complexity that results from the triaxial stress that is 

generated in zones of transtension. 

3.2. FAULT DATA 

Fault data were recorded from a number of localities throughout the Petrota Basin as follows. 

3^.L The main boundary faults 

The main boundary faults of the Petrota Basin are poorly exposed, so that no fault-slip data was 

obtained from the western boundary fault and only three fault-slip measurements were recorded on the 

eastern boundary fault. These three measurements are illustrated on Map 1 and include sinistral-normal fault 

anaeat( ]R:*8:%9, G R 3 # 3 # a n d ( % t 5 l 7 384. Howewsr, aeyafeckaHyLwmf&iaittoacarakly 

constrain the large-scale structural evolution of the basin, and so additional fault-slip data were required from 

various localities within the basin. 

322. Fault-slip data from the Lutetian limestones at GR 372 518 

Intmduction 

Figure 3.1 illustrates a faulted sequence of Lutetian limestones along the coast at GR 372 518. This 

locality is close to the eastern margin of the Petrota Basin such that the faulting may be regarded as a 

response to large-scale movements along the eastern boundary fault. The Lutetian limestones in this section 

are composed of a sequence of highly fossiliferous bedded limestones which directly overlie the Mesozoic 

Petrota Gabbro Complex and are themselves overlain by a sequence of massive nummulitic limestones. The 

whole sequence is cut by numerous faults and fractures (Figs. 3.2a & b). The vertical separation on some of 
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Figure 32. Photographs of faulting In the Lutetian limestones at GR 372 518. 

(a) Fault dipping at 547234° with sinistral-nomal fault striae plunging at 117152°. Photograph taken 

looking towards the north. 

(b) Fault dipping at 46°/050° with normal-dextral fault striae plunging at 44°/073°. Photograph taken 

looking towards the northwest. 

(c) An example of superimposed fault striae which are indicative of both strike-slip and dip-slip fault 

movements. 
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the faults exceeds 10m, but fault striae frequently indicate the occurrence of oblique-slip and even strike-slip 

movements, so that the actual displacements may greatly exceed the vertical separation. In addition, some 

of the faults display superimposed horizontal and vertical striae, indicative of polyphase movements and fault 

reactivation (Fig. 3.2c). Other faults, whose displacements are impossible to ascertain due to the fact that 

corresponding marker horizons are not exposed on both sides of the fault, display wide zones of fault gouge 

of up to 2m in width, which may be indicative of substantial displacements. A total of 128 fault orientations 

were recorded. 62 of the faults displayed fault striae and the fault-slip data from these faults is documented 

in Table 3.1. 

Fault plane Slip vector Sense of 
slip 

Comments 

Dip Azimuth Plunge Azimuth Pitch 

Sense of 
slip 

Comments 

51 260 40 213 55 N/S 

40 040 40 040 90 N 

46 297 24 233 34 N/S Offsets sinistral fault at 63/255 

43 295 34 255 55 N/S 

26 281 18 238 45 N/S 

82 216 81 192 85 N/S 

82 073 74 132 76 N/D 

68 244 67 258 83 N/S 

54 274 52 257 76 N/S 

35 270 34 252 76 N/S 

57 045 56 078 81 N/D Offsets sinistral fault at 40/022 

47 060 47 060 90 N 

64 260 64 260 90 N 

87 228 87 228 90 N 

60 240 60 240 90 N 

50 265 50 265 90 N 

64 087 64 087 90 N 

65 072 63 093 79 N/D 

40 272 40 272 90 N 

74 080 59 016 63 N/S 

40 274 40 274 90 N 

72 026 64 075 71 N/D 

63 047 55 090 67 N/D 

56 233 56 233 90 N 

74 223 67 175 73 N/S 

64 220 38 151 43 N/S 

35 224 34 200 77 N/S 

28 209 26 194 69 N/S 

63 051 63 051 90 N 

Table 3.1. Continued overleaf.., 
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Fault plane Slip vector Sense of 
slip 

Comments 

Dip Azimuth Plunge Azimuth Pitch 

Sense of 
slip 

Comments 

60 284 55 249 71 N/S 

46 050 44 073 75 N/D > 5m vertical displacement 

70 040 53 100 58 N/D Offsets normal fault at 57/228 

75 234 69 187 75 N/S Offsets sinistral fault at 78/081 

78 060 09 331 9 S/N 

73 066 06 339 6 S/N 

54 080 06 355 7 S/N 

65 078 07 351 8 S/N 

40 077 18 009 29 S/N 

56 275 06 189 7 S/N 

75 266 09 177 9 S/N 

78 081 05 352 5 S/N 

70 262 19 179 20 S/N 

78 273 14 186 14 S/N Offsets normal fault at 50/265 

75 272 06 184 6 S/N 

71 069 00 339 0 S 

60 243 22 166 26 S/N 

47 257 19 186 26 S/N Superimposed fault striae 47 257 

40 219 62 N/S 

Superimposed fault striae 

54 234 11 152 13 S/N > 10m vertical displacement 

58 076 19 359 23 S/N Superimposed fault striae 58 076 
58 076 90 N 

Superimposed fault striae 

52 252 10 170 13 S/N 

60 286 05 199 6 S/N > 5m vertical displacement 

63 255 22 176 25 S/N 

80 250 07 338 7 S/R 

85 063 31 148 31 S/R 

70 264 06 352 6 S/R 2m wide fault breccia 

90 220 40 130 40 D 

60 060 13 139 15 D/N 

65 222 14 306 6 D/N 

43 207 05 292 7 D/N 

82 010 07 099 7 D/N 

74 226 05 137 5 D/R 

70 045 03 316 5 D/R 

Table 3.1. Fault-slip data for the faulting in the Lutetian limestones at GR 372 518. 

The faults in Table 3.1 display a range of slip vectors which enables them to be categorised according 

to the classification outlined in Table 3.2. 
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Sense of slip Abbreviation Pitch Fault category 

Sinistral-reverse S/R <45° 
Strike-slip Sinistral S 0° Strike-slip 

Sinistral-normal S/N <45° 

Strike-slip 

Normal-sinistral N/S >45° 
Dip-slip Normal N 90° Dip-slip 

Nonnal-dextral N/D >45° 

Dip-slip 

Dextral-normal D/N <45° 
Strike-slip Dextral D 0° Strike-slip 

Dextral-reverse D/R <45° 

Strike-slip 

Table 32. Fault classification according to sense of slip 

The following criteria were used to determine the sense of slip: 

(a) Slickenside steps (Hancock, 1985; Petit, 1987). This was the most commonly used criteria. 

(b) Planar elements (e.g. bedding) offset across the fault plane. This enables the magnitude as well as the 

sense of slip to be uniquely established except where polyphase slip vectors are recorded, or where the 

fault striae are parallel to the lineation formed by the intersection of the fault plane and the offset 

plane. This criteria was difficult to use in practice since the massive limestones lack internal marker 

horizons so that the criteria could only be used in cases where the faults at least partially cut the 

sequence of bedded limestones. 

(c) Offset features on the fault plane (e.g. cavities, fossils or stylolites). Although this criteria is good in 

theory, it was difficult to find practical examples. 

Simple geometric analysis 

The first step in the data analysis involved the production of stereograms, contour plots and rose 

diagrams for the entire data set. Figure 3.3a displays a lower hemisphere stereographic projection of the poles 

to the fault planes, whilst Fig. 3.3b displays a lower hemisphere stereographic projection of the orientations 

of the slip vectors. Contour plots of this data are then illustrated in Figs. 3.3c & d. Figure 3.4a displays a rose 

diagram of the strike of all 128 faults, whilst Figs. 3.4b & c display rose diagrams of the strike of the dip-slip 

faults and the strike-slip faults respectively. Figures 3.4d, e & f illustrate the dip of the fault planes for the 

entire data set and the resolved subsets of dip-slip and strike-slip faults and finally Fig. 3.5 illustrates the pitch 

of all of the fault striae. These diagrams illustrate the following points of interest: 

(a) Figure 3.4a demonstrates that the faults show two predominant modal orientations of approximately 

170° and 140°. However, Fig. 3.3c demonstrates that the poles to the fault planes display a vague 

clustering about four modal orientations which display approximately orthorhombic symmetry. 

(b) Figure 3.5 demonstrates that there are two modal orientations of fault striae corresponding to dip-slip 

and strike-slip displacements. Figures 3.4b and c demonstrate that the dip-slip faults display two modal 
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' . . •• f . 

Figure 33. Lower hemsiphere stereographic projections and contour plots for the fault-slip data recorded 

in the Lutetian limestones at GR 372 518 (n=64). On the stereographic projections, crosses = sinistral-

reverse to sinistral-normal slip (S); open circles = dextral-reverse to dextral-normal slip (D); filled circles 

= normal-sinistral to normal-dextral slip. Contour plots illustrate the aerial frequency of overlapping 

circles drawn round each point with areas which represent 1% of the area of the stereographic projection. 

Contour intervals are n=2, n = 4 & n = 6. 

(a) Lower hemisphere stereographic projection of the poles to fault planes 

(b) Lower hemisphere stereographic projection of the slip vectors 

(c) Contour plot of the poles to fault planes 

(d) Contour plot of the slip vectors 
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Fault strike: 

140° 
170° 

(a) Total data set, n - 128 

180° 170° 

(b) Dip-slip data set, n - 35 (c) Strike-slip data set, n - 29 

Fault dip: 

2 4 6 8 10 12% 2 4 6 8 10 12% 2 4 6 8 10 12 14% 
0° m — : — : — : — : — : — ; 0° 

(d) Total data set, n - 128 (e) dip-slip data set, n • 35 (f) Strike-slip data s«, n - 29 

Figure 3.4. Rose diagrams illustrating the dip and strike of faults in the Lutetian limestones at GR 372 518. 

(a) to (c) illustrate the fault strike for (a) the total data set, (b) the subset of dip-slip faults, and (c) the 

subset of strike-slip faults. Likewise (d) to (f) illustrate the fault dip for (d) the total data set, (e) the 

subset of dip-slip faults, and (f) the subset of strike-slip faults. All rose diagrams use a moving average 

filter with a class interval of 15° and a sweep interval of 1°. 
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2 4 6 8 10 12 14 16 18% 

Stiike-dip vectors 

90° Dip-slip vectors 

Figure 3^ Rose diagram illustrating the pitch of the 64 slip-vectors recorded in the Lutetian limestones at 

GR 372 518. The rose diagram uses a moving average filter with a class interval of 15° and a sweep interval 

of 1° 

orientations of approximately 140° and 180° whilst the strike-slip faults display a single modal 

orientation of approamately 170°. 

(c) Figure 3.4d demonstrates that the faults display a range of dips from approximately 50° to 75° instead 

of two discrete dip orientations at 60° and 90° which might be interpreted as conjugate normal faults 

and vertical strike-slip faults respectively (Anderson, 1951). 

Palaeostress analysis 

The next stage of the analysis involved the use of the data presented in Table 3.1 to determine the 

nature of the stress regime that would be required to induce the observed pattern of faulting. Numerous 

methods of palaeostress determination have been developed (Aleksandrowski, 1985; Angelier, 1979, 1984; 

Angelier et al, 1982; Carey & Brunier, 1974; Etchecopar et al., 1981; Marrett & Allmendinger, 1990; Michael, 

1984; Molnar, 1983; Will & Powell, 1991). However, in this study, the "P-T dihedra" technique of Angelier 

& Mechler (1977) was used. This technique simply constrains the best-fit areas within which the stress axes 

should fall. Its advantage is that it is computationaly simple and provides an instant visual estimate of the 

orientation of the stress regime. Furthermore, it also indicates how consistent the data are with the inferred 

stress axes. The disadvantage of the "P-T dihedra" technique is that, unlike many of the other techniques of 

palaeostress determination, it does not provide a unique solution for the orientations of the principal axes 

of stress. 

The basic assumptions of the "P-T dihedra" technique are that all faults move independently in response 
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to the same mean stress tensor and that the faults slip in the direction of shear stress resolved on the fault 

plane. For each fault, the lower hemisphere of the stereographic projection is divided into four equal dihedra 

by the construction of the fault plane and an auxiliary plane orthogonal to the slip vector. Two of these 

dihedra are compressional "P-dihedra", and must contain Oj for the fault in question, whilst the other two are 

extensional T-dihedra" and must contain 03 for the same fault. When this process has been repeated for each 

fault, the stereographic projection is divided into a number domains and a numerical plot is obtained which 

displays the frequency of P-dihedra which fall within each domain. If all of the fault-slip data are a product 

of the same mean stress tensor, then there should be a restricted area which contains all of the P-dihedra. 

This constrains the orientation of Oj for the entire data set. If, however, there is no domain which contains 

all of the of the P-dihedra, then the data must be a product of more than one stress regime. These stress 

regimes can then be resolved by a more rigorous inspection of the data or by using computer techniques, such 

as that developed by Huang (1988). 

Figure 3.6a illustrates a numerical "P-T dihedra" plot for the fault-slip data set recorded at GR 372 518. 

This demonstrates that all 64 fault-slip data pairs are consistent with a single horizontal axis of extension (03) 

at approximately 050°. However, the axis of compression (a,) falls within a diffuse band which runs across 

the centre of the numerical plot. Furthermore, the maximum number of P-dihedra which coincide in any 

domain is only 58. This corresponds to 90.6% of the total data set and suggests that the data-set contains two 

or more discrete fault sets. There are two possible explanations for this. 

Firstly, the data may result from two discrete tectonic events. However, Table 3.1 indicates that the dip-

slip and strike-slip faults display mutual cross-cutting relationships and there are no distinct cross-cutting 

relationships between successive generations of faulting. 

Alternatively, the data may result from a single triaxial stress regime which resulted in the generation 

of both dip-slip and strike-slip faults to accommodate orthogonal components of plane strain. To assess this 

hypothesis, numerical "P-T dihedra" plots were prepared for the dip-slip faults (Fig. 3.6b) and the strike-slip 

faults (Fig. 3.6c). These plots demonstrate the following: 

(a) For the dip-slip faults, O3 has an orientation of approximately 050°, whilst Oj is has an orientation of 

140° and o, is vertical. This is consistent with the prediction that o, is vertical for dip-slip faults 

(Anderson, 1951). 

(b) For the strike-slip faults, O3 has an orientation of approximately 050°, whilst Oj has an orientation of 

140° and is vertical. This is consistent with the prediction that is vertical for strike-slip faults 

(Anderson, 1951). 

Therefore, although both fault sets can apparently be attributed to independent stress systems, the fact that 

03 has an approximately similar orientation for both of the resolved sets and the lack of any obvious fault 

chronology suggests that the two sets probably formed during the same tectonic event to accommodate 

orthogonal components of plane strain. The broader implications of this will be discussed in section 3.3. 

44 



\ 

r* o v0 m in 

so 10 pH 

CO 00 r* <0 o\ 

I 

: 
g 
II 
s 
a 

1 
3 

1 

3 
II 

c ^ T O in jn 

00 
R 

8 
Q£ 

i o 

a 

•o 
I 
s 

es 

,2 

1 

£ 

"S 

£ 
n 
K 

I 

R 
II 
B 

<2 



Chapter 3 

323. Fault and vein data from the Petrota Gabbro Complex at GR 360 520 

Figure 3.7a illustrates a small area of the Petrota Gabbro Complex which is exposed on the coast at 

GR 360 520. Here, the complex is dissected by a profusion of pegmatite veins, quartzo-feldspathic veins and 

faults whose orientations are represented in the stereogram and the rose diagram illustrated in Figs. 3.7b & 

c. The pegmatite veins display a modal orientation of approximately 145° and are clearly the earliest 

structures since they are offset by both the quartzo-feldspathic veins and the faults. The quartzo-feldspathic 

veins display three modal orientations of approximately 025°, 070° and 150° and the 070° set appears to offset 

both the 025° set and the 150° set. Finally, the whole complex is dissected by a number of faults which offset 

all previous structures and display two modal orientations of approximately 120° and 180°. These are relatively 

close to the modal orientations of 140° and 170° recorded for the faults in the Lutetian limestones at GR 372 

518 (see Fig. 3.4a). 

3^.4. Fault-slip data from the Petrota tuffs at GR 362 546 

Figure 3.8a illustrates a highly faulted area of the Petrota tuffs at GR 362 546. This locality lies on a 

linear zone of silicification with an orientation of approximately 005° which is illustrated on Map 1. 20 fault-

slip data pairs were recorded at this locality and the orientations of the faults are illustrated on the rose 

diagram in Fig. 3.8b This demonstrates that the faults display two modal orientations of approximately 000° 

and 090°. The slip data indicate that the faults display a range of movement senses from sinistral-normal 

through normal to dextral-normal. However, there is no clear indication that any particular sense of 

movement is characteristic of a group of faults with a specific orientation. Figure 3.8d illustrates a "P-T 

dihedra" plot which was obtained by the palaeostress technique described in Section 3.2.2. This demonstrates 

that most of the faults are consistent with a stress regime in which o, was vertical and O3 had an orientation 

of approximately 100°. This is incompatible with the 050° orientation of a , that was obtained for the faulting 

in the Lutetian limestones at GR 372 518 (see Fig. 3.6a) and therefore requires an alternative explanation, 

which will be discussed later in this chapter. 

32S. Fault-slip data from the Petrota tuffs at GR 359 539 

Figure 3.9a illustrates an area of faulting in the Petrota tuffs exposed in a cave at GR 359 539. This cave 

lies on a lineament with an orientation of 150° which can be detected on the aerial photographs and is 

illustrated on Map 1. At this locality, six fault-slip data pairs were recorded. The strike of the fault planes 

ranged from 114° to 180° and all of the faults displayed striae indicative of sinistral to sinistral-normal slip. 

Figure 3.9d illustrates a "P-T dihedra" plot which was obtained by the palaeostress technique described in 

Section 3.2.2. This demonstrates that all six faults recorded at this locality conform to a palaeostress regime 

in which o, was vertical and a , was horizontal with a NE-SW orientation. This palaeostress regime is similar 

to that obtained for the faulting in the Lutetian limestones at GR 372 518 (see Fig. 3.6a) and therefore, it 

is possible that the faulting at both of these localities can be attributed to the same tectonic event. 
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Coarse volcanic breccia 

43/304 

CP 

(b) Rose 
diagram 

(c) Stereogram of faults 
and slip vectors 

(d) "P-T dihedra" plot 

Figure 3^. (a) Sketch of faulting in the Petrota tuffs at GR 362 546. (b) Rose diagram illustrating the 

orientation of faulting. This uses a moving average filter with a class interval of 15° and a sweep angle of 

1°. (c) Lower hemisphere stereographic projection of the fault planes and slip vectors (d) P-T dihedra plot. 
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Figure 3.9. (a) Sketch of faulting in the Petrota tuffs at GR 359 539. (b) Rose diagram illustrating the 

orientation of faulting. This uses a moving average filter with a class interval of 15° and a sweep angle of 

1°. (c) Lower hemisphere stereographic projection of the fault planes and slip vectors (d) P-T dihedra plot 
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3JZ .̂ Additional fault-slip data 

Additional fault-slip data were recorded at isolated localities throughout the Petrota Basin and are 

illustrated on Map 1. Two notable examples include: 

(a) Sinistral-normal striae plunging at 28°/300° were recorded on a fault plane dipping at 727020° in a 

linear zone of silicified volcanics with an orientation of approximately 130° at GR 380 553. The 

orientation of this linear zone of silicification is oblique to the basin margins and closely coincides with 

the modal orientation of 140° recorded for the faults in the Lutetian limestones at GR 372 518 (see Fig. 

3.4a). 

(b) Dextral-normal striae plunging at 58°/233°, 567232°, 52°/231° and 57°/233° were recorded on a fault 

plane dipping at 85°/150° at GR 386 516, approximately 300m east of the eastern boundary fault of the 

Petrota Basin. This fault has a large vertical displacement (>10m) with a downthrow to the SSE and 

juxtaposes coarse Neogene conglomerates against the metamorphic sequences of the Makri Unit. The 

fault striae and the alignment of clasts in the conglomerates immediately adjacent to the fault plane 

provide conclusive evidence for Neogene activity on this fault. 

32.7. Conclusions 

The data presented in the preceding section highlights the structural complexity of the Petrota Basin. 

The following important conclusions are worth emphasising: 

(a) All of the faults observed in the Petrota Basin were either extensional or strike-slip and no thrusts were 

identified. 

(b) 03 for the total fault-slip data set recorded in the Lutetian limestones at GR 372 518 has an orientation 

of 050° which is oblique to the basin margins and suggests that the Petrota Basin cannot be regarded 

as a simple extensional basin which formed in response to E-W extension. 

(c) The interchange between o, and for the dip-slip and strike-slip faults in the Lutetian limestones at 

GR 372 518 suggests that o, = Oj > > 03 which occurs during conditions of transtension (McCoss, 1986, 

1987b). 

Therefore, it is possible that the Petrota Basin may have formed in response to a phase of transtension at 

some stage since the Lutetian. In order to assess this hypothesis, Section 3.3 provides a review of current 

models of transpression - transtension and triaxial strain accommodation and investigates how these might 

apply to the Petrota Basin. 

3.3. TRANSTENSIONAL MODELLING OF THE PETROTA BASIN 

3J.1. Introduction 

The importance of a complete "tectonic spectrum" between the well-established plane strain end 

members of extension, transcurrent wrench and compression was first emphasised by Harland (1971) who 
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adopted the terms transpression and transtension to describe the style of deformation resulting from the 

oblique convergence or divergence of two rigid tectonic margins. Sanderson & Marchini (1984) developed 

these concepts through a more rigorous mathematical analysis of the triaxial rotational strain which develops 

in zones of oblique convergence or divergence. This model has been developed by McCoss (1986, 1987b, 

1988) wrho empha&uKxl AeimpoftaDce ofcddiquc dispAaoamentio dkeipmeraUoncf a raqgc of(,ne,datk,m[ 

of dnicbmss and m(«ren%,:nt%,]Fosacn jk TTIudT (ISKK*) lumc hkCorpKmikd volume chwyp: into die modbl. 

Numerous empirical studies of transpression have appeared in the geological literature. However, apart from 

the work of Withjack & Jamison (1986), there are few studies dealing specifically with transtension and there 

Lsstm a b;ndei:cyf(* mawiygpsologlab to Uiudk oftwisuKin cUsregpurUiqgtheadKects 
of triaxial strain. 

33 J . Sanderson & Marchini's model of transpression - transtenslon 

Although Sanderson & Marchini's mathematical analysis deals with zones of transpression, their analysis 

caters for zones of transtension which they regard as negative transpression. The fundamental assumption 

of their model is that deformation in any zone of transpression or transtension can be factorised into pure 

shear and simple shear components. In zones of transtension, the deformation matrix (D) is given by: 

(Eq. 3.1) 

v/here p qpecKes die sUxdkjhix:npen(«c,daf to die zonetxaunckiriea, p ' tsliH:t%%lical,x)nipoiK:nt (if stretch 

and Y w the shear strain parallel to the zoiie (Fy;. 3.10). In dus eqiuidoi^ p re,,k.o%s « ' in die niodel of 

Sanderson & Marchini (1984) since this is consistent with the p-factor of McKenzie (1978) which expresses 

the amount of extension across extensional basins. Although the two strain matrices in Eq. 3.1 are non-

commutative this does not necessarily imply any sequence of deformation. The order of matrix multiplication 

K Simply chosen for mathematical convenience such that y is the shear strain parallel to die zone. Progressive 

deformation can be modelled by sequentially pre-muldplying successive incremental strain matrices. 

P and Y can also be expressed in terms of the degree of extension perpendicular to the zone (E) and 

the angle of zone boundary divergence (A): 

(1 Y 0 ^1 0 0 'l PY 0 

D = 0 1 0 0 p 0 = 0 P 0 

0 0 1> p 0 r\ 0 0 p - \ 

and: 

P = ( 1 + £ ) 

Y = tan* = £ ( 1 + £ )"' tan (180° ->4) = - £ ( 1 + £ )-i tmA 

(Eq. 3J) 

(Eq. 3 J) 

In these equations, E substitutes for -S in the model of Sanderson & Marchini (1984) and A is measured 

from the zone normal and is conventionally >90" for transtension (McCoss, 1986, 1987b). 
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Figure 3.10. (a) Block diagram, and (b) plan view, illustrating the parameters used when describing 

transtension (modified after Sanderson & Marchini, 1984). 
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< 3 

Zone boundary Zone boundary 

Figure 3.11. Diagram illustrating the application of the McCoss construction for a zone of transtension 

(modified after McCoss, 1986). 

333 . The McCoss construction 

McCoss (1986, 1987b) used the assumptions of the Sanderson & Marchini model to derive a simple 

geometric construction for determining the orientations of the principal axes of infinitesimal strain (or the 

principal axes of stress) in any zone of transpression or transtension. This construction is illustrated in Fig. 

3.11. 

The underlying principle behind this construction is that, in a zone of transtension, the angle (6) 

between the zone normal and the short axis of infinitesimal strain in the horizontal plane (e^) is given by: 

tan26 2Y 

P- 1 
(Eq. 3.4) 

(see Ramsay & Huber, 1983; Appendix B). By substituting Eq. 3.2 and Eq. 3.3 into equation Eq. 3.4, tan28 

can be written in terms of E and A: 

tan26 = -2 tanA - 2 E tan/4 

E tan^X - 2 - E 
(Eq. 3.5) 

Now, as E - 0, tan20 - tanA, and therefore 6 - A/2. 

In the circle illustrated in Fig. 3.11, A represents the angle between the zone normal (XY) and the 

relative displacement vector between the zone boundaries (S). Therefore, the angle between the zone normal 

(XY) and the chord (XZ) will be A/2. Since 6 - A/2 for infinitesimal strains, the chord (XZ) will be parallel 
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to the short axis of infinitesimal strain in the horizontal plane ( e j . Therefore, this simple geometric 

construction can be used to determine the orientations of the principal axes of infinitesimal strain, given a 

knowledge of the orientation of the zone boundaries and the relative displacement vector between them. 

33.4. The problem of rotational finite strain 

Because transpressive or transtensile strain is mherently rotational, structural orientations cannot be 

used to predict the angle of convergence or divergence in zones displaying a high degree of finite strain, 

unless additional constraints are known concerning the amount of finite strain and the degree of rotation of 

the structures. Figure 3.12a demonstrates that the degree of rotation of structures in zones of transtension 

is a function of the angle of divergence (A) and the amount of extension perpendicular to the zone (E) and 

is given by: 

lane' = ^ (Eq. 3.6) 

where 6 is the initial orientation of a structure with respect to the zone normal before transtension and 6' 

is the orientation of the same structure with respect to the zone normal after a finite degree of transtension. 

Figure 3.12b is a graph illustrating how the orientation of extensional structures is dependant on this function. 

3-3.5. Application of the McCoss construction to the Petrota Basin 

Before the McCoss construction can be applied to the Petrota Basin two important assumptions must 

be made: 

(a) The faulting in the Lutetian limestones at GR 372 518 is representative of essentially homogeneous 

deformation throughout the Petrota Basin. This assumption is supported by the fact that faults with 

similar orientations and kinematics to those in the Lutetian limestones at GR 372 518 can be observed 

elsewhere in the Petrota Basin, notably in the Petrota Gabbro Complex at GR 372 518 (see Section 

3.2.3) and in the Petrota tuffs at GR 359 539 (see Section 3.2.5). 

(b) The degree of extension across the Petrota Basin is negligible so that strain is effectively infinitesimal 

and therefore, the degree of rotation of structures from their initial orientations is also negligible. This 

assumption is supported by the fact that the extension of the coastal section illustrated in Fig. 3.1 is 

clearly less than 5%. 

Because stress and infinitesimal strain are coaxial, the maximum principal axis of infinitesimal strain (e,) is 

ccKudal with Che niuihiHioi,)ru,di)d axis of dress (Oj .̂TTherefor,:, the AicCcss com*ru(*ion cantx: used to 

prexUcl the aiy^e of dGvergenos of the ()fthe Patr()bl3asin using the orientatkm of o, vduchwas 

obtained from the palaeostress analysis of the faulting in the Lutetian limestones at GR 372 518. The 

application of the McCoss construction to the Petrota Basin is illustrated in Fig. 3.13. This demonstrates that 

if Oj is assumed to have an orientation of 050° and the margins of the Petrota Basin have an orientation of 
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Figure 3.12. (a) Schematic diagram and (b) graph illustrating the degree of rotation of extensional 

structures in zones of transtension as a function of the angle of divergence (A) and the amount of extension 

perpendicular to the zone (E). 6 is the initial orientation of the structure with respect to the zone normal 

and 6' is the orientation of the same structure with respect to the zone normal after a finite degree of 

transtension. 
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Figure 3.13. Application of the McCoss construction to the Petrota Basin. 

approximately 170°, then the angle of basin margin divergence (A) will be 120°. This implies that the Petrota 

Basin was subjected to a phase of sinistral transtension at some stage after the Lutetian and that the relative 

displacement vector of the basin margins would have fcad an orientation of approximately 020°. 

Figure 3.14 illustrates the entire "tectonic spectrum" from plane compression through to plane extension 

and demonstrates that the value of A = 120° lies within the field of general extension where e, is vertical and 

ei > 0 > ej > ej. However, the value of A = 120° is close to the point of axially symmetric transtension 

(/UST-T) **u(*i,*ccurs wlien 109.5° QWcCkxMs 19**), ISKm,). / I t l ius point e, > 0 :> aiwiliiercfDre 

Oj = Oj. This may account for the interchange between o, and for the dip-slip and strike-slip faults in the 

Lutetian limestones at GR 372 518, which is illustrated by the diffuse band which runs across the centre of 

the numerical "P-T dihedra" plot for the total fault-slip data set (Fig. 3.6a). 

33.6. Models of triaxial strain accommodation 

Triaxial strain is an inherent feature of zones of transpression and transtension but the mechanism of 

triaxial strain accommodation is a complex process that still not fully understood. Figure 3.15 illustrates the 

orientations of fractures that will be produced throughout the "tectonic spectrum" according to two alternative 

models of triaxial strain accommodation. These two models are as follows: 
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ASTT " Axially Symmetric Transtension ASTP - Axially Symmetric transgression 

Figure 3.14. Schematic representation of the "tectonic spectrum" (modified after McCoss, 1987b). 

(a) The strain partitioning model (McCoss, 1987b) 

McCoss (1987b) proposed a mechanism of triaxial strain accommodation based on the model of faulting 

of Anderson (1951) which assumes that fault orientations are governed by the Coulomb failure criterion. 

McCoss (1987b) argued that triaxial strain can be accommodated by a partitioning of strain between 

"primitive" and "supplementary" uniaxial or biaxial structures which accommodate orthogonal components of 

plane strain. Uniaxial structures include stylolites, cleavages, veins and dykes, whereas biaxial structures 

include conjugate shear fractures, folds and boudins. 

McCoss (1987b) suggested that strain may be partitioned temporally and/or spatially. In his model of 

temporal strain partitioning, McCoss (1987b) proposed that uniaxial or biaxial "primitive" structures are 

initiated when the maximum differential stress exceeds the Coulomb failure criterion. However, because 

"primitive" structures can only accommodate plane strain, the residual component of stress in the orthogonal 

plane will continue to increase until ultimately the stress axes will swap and the Coulomb failure criterion 

will once again be exceeded. This results in the initiation of "supplementary" structures which accommodate 

an orthogonal component of plane strain. The process of "axis swapping" then repeats itself in cyclical fashion. 

Alternatively, triaxial strain may be accommodated by through-going Unked fracture systems in which 

the horizontal and vertical components of plane strain are accommodated in separate domains of "primitive" 

and "supplementary" structures. 
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Figure 3.15. Lower hemisphere stereographic projections of the fractures required to accommodate constant 

volume triaxial strain according to the strain partioning model of McCoss (1987) and the "slip model" of 

Reches (1978,1983). Small open circles represent poles to fault planes. 
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(b) The 'slip modet (Reches, 1978, 1983) 

In this alternative model of triaxial strain accommodation, Reches (1978, 1983) has argued that the 

recognition of "simultaneous faulting on multiple fault sets is inconsistent with explanations of faulting based 

on stress criteria of failure" and suggested that Anderson's models of conjugate faulting represent a special 

case of plane strain deformation that can be incorporated in a more general theory of triaxial deformation. 

The "slip model" is based on six fundamental assumptions; 

(a) The body to be deformed contains many pre-existing randomly oriented planes of discontinuity. 

(b) Deformation occurs only by sUp along sets of faults resulting in simple shear parallel to each set (i.e. 

volume is constant). 

(c) There is a sufficient density of faults so that deformation can be assumed to be homogeneous. 

(d) The resistance to slip is both cohesive and frictional. 

(e) The faults that are activated are those that minimise the dissipation of deformation. 

(f) Strain is infinitesimal and therefore its axes are coaxial with the principal axes of stress. 

Reches (1978, 1983) used tensor analysis to show that, for constant volume deformation, four sets of faults 

are required to accommodate general non-rotational triaxial deformation. The activated faults will display 

orthorhombic symmetry about the principal axes of infinitesimal strain and will accommodate equal 

magnitudes of slip. The direction cosines of these four sets of "preferred faults" are functions of the strain 

ratio (k = e^/e,) and the angle of internal friction (<()). 

Figures 3.16a & b illustrate the orientations of the poles to the four sets of "preferred faults" that will 

result from the range of k and * values encountered during transtension, whilst Figs. 3.16c & d illustrate the 

orientations of the corresponding slip vectors on these four sets of faults. Krantz (1988) has shown that for 

infinitesimal strains, the angle (a) between ej and each orthorhombic fault pair in the plane containing ê  and 

the axis which carries the same sign (which is e, in the case of transtension), is a simple function of the strain 

ratio (k) and is given by; 

tan^a = k (Eq. 3.7) 

The angle (6) between e, and the conjugate faults of each orthorhombic pair is a function of the angle of 

internal friction (<j)) and is independent of the strain ratio (k). The Coulomb failure criterion predicts that 

6 is given by: 

6 = 45 - — 2 (Eq. 3 J ) 

Therefore, if * and k are known, then it should be possible to predict the orientations of the four sets of 

"preferred faults " that will accommodate triaxial strain according to the "slip model" of Reches (1978,1983). 
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Figure 3.16. Lower hemisphere stereographic projections illustrating the orientations of the poles to the four 

sets of "preferred faults" and their corresponding slip-vectors formed during constant volume prolate strain 

(i.e. transtension) according to the "slip model" of Reches (1978,1989). The poles to the fault planes and 

the orientations of the slip vectors occur at the intersection of the small circles representing * values and 

the great circles representing k values, where 4> is the angle of internal friction and k is the strain ratio, 

which is given by e^/ej. 0 is the angle between e, and each fault belonging to a conjugate pair in the e,-e3 

plane and a is the angle between the conjugate pairs in the ê -Cj plane. 
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33.7. Application of models of triaxial strain accommodation to the Petrota Basin 

According to the strain partitioning model of McCoss (1987b), triaxial strain can be accommodated by 

a combination of "primitive" and "supplementary" structures. In the Petrota Basin these will include both 

conjugate normal faults and sinistral and dextral Reidel shears. The strike of the conjugate normal faults will 

be parallel to e, which, in this case, is assumed to have an orientation of 140°. The faults will also be bisected 

by e, and the dihedral angle (26) between them can be calculated from Eq. 3.8. If <(> is assumed to be 30°, 

then 28 will be 60°. Therefore, the conjugate normal faults will have predicted orientations of 60°/050° and 

60°/230°. Similarly, the Reidel shears will be bisected by 6% and the dihedral angle (20) between them will 

also be 60°. Therefore, sinistral Reidel shears wUl have predicted orientations of 170°, whilst dextral Reidel 

shears will have predicted orientations of 110°. 

The two modal orientations of 140° and 170° obtained for the faults in the Lutetian limestones at GR 

372 518 (Fig. 3.4a) correspond to the predicted orientations of conjugate normal faults and sinistral Reidel 

shears, but there is no modal orientation of 110° which corresponds to the predicted orientations of dextral 

Reidel shears. However, Fig. 3.3c demonstrates that the faults belonging to the 170° fault set are not vertical, 

as would be expected for Reidel shears, but their poles display a clustering about two modal orientations of 

23/080 and 18/255. Likewise, the faults belonging to the 140° set do not display dips of 60°, as would be 

expected for normal faults, but display a clustering about two additional modal orientations of 32/055 and 

25/227. These four modal orientations exhibit appro)dmately orthorhombic symmetry and may be interpreted 

as the poles to four sets of preferred faults" that would be required to accommodate triaxial strain by 

simultaneous oblique-slip according to the "slip model" of Reches (1978,1983). If this is the case, then k and 

* will have values of approximately 0.6 and 30° respectively and e, will have an orientation of approximately 

060°. 

Figure 3.3b demonstrates that the slip vectors largely fall into distinct groups of predominantly dip-slip 

and predominantly strike-slip vectors. However, oblique-slip vectors, which would conform to the "slip model" 

of Reches (1978,1983), do occur in the southeastern half of the stereogram. This suggests triaxial strain may 

have been accommodated by a complex process involving both the strain partitioning model of McCoss 

(1987b) and the "slip model" of Reches (1978,1983). Figure 3.17 illustrates a hypothetical model which might 

account for the faulting in the Lutetian limestones at GR 372 518 and throughout the Petrota Basin generally. 

3J.8. Discussion 

The most important conclusion of this study is that the identification of two palaeostress regimes in 

which 03 has a common orientation, does not necessarily imply that there were two discrete tectonic events. 

This was recognised by Angelier et al. (1985), who remarked that Neogene faulting in the vicinity of the 

Hoover Dam, Nevada, could be attributed to "two distinct stress fields with subhorizontal O3 axes" and that 

in both of these stress fields "the o, and axes permutate in two vertical planes because o, and 

are close in value relative to 03." Angelier et al. (1985) also suggested that "strike-slip and dip-slip faulting 
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Figure 3.17. Schematic model for the evolution of faulting in the Lutetian limestones at GR 372 518. 

(a) Post Lutetian sinistral transtension of the Petrota Basin generates a triaxial stress regime in which 

Oi is vertical and Oj has an orientation of 050°. The stress regime is accommodated by the partitioning 

of strain between "primitive" and "supplementary" structures according to the strain partitioning 

model of McCoss (1987). This results in the formation of conjugate normal faults, sinistral Reidel 

shears, and to a lesser extent, dextral Reidel shears with orientations of approximately 140°, 170° and 

110° respectively. Great circles represent the orientations of the fault planes, whilst small circles 

represent the poles to fault planes. 

(b) The accommodation of a greater component of simple shear on the main boundary faults results in 

the clockwise rotation of the relative displacement vector (S') to 040° and the rotation of Oj to 060°. 

As the rocks become increasingly faulted it may become more efficient to accommodate triaxial strain 

by oblique-slip on four sets of "preferred faults" with orthorhombic symmetry according to the "slip 

model" of Reches (1978, 1983). Therefore, the 140° fault set would steepen, whilst the 170° fault set 

would become more inclined. Crosses represent the poles to the four sets of "preferred faults". 
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alternated in time during the second stage of deformation and may have done so during the first. These 

mixed mode movements probably represent osciUations in time and space rather than discrete stress 

reorganisations." This conclusion apparently corroborates the strain partitioning model of McCoss (1987b). 

The strain partitioning model of McCoss (1987b) is also supported by his own experimental observations 

(McCoss, 1987b) and those of Withjack & Jamison (1986) and Naylor et al. (1986). However, it must be 

emphasised that, as Withjack & Jamison (1986) have pointed out, the Andersonian models adopted by 

McCoss (1987b) appear to break down near the point of axially symmetric transtension (ASTT) which occurs 

when A = 109.5°. At this point, two of the principal infinitesimal strains (e^ and e,) are equal and the clay 

models of Withjack & Jamison (1986) display mfinitesimal deformation involving a rhombohedral system of 

strike-slip, oblique-slip and normal faults, instead of the simple system of conjugate normal faults and Reidel 

shears predicted by McCoss (1987b). These experimental observations are supported by observations of 

faulting in the Gulf of California and the Gulf of Aden (Withjack and Jamison, 1986) where oblique rifting 

has taken place. 

The slip model" of Reches (1978, 1983) employs a fundamentally different approach to the study of 

faultmg than that of Anderson (1951) and McCoss (1987b), since it analyses the accommodation of strain by 

slip on pre-existing faults as opposed to their formation according to a specified yield criterion. As a result, 

the model cannot be directly applied to the yielding of an unfaulted body. However, the validity of the "slip 

model" hinges on the identification of coeval fault sets. McCoss (1987b) argued that the experiments of 

Reches & Dietrich (1983) display evidence for the swapping of stress axes during progressive deformation, 

which contradicts the basic tenet of the "slip model" that slip on each fault set is simultaneous. This appears 

to reinforce the validity of the strain partitioning model of McCoss (1987b). Furthermore, Aydin & Reches 

(1982) have described distinct crosscutting relationships between the orthorhombic fault sets in the Entrada 

and Navajo sandstones of southeastern Utah, which suggests that even if the fault sets belong to the same 

tectonic event they cannot be truly coeval. 

Despite these inconsistencies, evidence for the existence of orthorhombic fault sets appears to be 

corroborated by the experimental observations of Oertel (1963), Reches & Dietrich (1983) and Withjack & 

Jamison (1986) and the field observations of Thompson & Burke (1974), Aydin & Reches (1982), Withjack 

& Jamison (1986) and Krantz (1988). Therefore, the fact that the model retains a degree of empirical support 

cannot be disputed. 

It is possible that triaxial strain may be accommodated by a complex process involving both the strain 

partitioning model of McCoss (1987b) and the "slip model" of Reches (1978, 1983). For example, triaxial 

stram may be accommodated by strain partitioning between "primitive" and "supplementary" structures during 

the early stages of faulting, with oblique-slip on hybrid fractures beginning to operate to a greater extent as 

deformation continues and the rocks become increasingly faulted. 
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3.4. INTERPRETATION OF ADDITIONAL FAULT DATA 

Although post-Lutetian transtension of the Petrota Basin can account for the faulting in the Lutetian 

limestones at GR 372 518 and in the Petrota Gabbro Complex at GR 360 520 and the Petrota tuffs at GR 

359 539, it fails to account for the faulting in the Petrota tuffs at GR 362 546 and the Neogene faulting at 

GR 586 516. Therefore, both of these examples of faulting require alternative explanations. 

It was noted earlier that the faulting in the Petrota tuffs at GR 362 546 lies on a linear zone of 

silicification with an orientation of approximately 005°. However, this zone of silicification appears to form 

part of a longer discontinuous curvilinear arc which acts as a locus for silicification and passes W-E through 

the siliceous plug of Odontoton before assuming a more northerly orientation in the centre of the Petrota 

Basin. This curvilinear arc delineates the southern limit of the Askite volcanics and may therefore be 

interpreted as a relict ring fault related to Oligocene caldera collapse. If this hypothesis is correct then the 

100° orientation of 03 that was obtained for the faulting in the Petrota tuffs at GR 362 546 may be interpreted 

as the product of radial extension associated with caldera collapse. 

The 060° Neogene fault at GR 586 516 can be regarded as the product of an even later tectonic event 

which has been superimposed on the pre-existing structure of the Petrota Basin. Unfortunately, one fault is 

insufficient to accurately constrain the precise kinematics of this tectonic event but the dextral-normal slip 

on the fault plane and the large downthrow to the SSE can be tentatively regarded as the result of 

approximately N-S extension. 

3.5. CONCLUSIONS 

The major structural features of the Petrota Basin can be accounted for by the following general model 

for the evolution of the basin since the Lutetian: 

(a) Post-Lutetian sinistral transtension of the Petrota Basin may have been responsible for the formation 

of many of the faults with NW-SE to N-S orientations. 

(b) This transtension may have been contemporaneous with the Oligocene volcanic activity, which included 

the formation of the Askite caldera, since many of the faults with NW-SE to N-S orientations cross-cut 

the volcanics. 

(c) N-S extension during the Neogene was almost certainly responsible for the fault delineating the 

southern margin of the Makri Unit, which is exposed on the coast at GR 586 516, and may also be 

responsible for the formation of many additional faults with NE-SW to E-W orientations throughout 

the Petrota Basin. 
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CHAPTER 4: LITHOSTRATIGRAPHY OF THE NORTHERN MARGIN 

OF THE KOMOTINI BASIN 

4.1. INTRODUCTION 

The Palaeogene cover sequences, which are preserved along the northern margin of the Komotini Basin, 

provide a unique insight into the early Tertiary evolution of the basin. However, before proceeding with a 

more detailed structural investigation of these sequences, it is necessary to establish a basic stratigraphic 

framework. Unfortunately, with the exception of the 1:200 000 scale map of Dimadis & Zachos (1986), there 

are no available publications referring to this area and so this chapter attempts to establish a basic 

stratigraphic framework for further studies. Map 2 is a 1:25,000 scale map of the area which is simplified in 

Fig. 4.1, whilst Fig 4.2 provides three cross-sections across the margin which illustrate the basic stratigraphic 

and structural relationships. Figure 4.3 summarises the stratigraphy which comprises 5 major lithostratigraphic 

sub-divisions: 

(a) The Rhodope group 

(b) The Drosia Unit 

(c) The Fillira Unit 

(d) Palaeogene cover sequences 

(e) Neogene and Quaternary sequences 

All grid references in this chapter and Chapter 5 are given as 6-figure references expressing the minutes and 

tenths of a minute east and north of an origin at 25° E, 41° N. 

4.2 THE RHODOPE GROUP 

The Rhodope group, which delineates the northern margin of the Komotini Basin, can be sub-divided 

into two separate sub-groups: the Central Rhodope sub-group and the Eastern Rhodope sub-group. 

4Jt.l. The Central Rhodope sub-group 

The southern margin of the Central Rhodope sub-group, between Pandrosos and Kato Drosini, shows 

great lithological diversity. It is dominated by amphibolitic orthogneisses with an igneous protolith. These 

orthogneisses are exposed at GR 311 119, beneath the road bridge across the Amigoualorema River, 

immediately south of Paterma. Here they occur as highly contorted melanocratic bands with occasional 

concordant leucocratic quartzo-feldspathic bands and quartz lenses (Fig. 4.4a). The whole sequence has been 

cross-cut by a pervasive array of quartzo-feldspathic veins and has subsequently been disrupted by late stage 

fracturing, which frequently results in brecciation. 
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Figure 4.4. Photographs and photomicrographs of selected lithologies from the Central and Eastern 

Rhodope sub-groups and the Drosia Unit PPL = plane polarised light; XPL = crossed polarised light. 

(a) Photograph of highly deformed amphibolitic orthogneisses beneath the bridge across the 

Amigoualorema River at GR 311 119. Length of hammer shaft = 40cm. 

(b) Photomicrograph of Sample CRS-3 in PPL: Amphibolitic orthogneiss from the Central Rhodope sub-

group at GR 343135 showing a garnet porphyroblast surrounded by quartz, plagioclase and hornblende. 

The garnet contains discordant inclusion trails of quartz and plagioclase but does not have any pressure 

shadows. Field of view = 2.8 x 4.2 mm. 

(c) Photomicrograph of Sample CRS-4 in XPL: Granulite from the Central Rhodope sub-group at GR 269 

111 showing quartz, feldspar and muscovite. Field of view = 1.4 x 2.1mm. 

(d) Photomicrograph of Sample ERS-1 in PPL: Leucocratic mylonite from the Eastern Rhodope sub-group 

at GR 349 124 showing quartzo-feldspathic augen separated by interstitial layers of highly sheared 

muscovite. Field of view = 1.4 x 2.1mm. 

(e) Photograph of leucocratic mylonites in the Eastern Rhodope sub-group at GR 420 084 in the Platirema 

River. These mylonites have a planar foliation which dips at 03''/205° and a prominent mineral 

stretching lineation which plunges at 08°/IS?". Diameter of lens cap = 6cm. 

(f) Photograph of melanocratic augengneisses in the Eastern Rhodope sub-group at GR 479 067. These 

mylonites display a prominent mineral stretching lineation which plunges at 16''/195° on foliation 

surfaces dipping at 23''/218''. Length of pencil = 8cm. 

(g) Photograph of folding in the calc-mylonites of the Drosia Unit at GR 386 102. The black layers are 

graphitic layers. The folds re-fold the earlier mylonitic foliation and display sub-horizontal ENE-WSW 

trending axes and a northerly vergence with moderately inclined axial planes dipping at approximately 

40°/158°. Length of hammer shaft = 40cm. 

(h) Photomicrograph of Sample D-6 in XPL: Graphitic calc-mylonite from the Drosia Unit at GR 386 102 

displaying a polycrystalline augen of quartz and calcite with asymmetric pressure shadows which provide 

evidence for a top-to-the-northeast sense of shear (northeast is to the right of the field of view). Field 

of view = 2.8 x 4.2mm. 
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Chapter 4 

At GR 343 135 on the road section to the north of Drimi, these gneisses again occur in the form of 

banded gneisses, dominated by melanocratic bands and interspersed with occasional concordant leucocratic 

bands and discontinuous quartz lenses. However, here there is little evidence for folding and the rocks 

generally display a planar foliation. Once again, they are cross-cut by pervasive quartz and epidote veins and 

have been subjected to a high degree of late-stage fracturing. The mineral assemblage of the melanocratic 

bands at this locality is hornblende, plagioclase, quartz, garnet, epidote, zoisite and rutile. Hornblende is by 

far the most dominant mineral and displays a pronounced alignment. The plagioclase often displays twmmng 

indicative of intermediate compositions. Garnet occurs in the form of small porphyroblasts of up to 2mm in 

size. In thin section these porphyroblasts show no signs of retrogression and have discordant inclusion trails 

but display no obvious pressure shadows (Fig. 4.4b). Epidote, zoisite and rutile all occur as small accessory 

phases. The leucocratic bands are composed of a granular assemblage of quartz and feldspar. 

Amphibolitic orthogneisses also occur in the vicinity of Pandrosos and display similar mineral 

assemblages to those to the north of Drimi. These mineral assemblages and, in particular, the notable 

absence of chlorite in these rocks are characteristic of amphibolite facies, or albite-epidote amphibolite fades, 

metamorphism, whilst the transition from albite to intermediate plagioclase is characteristic of lower 

amphibolite facies. 

The amphibolitic orthogneisses in the vicinity of Pandrosos are interspersed with granulites and 

leucocratic gneisses (or micaceous leptynites). The granulites are generally medium to very coarse grained 

and are largely composed of quartz and feldspar, displaying no obvious mineral alignment. Muscovite is also 

present, often as isolated flakes showing a degree of alignment (Fig. 4.4c). More commonly, however, 

localised deformation of these rocks has resulted in the formation of micaceous leptynites in which the quartz 

and feldspar display a weak alignment, whilst the mica is smeared along planes of weakness. In some cases, 

intense deformation has also resulted in significant grain-size reduction. 

The southern margin of the Central Rhodope sub-group also contains a significant quantity of white 

crystalline marble which occurs in the form of discontinuous lenses of variable size which are often up to 

several kilometres in length. A good example of these marbles occurs at GR 292 125 between Pandrosos and 

Paterma. 

A22. The Eastern Rhodope sub-group 

The lithologies encountered along the southern margin of the Eastern Rhodope sub-group are generally 

different from those of the Central Rhodope sub-group and mainly comprise micaceous leptynites and 

leucocratic mylonites. Micaceous leptynites occur to the north of Drosia at GR 384 104, where schistose 

layers of muscovite alternate with quartzo-feldspathic layers. However, leucocratic mylonites are far more 

common. At GR 349 124 in the Trelorema River to the south of Drimi, a sequence of unfolded leucocratic 

mylonites displays a planar foliation dipping at 307298°. Although predominantly leucocratic, they 

occasionally show a leucocratic - melanocratic banding. Figure 4.4d demonstrates that they are composed of 

70 



Chapter 4 

augen of quartz and feldspar separated by interstitial layers of highly sheared muscovite. These sheared layers 

have provided pathways for pervasive Fe-rich fluids which give the rocks a discemable reddish tinge. The 

feldspars often occur in the form of polycrystalline augen of up to 5mm in size. These result in a prominent 

mineral stretching lineation which plunges at 06° /ZIS" at this particular locality. Asymmetric feldspar augen 

are indicative of a top-to-the-south sense of shear. The mineralogy of these mylonites is indicative of a 

granitic protolith. Another significant observation is that cross-cutting veins are far less common than they 

are along the southern margin of the Central Rhodope sub-group. 

Similar lithologies occur all the way along this margin. Notable exposures occur at GR 390 097 in the 

Valtorema River, at GR 420 083 in the Platirema River (Fig. 4.4e), at GR 457 069 to the north of Nea Santa 

and at GR 475 063 in the Pontiourrema River. In all of these cases the micaceous leptynites and leucocratic 

mylonites have a planar foliation and display a prominent NNE-SSW mineral stretching lineation (Fig. 4.5). 

This mineral stretching lineation is particularly well developed in a sequence of melanocratic augengneisses 

containing feldspar augen at GR 479 067 on the road section to the east of Nea Santa (Fig. 4.4f). 

Observations of asymmetric feldspar augen at GR 457 069 and GR 475 064 support the top-to-the-south sense 

of shear. 

X Poles to foliation 

o Mineral stretching lineations 

• O 

Figure 4^. Lower hemisphere equal area stereographic projection of mineral stretching lineations and poles 

to foliation in the Eastern Rhodope sub-group. 
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4J. THE DROSIA UNIT 

In the vicinity of Drosia, the high grade rocks of the Eastern Rhodope sub-group are overlain by a 

sequence of medium grade calc-mylonites, phyllites and calcareous phyllites belonging to the Drosia Unit. 

The nature of the contact is unclear due to the poor exposure and a substantial amount of late-stage faulting. 

However, the difference in the metamorphic grade and the style of deformation suggests that there is 

probably a tectonic contact between the two sequences. The Drosia Unit can be sub-divided into the following 

lithologies. 

43.1, Calc-mylonites 

These overlie the basement rocks to the north of Drosia (Fig.4.1) and are composed of a sequence in 

which the layers exhibit variable degrees of layer-parallel shear. Those exhibiting the lowest degrees of shear 

may be up to 20cm thick. They are buff coloured and are composed almost entirely of recrystallised calcite 

which often shows deformation twinning. They also contain concordant or intrafolial lenses of microcrystalline 

quartz. These low-strain layers alternate with highly sheared black graphitic layers which contain 

microcrystalline calcite due to significant grain-size reduction. The graphitic layers contain clasts of quartz, 

occasional flakes of muscovite and euhedral cubes of magnetite which display extremely long pressure 

shadows, resulting in a prominent mineral stretching lineation on the foliation surfaces. 

At GR 386 102 (Figs. 4.4g & 4.6a) the mineral stretching lineation plunges at 08° /230° on surfaces 

dipping at 21°/160° whilst asymmetric pressure shadows indicate a top-to-the-northeast sense of shear (Fig. 

4.4h). At this locality, the layers have been folded about subhorizontal ENE-WSW trending axes. These folds 

display a northerly vergence with moderately inclined axial planes dipping at approximately 40 /158 . In 

addition, small crenulations occur on the limbs of the larger folds. The folds re-fold the earlier foliation and 

their axes are parallel to the mineral stretching lineation which suggests that the folding post-dates the earlier 

ductile deformation. Finally, the whole sequence has been subjected to intense late-stage extensional faulting 

and fracturing which clearly postdates the folding and is accompanied by pervasive cross-cutting quartz veins. 

A32. Phyllites and Calcareous Phyllites 

The calc-mylonites of the Drosia Unit pass upwards into a sequence of phyllites and calcareous 

phyllites. The precise nature of the contact between the calc-mylonites and these phyllites is again unclear 

due to the poor exposure and the significant degree of fracturing of these rocks. However, the two units are 

grouped together in the Drosia Unit on the basis of their similar styles of deformation. The phyllites are 

exposed at GR 387 101 to the northeast of Drosia, and in a window in Palaeogene cover sequences to the 

south of Drosia (Fig. 4.1). However, isolated remnants also occur at GR 361 091 on the road section between 

Dokos and Skiada, and at GR 411 086 in a melange sequence in the vicinity of Darmeni. 

These phyllites are generally composed of attenuated layers of strained quartz (showing undulose 

extinction and sutured contacts in thin section) alternating with braided, highly sheared layers of graphite, 
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(a) 
Buff-coloured calc-mylonites Mineral stretching lineation 

Black graphitic 

(b) 

Fold hinges plunge at approx. 10°/080' 

Figure 4.6. Sketches of folding and faulting in the Drosia Unit (a) Folding of the calc-mylonites at GR 386 

102, and (b) folding of the phyllites at GR 383 095. 
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muscovite and chlorite which combine to give the rocks a dark green - black colour. The alternation of the 

quartz layers with micaceous layers results in a well defined foliation. The calcareous phyllites also contain 

a significant proportion of recrystallised calcite (Fig. 4.7a). Concordant lenses of coarsely crystalline quartz 

and large (l-2m) phacoids of the calc-mylonites are also common and are frequently brecciated or 

boudinaged (Fig. 4.7b). 

The Drosia phyllites and calcareous phyllites often display small-scale folds and crenulations with 

approximately NE-SW axes and a general northerly vergence (Figs. 4.6b & 4.7c) similar to the folding in the 

calc-mylonites. Like the calc-mylonites, they too have been subjected to intense late-stage fracturing. 

At GR 383 094 in the Mavropagi River, the top of the Drosia Unit is marked by a highly deformed 

micaceous carbonate layer of up to 5m in thickness. This layer is composed of microcrystalline or occasionally 

sparry calcite, polycrystalline quartz (displaying sutured contacts and undulose extinction) and highly sheared 

and deformed muscovite flakes. It is overlain by approximately 10 to 20m of coarse chaotic breccias 

containing large angular fragments of the phyllites and calcareous phyllites and these are then overlain by 

the Palaeogene cover sequences. 

4.4. THE FILLIRA UNIT 

The Fillira Unit is composed of a sequence greenschist facies metabasites, cataclastic granulites and 

calc-schists which occur in a thin strip, which never exceeds 1.5km in width, and runs E-W from Kalindiri to 

Plagia (Fig. 4.1). The northern margin of the Fillira Unit is delineated by the Kalindiri-Fla^a Fault. This is 

a steep reverse fault, which can be clearly observed at GR 382 087 in the Mavropagi River, and at GR 423 

083 in the Platirema River. At the first of these localities the Fillira Unit has been thrust over the Palaeogene 

cover sequences to the north, whilst at the second locality it has been thrust directly onto the Eastern 

Rhodope sub-group along a 100m wide tectonised fault zone, which contains fragments of the Rhodope 

group, the Drosia Unit and the Palaeogene cover sequences (see Chapter 5). The Fillira Unit includes the 

following lithologies: 

4.4.1. Metabasites 

Greenschist facies metabasites are the most common lithology in the Fillira Unit and are well exposed 

in the Mavropagi River. Table 4.1 summarises the mineral assemblages of 6 samples of these metabasites 

and demonstrates that although the mineral assemblages vary considerably, they all contain quartz, albite and 

chlorite. Additional minerals include hornblende, muscovite, biotite, garnet, epidote, rutile, pyrite and calcite. 

Quartz and albite commonly occur in medium-grained granular layers which alternate with schistose layers 

of chlorite, whilst muscovite, and very rarely biotite, may be associated with the chlorite in the schistose 

layers. More often, chlorite occurs as pseudomorphs after hornblende. A particularly good example of this 

occurs at GR 382 085 (Fig. 4.7d) where chlorite replaces elongate crystals of hornblende which are randomly 

arranged within the plane of foliation of otherwise granular rocks showing a weak alignment of albite, quartz 
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Figure 4.7. Photographs and photomicrographs of selected lithologies from the Drosia Unit and the Fillira 

Unit. PPL ss plane polarised light; XPL = crossed polarised light 

(a) Photomicrograph of Sample D-7 in XPL: Calcareous phyllite from the Drosia Unit at GR 383 094 

showing layers of recrystallised caldte and quartz together with layers of highly sheared muscovite. Field 

of view = 1.4 X 2.8mm. 

(%') Photograph of a large phacoid of the calc-mylonites in the phyllites of the Drosia Unit at GR 383 095 

in the Mavropagi River. Length of hammer shaft = 40cm. 

Photograph of folding in the phyllites of the Drosia Unit at GR 383 095 in the Mavropagi River. The 

folds verge towards the northwest whilst their axes plunge gently towards the northeast. Length of 

hammer shaft = 40cm. 

,f ) Photograph of greenschist facies metabasites from the Fillira Unit at GR 382 086 in the Mavropagi 

River, showing a random arrangement of elongate porphyroblasts of hornblende which have been 
; 

retrogressed to chlorite. Width of lens cap = 6cm. 

(e) Photomicrograph of Sample F-3 in PPL: Greenschist facies metabasite from the Fillira Unit at GR 382 

085 showing a porphyroblast of garnet, together with chlorite which replaces elongate porphyroblasts 

of hornblende in granular rock composed of quartz, albite, muscovite and accessory pyrite (see Fig. 

4.7d). Field of view = 1.8 x 3.7mm. 

(0 Photomicrograph of Sample F-4 in PPL: Greenschist facies metabasite from the Fillira Unit at GR 382 

086 showing a porphyroblast of garnet surrounded by quartz, albite and chlorite which replaces 

hornblende. Small accessory crystals of rutile are also present. The garnet porphyroblast displays weakly 

developed pressure shadows and discordant inclusion trails of quartz and albite. Field of view = 2.8 x 

4.2mm. 

Ĉ ) Photomicrograph of Sample F-5 in PPL: Greenschist facies metabasite from the Fillira Unit at GR 389 

087 showing porphyroblasts of garnet with extremely long pressure shadows of quartz and albite, 

surrounded by schistose layers of muscovite. The large brown mineral to the right of centre is a biotite 

porphyroclast which has been retrogressed to chlorite and displays a cleavage which is discordant with 

the main foliation. The anomalous interference colours are due to the use of a blue filter for 

photography. Field of view = 2.8 x 4.2mm. 
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and flakes of muscovite (Sample F-3). Garnet porphyroblasts, with poorly developed pressure shadows, also 

occur in these rocks (Fig. 4.7e). In addition, small cubes of pyrite are finely disseminated throughout these 

rocks and are relatively common throughout the metabasites of the Fillira Unit generally. 

The metabasites at GR 382 087 (Sample F-4) also contain pseudomorphs of chlorite after hornblende 

and porphyroblasts of garnet with discordant sigmoidal inclusion trails and well developed pressure shadows 

(Fig. 4.7f). These rocks also contain quartz, albite, epidote and rutile but do not contain muscovite and are 

texturally very similar to the amphibolitic gneisses at GR 343 135 in the Central Rhodope sub-group. 

Porphyroblasts of garnet, with extremely long pressure shadows, also occur in micaceous metabasites 

at GR 389 088 (Sample F-5; Fig. 4.7g). Here they are associated with quartz, albite, muscovite and chlorite 

displaying a very pronounced alignment, but there is no evidence for primary hornblende or pseudomorphs 

of chlorite after hornblende. Chlorite does however replace porphyroclasts of biotite with cleavages which 

are discordant with the main foliation. 

Intense deformation and significant grain-size reduction has resulted in finer-grained mylonitic varieties 

of these metabasites which are composed of microcrystalline quartz, feldspar, chlorite and interstitial calcite 

showing an extremely pronounced alignment (Sample F-6). These fine-grained rocks may show a degree of 

segregation into alternating chloritic and quartzo-feldspathic bands. 

The occurrence of albite and chlorite in all of these samples is characteristic of greenschist fades 

metamorphism. However, they have clearly been retrogressed and it is possible that they may have been 

subjected to albite-epidote amphibolite facies, or even amphibolite facies, metamorphism prior to 

retrogression. It is important to note that they clearly differ from the amphibolitic orthogniesses of the 

Central Rhodope sub-group, which do not show any signs of retrogression. 

Sample GR Qz Alb Chi Msc Bi Gt Ep Rut Py Cc Comments 

F-1 382 084 X X X X X Alternating schistose and 
granular layers 

F-2 382 085 X X X X X X X Porphyroblasts of retrogressed 
hornblende 

F-3 382 086 X X X X X X Porphyroblasts of garnet and 
retrogressed hornblende 

F-4 382 087 X X X X X X Porphyroblasts of garnet and 
retrogressed hornblende 

F-5 389 088 X X X X X X X X Micaceous with porphyroblasts 
of garnet and porphyroclasts of 
biotite 

F-6 382 086 X X X X X Strongly sheared mylonitic 
foliation 

Table 4.1. Mineralogy and petrological characteristics of 6 samples of the Fillira Metabasites. 
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The metabasites display little evidence of folding, other than occasional small-scale kink bands. Figure 

4.8 demonstrates that their foliation generally dips moderately towards the SSE and they display a general 

E-W mineral stretching lineation. This is slightly oblique to the orientation of the mineral stretching lineation 

in the calc-mylonites of the Drosia Unit at GR 386 102 and is almost perpendicular to that in the Eastern 

Rhodope sub-group. Therefore, there is little correlation between the structures in the Fillira Unit zmd the 

Rhodope group. Finally, the metabasites have been subjected to intense brittle deformation in the form of 

both normal faulting and thrusting, whilst concordant quartz lenses and cross-cutting veins of quartz and 

calcite are also common. 

X Poles to foliation 

o Mineral stretching lineations 

Figure 4.8. Lower hemisphere equal area stereographic projection of mineral stretching lineations and poles 

to foliation in the Fillira Unit. 

4.4.2. Cataclastic granulites and leptynites 

These occur in the form of large inclusions within the metabasites, of up to 100m in length, which stand 

out due to their greater resistance to erosion. Examples of the granulites occur at GR 370 089 and GR 399 

084 where they are composed almost entirely of quartz and sericitised feldspar. The individual crystals 

generally display concavo-convex or occasionally sutured contacts and quartz overgrowths, which are 

symptomatic of pressure solution. Muscovite is only rarely present as isolated flakes. These rocks are 

generally extremely brecciated due to cataclasis and are dissected by a dense array of Fe-rich veins. 

77 



Chapter 4 

An example of the leptynites occurs at GR 399 086. They are mineralogically similar to the granulites 

but display a pronounced foliation due to the alignment of quartz and feldspar crystals. However, they differ 

from the leptynites of the Eastern and Central Rhodope sub-groups as they are not noticeably micaceous. 

Once again, they are extremely brecciated and are dissected by a dense array of Fe-rich veins. 

4.43. Caic-schists 

An example of these rocks occurs at GR 375 085. They are blood-red to black in colour and are 

composed of muscovite, quartz, feldspar, calcite and graphite. They are mineralogically similar to the 

calcareous phyllites of the Drosia Unit but differ from them in that they do not appear to have been 

subjected to such high degrees of strain. As a result the quartz, feldspar and calcite show a very weak 

alignment whilst the muscovite occurs as individual flakes which display a preferred orientation and are 

disseminated throughout the rock instead of being confined to schistose layers. 

4.5. PALAEOGENE COVER SEQUENCES 

The metamorphic rocks of the Rhodope group, the Drosia Unit and the Fillira Unit are unconformably 

overlain by a thick pile of unmetamorphosed Palaeogene cover sequences. These have been sub-divided into 

two synchronous facies: a coarse marginal facies of conglomerates and olistostromes and more distal fades 

of Eocene - Oligocene flysch sequences. The age of the Eocene - Oligocene flysch sequences is taken from 

the 1:200,000 scale map of Dimadis & Zachos (1986). 

4.5.1. Marginal conglomerates and olistostromes 

This facies is composed of coarse debris flows, talus deposits and olistostromes which occur along the 

margins of the Rhodope group and the Fillira Unit. They have been recognised in three general areas and 

have therefore been sub-divided into three formations. 

4.5.1.1. The Pandrosos-Kato Drosini formation 

This formation occurs in a thin strip, of up to 1km in width, bordering the southern margin of the 

Central Rhodope sub-group between Pandrosos and Kato Drosini. It is largely composed of coarse polymict 

conglomerates containing clasts of up to Im in size in a fine-grained matrix. The clasts are generally sub-

rounded to sub-angular and include fragments of amphiboHtic gneisses, micaceous leptynites, granulites, 

quartzites, crystalline marbles and occasional leucocratic mylonites which are clearly derived from the Central 

Rhodope sub-group immediately to the north. Micritic limestone clasts also occur to a limited extent (Fig. 

4.9a). Large raft-like inclusions of limestones, turbidites, crystalline marbles and leptynites occur at GR 273 

110, GR 297 120, GR 297 116 and GR 306 114 respectively and may be of up to 300m in size. The limestones 

are essentially massive nummulitic biomicrites, which enables them to be distinguished from the crystalline 

marbles of the Central Rhodope sub-group and correlated with the Lutetian limestones of the Petrota Basin. 
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Figure 4.9. Photographs and photomicrographs of selected lithologies from the Palaeogene cover sequences. 

PPL = plane polarised light; XPL = crossed polarised light 

(a) Photograph of a Lutetian limestone clast in the conglomerates of the Pandrosos-Kato Drosini formation 

at GR 307 116. Length of pencil = 15cm. 

(b) Photomicrograph of Sample PC-1 in XPL: Sample of the Gratini turbidites at GR 382 090 illustrating 

the contact between grainstones and calc-arenites and showing the angularity of the grains of quartz 

and feldspar in the calc-arenites and the high proportion of caldte in the grainstones. Field of view = 

1.4 X 2.1mm. 

(c) Photograph of current lineations on the upper surface of the white tuffs of the Gratini formation at GR 

301 107 on the road between Gampolis and Paterma. Length of hammer shaft = 40cm. 

(d) Photograph of the contact between the turbidites of the Gratini formation and the conglomerates of 

the Pandrosos-Kato Drosini formation at GR 315 113. Length of hammer shaft = 40cm. 

(e) Photograph of a folded turbidite raft in the Amigoualorema River debris flow at GR 318 104 displaying 

partial assimilation in the volcaniclastic groundmass. Length of hammer shaft = 40cm. 

(f) Photomicrograph of Sample PC-8 in XPL: Sample of the Amigoualorema River debris flow at GR 318 

105 showing bioclasts of NummuUtes and a bryozoan in a hyaloclastic groundmass. A small detrital 

plagioclase phenocryst is present in the bottom centre of the field of view. Field of view = 1.4 x 2.1mm. 

(g) Photomicrograph of Sample PC-8 in XPL: Sample of the Amigoualorema River debris flow at GR 318 

105 showing glomerocrysts of augite enclosed by rims of calcite, together with sericitised phenocrysts 

of plagioclase and secondary calcite in an altered hyaloclastic groundmass. Field of view = 4.6 x 7mm 

(h) Photograph of a folded sequence of sandstones and shales which have been thrust over highly altered 

volcanics at GR 322 089. The fold axis plunges at 09"/066", whilst the axial plane dips at 60"/150°. 

(i) Photomicrograph of Sample NSV-12 in XPL: Sample of the Nea Santa andesites at GR 433 069 

showing phenocrysts of plagioclase, augite, hypersthene and magnetite in a hyaline groundmass. The 

plagioclase phenocryst in the top right quadrant displays concentric zoning, whilst the large augite 

phenocryst in the bottom of the field of view displays high 2nd order interference colours and is 

associated with smaller phenocrysts of hypersthene, which display low 1st order interference colours. 

Field of view = 1.4 x 2.1mm. 
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This formation can be interpreted as a marginal sequence of debris flows and talus deposits which 

probably accumulated at the base of an active fault scarp delineating the southern margin of the Central 

Rhodope sub-group. The Lutetian limestones which occur within the formation may have evolved as small 

reefs during periods of quiescence between pulses of tectonic activity. Alternatively, they may represent large 

olistoliths which were originally located on the Central Rhodope sub-group to the north. 

4^.1^. The Sidada formation 

This formation occurs in the vicimty of Skiada where it directly overlies the Eastern Rhodope sub-

group. It is composed of a sequence of coarse chaotic breccias and debris flows, which contain an assortment 

of extremely angular clasts. These may be up to several meters in size and include fragments of micaceous 

leptjTutes and leucocratic mylonites similar to those of the Eastern Rhodope sub-group, and calc-mylonltes 

and phyllites similar to those of the Drosia Unit. The size and angularity of these fragments coupled with the 

extremely poor sorting implies that these breccias are proximal to their source and represent talus deposits 

derived from the Eastern Rhodope sub-group and the Drosia Unit immediately to the north. 

4^.13. The Agra-Nero formation 

This formation is composed of coarse chaotic breccias and conglomerates which border the southern 

margin of the Fillira Unit between Agra and Nero. At GR 382 084 in the Mavropagi River, approximately 

6(X)m north of Agra, they are represented by poorly sorted coarse grey breccio-conglomerates containing sub-

rounded to sub-angular clasts, of up to 20cm in size, in an unconsolidated silty matrix. The clasts include 

fragments of metabasites, quartzites, and granulites similar to those of the Fillira Unit. These conglomerates 

display a weak foliation and alignment of the clasts at approximately 60° towards the south, and may 

therefore represent a tectonised breccia in a zone of normal faulting with a downthrow to the south. 

Similar breccio-conglomerates can be observed along the southern margin of the Fillira Unit at GR 392 

081, approximately 700m north of Nero. Here they can be sub-divided into two groups on the basis of the 

colour of the matrix. One group of rocks exhibits a grey matrix similar to that of the breccio-conglomerates 

to the north of Agra, whilst the second group exhibits a red ferruginous matrix. The constituent clasts are 

essentially the same in both groups and are similar to those in the breccio-conglomerates to the north of 

Agra. 

4£2. Eocene - Oligocene flysch 

This fades is composed of a thick sequence of turbidites, limestones, tuffs and volcanics which are 

synchronous with the marginal conglomerates and olistostromes. They are sub-divided into two formations 

although there is probably a degree of stratigraphic overlap between these formations which will be discussed 

later. 
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4JJ.1. The Gratioi formation 

This formation occurs in the region to the north of Gratini. It stretches from Pandrosos in the west to 

Darmeni in the east, and as far as Kato Drosini in the Organi Graben to the north. The formation has a total 

stratigraphic thickness of approximately 5km and is composed of a sequence of calcareous, arenaceous and 

volcaniclastic turbidites, limestones, white vitric tuffs, volcaniclastic debris flows and occasional volcanics. 

These have been folded into open to close folds with ENE-WSW trending axes and wavelengths of 

approximately 3km (see Chapter 5). The formation unconformably overlies the metamorphic sequences of 

the Eastern Rhodope sub-group and the Drosia Unit, whilst it interleaves with the conglomerates of the 

Pandrosos-Kato Drosini formation and the Skiada formation. At its southeastern extent, it comes into contact 

with the Fillira Unit along the Kalindiri-Plagia Fault. This contact can be clearly observed at GR 382 087 in 

the Mavropagi River. The principal lithologies of the Gratini formation are as follows. 

The Gratini twbidites 

These are by far the most dominant constituent of the Gratini formation. In the vicinity of Kato Drosini, 

towards the base of the formation, they occur in the form of calcareous turbidites composed of calcareous 

sandstones, siltstones and marls. 

At GR 382 090, in the Mavropagi River, the calcareous sandstones occur in the form of calc-arenites 

and grainstones. The calc-arenites contain sub-angular grains of quartz and feldspar and occasional flakes of 

muscovite together with sparry calcite which often makes up as much as 50% of the rock (Fig. 4.9b). The 

grainstones, on the other hand, are composed almost entirely of small grains of calcite (making up as much 

as 90% of the rock) together with occasional grains of quartz and very occasional grains of feldspar and 

muscovite. The siltstones are simply finer-grained equivalents of these lithologies, whilst the marls are 

generally composed almost entirely of micritic calcite with occasional sub-angular grains of quartz and very 

occasional grains of feldspar and muscovite. 

Continuing up-sequence, the turbidites become less calcareous and more arenaceous. Figure 4.10 

illustrates a sedimentary log of a 10m sequence of these turbidites at GR 313 101, in the Amigoualorema 

River. This illustrates many of the salient features of the turbidites in this area. They are essentially composed 

of alternating layers of sandstones, siltstones and mudstones. The sandstones are again typically calc-arenites 

composed of angular grains of quartz and a small proportion of feldspar and muscovite in a calcite cement 

which makes up less than 10% of the rock. The calc-arenites are often rudaceous at the base, with clasts of 

up to 1cm in size, but they typically fine upwards into fine-grained laminated sands and silts. These are then 

occasionally followed by black organic mudstones. Often, the coarse sandstones scour down through the 

mudstones, and sometimes even the siltstones, whilst sole markings such as load casts, flute casts and groove 

casts are common. Evidence for bioturbation, in the form of grazing and dwelling structures, is also common 

and concretions are also occasionally present in the sandstones. The individual layers range from less than 

1cm in thickness up to Im in the case of some of the coarser sandstone beds. All of these features are 

81 



Stratigraphic height 

in metres A 

5 — 

Chapter 4 

Cross lamination 

Flute casts 

^ ^ Trace fossils: Thalassinoides 

Clasts of up to 1cm 

Black volcariiclastic layer 

^ Trace fossils: Thalassinoides 

Concretions 

Groove casts at 234° 

Flute casts 

5 ^ Trace fossils: Thalassinoides & Skolithos 

Clay I F ' M ' C I Gravel 

Silt Sand 

Cross lamination 

C > - Grain-size 

Figure 4.10. Sedimentary log of the Gratini turbidites at GR 313 101. 
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characteristic of a shallow-water Bouma sequence (Bouma, 1962). 

The turbidites at GR 313 101 also contain occasional dark volcaniclastic layers. These are essentially 

palagonitic tuffites composed of sub-rounded clasts of quartz, extremely altered plagioclase and occasional 

calcite in an altered hyaline groundmass of palagonite glass. These layers are clearly re-worked and are 

classed as tuffites, as opposed to tuffs, because they contain a variable proportion of detrital sedimentary 

clasts. They represent the onset of volcaniclastic turbidite deposition, which becomes increasingly common 

up-section, particularly in the region immediately north of Gratini. 

A limited number of palaeocurrent vectors were obtained from flute casts and groove casts such as 

those illustrated in Fig. 4.9c. These palaeocurrent vectors are illustrated in Fig. 4.11a together wth the poles 

to the bedding surfaces on which they were obtained. All of the palaeocurrent vectors displayed evidence for 

a general westerly direction of flow. However, because the turbidites have been both tilted and folded about 

ENE-WSW trending axes, the vectors were restored to the horizontal. This was achieved using the technique 

illustrated in Fig. 4.11b, which involved the application of a tilt correction (t), followed by a fold correction 

(f). The tilt correction (t) restores the fold axis to the horizontal by rotating it through an angle 6. This 

results in the rotation of both the current lineations and the poles to bedding through an angle 0 on small 

circles centred on a horizontal axis (XY) perpendicular to the fold axis. The fold correction (f) then restores 

the bedding surfaces to the horizontal by rotating them through an angle it> about the restored fold axis so 

that the poles to bedding become vertical. This results in the restoration of the current lineations to the 

horizontal by rotating them through an angle (|> on small circles centred on the restored fold axis. There are 

three inherent assumptions to this technique. 

(a) Folding was followed by tilting. This is a consequence of the fact that the two corrections are non-

commutative, and therefore, the final result depends on the order of application. The order used in this 

case was chosen for convenience because it is difficult to apply a fold correction followed by a tilt 

correction on an equal area stereogram. However, the final results would not be significantly different 

if the order was reversed. 

(b) The beds were initially horizontal. 

(c) There has been no rotation of the fold axes due to rotational strain subsequent to their formation. 

Chapter 5 shows that this is a valid assumption. 

Figure 4.11c illustrates the orientations of the restored data and demonstrates that the modal palaeocurrent 

direction is WSW. This is parallel to the southern margin of the Central Rhodope sub-group and therefore 

implies that the turbidites were deposited by longitudinal flow along the margin. This contrasts with the 

marginal conglomerates of the Pandrosos-Kato Drosini formation which are thought to have been derived 

directly from the Central Rhodope sub-group. 

At GR 315 113, the Gratini turbidites interleave with the conglomerates of the Fandrosos-Kato Drosini 

formation. Figure 4.9d demonstrates that there is a gradational contact between these two sequences which 

implies that they are synchronous. 
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Figure 4.11. Restoration of palaeocurrent data from the Gratini turbidites. 
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The Lutetian limestones 

Approximately 2.5km above the base of the Gratini formation the turbidites are interbedded with 

occasional lenses of massive limestones. These never exceed 30m in thickness and can be observed at GR 

330 121 in the Oxirema River valley and at GR 379 093 and GR 387 092 in the vidnity of Drosia. They are 

essentially biomicrites containing a profusion of foraminifera, including Nummulites, and additional bioclasts 

of coralline algae, bryozoans and bivalves. These limestones are similar to the Lutetian limestones of the 

Petrota Basin and can therefore be assumed to be of Lutetian age. Hence, they provide a useful stratigraphic 

marker horizon. They are also lithologically similar to the limestone inclusions in the Pandrosos-Kato Drosini 

formation. 

The Anugaualorema River debris flow 

In the Amigoualorema River at GR 318 105, approximately 4km above the base of the Gratini 

formation the turbidites are interrupted by a volcaniclastic debris flow. This has a maximum thickness of 

approximately 100m and contains large raft-like inclusions of the turbidites and large sub-rounded to sub-

angular blocks of limestones and volcanics in a hyaloclastic groundmass. The raft-like inclusions of turbidites 

are often highly deformed and are frequently partially assimilated into the groundmass (Fig. 4.9e), whilst the 

limestone and volcanic blocks are less susceptible to assimilation. The limestones are packed biomicrites 

containing a profusion of planktonic foraminifera and occasional larger bioclasts of bryozoans, coralline algae 

and Nummulites. The larger bioclasts commonly occur as isolated fragments in the groundmass of the debris 

flow (Fig. 4.9f). The volcanic blocks contain euhedral phenocrysts of plagioclase which typically display 

concentric zoning and are frequently flow-aligned in a microcrystalline groundmass composed of microlites 

of plagioclase. Isolated phenocrysts also occur within the hyaloclastic groundmass of the debris flow. These 

include euhedral phenocrysts or glomerocrysts of augite which are occasionally enclosed by rims of calcite 

(Fig. 4.10g). Euhedral phenocrysts of plagioclase also occur in the groundmass of the debris flow and 

generally show intense alteration to sericite. Finally, the groundmass also contains detrital clasts of quartz, 

whilst calcite is pervasive throughout. 

The source of this debris flow is unclear but it is probable that it was triggered by tectonic activity in 

the immediate vicinity. Furthermore, the occurrence of volcanic blocks within the debris flow suggests that 

it may be of Oligocene age, since the Tertiary volcanics throughout northeastern Greece have all been 

assigned Oligocene ages (Fytikas et al., 1984; Innocenti et al, 1984). 

The white tuffs 

Approximately 4.5km above the base of the Gratini formation the turbidites are interbedded by a 

sequence of white tuffs which are little more than 30m thick. These tuffs are exposed at GR 282 107 in the 

Tichiron River valley and the same sequence is exposed again at GR 301 107 on the road between Gampolis 

and Paterma. They occur in the form layers of fine grained vitric tuffs composed almost entirely of siliceous 
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glass and small angular clasts of quartz and feldspar. These vitric tuffs frequently display current markings 

on their bedding surfaces indicative of sub-aqueous deposition (Fig. 4.9d). Similar white vitric tuffs also occur 

at GR 319 091 immediately north of GratLni, and at OR 411 087 in the small embayment in the Eastern 

Rhodope sub-group to the northeast of Darmeni. 

The Gmtim volcamcs 

These volcanics are exposed at GR 323 089 to the northeast of Gratini. They are extremely altered and 

are composed of highly altered plagioclase, magnetite and late-stage calcite in a groundmass of devitrified 

palagonite. There are obvious affinities between these rocks and the palagonitic tuffites of the Gratini 

turbidites and it is difficult to distinguish between the two. The criteria used to differentiate between them 

is that, unlike the tuffites, these volcanics do not contain any original sedimentary clasts, other than a late-

stage calcite cement. The volcanics at GR 323 089 are overthrust by a folded sequence of sandstones and 

shales belonging to the Gratini turbidites (Fig. 4.9h) which has significant implications for the structural 

evolution of this region (see Chapter 5). 

4£22. The Nea Santa formation 

This formation occurs in the vicinity of Nea Santa and stretches from Plagia in the northwest to Neda 

in the southeast. The formation has a total stratigraphic thickness in excess of 1km and is composed of a 

sequence of turbidites, tuffs and volcanics. These have been very gently folded about approximately E-W axes, 

except in the immediate vicinity of the margin of the Eastern Rhodope sub-group where the folding has been 

intensified (see Chapter 5). The formation is generally separated from the metamorphic sequences of the 

Eastern Rhodope sub-group and the Fillira Unit by an erosional unconformity, although steep faulted 

contacts with the Fillira Unit are common. The principal lithologies of this formation are as follows. 

The while tuffs 

These can be observed at GR 410 078 immediately north of Skaloma and along the margin of the 

Eastern Rhodope sub-group in the vicinity of Plagia, notably at GR 433 082 and GR 440 078. These generally 

occur in the form layers of white vitric tuffs composed almost entirely of siliceous glass and small angular 

clasts of quartz and feldspar. In this respect, they bear a striking resemblance to the white tuffs which occur 

towards the top of the Gratini formation. However, at GR 443 075 on the hill to the southeast of Plagia, the 

white tuffs are much coarser and are largely composed of pumice fragments of up to 5cm in size. These are 

more akin to the Askite tuffs of the Petrota Basin (see Chapter 2) and can possibly be correlated with them. 

At GR 433 082 to the north of Plagia, the white tuffs are located in the footwall of the Kalindiri-Plagia 

Fault, which is the steep reverse fault delineating the northern margin of the Fillira Unit. Here, they can be 

regarded as the base of the Nea Santa formation. However, these white tuffs can be correlated with those 

at GR 411 087 to the northeast of Darmeni, which are also located in the footwall of the Kalindiri-Plagia 
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Fault but occur towards the top of the Gratini formation. Therefore, the white tuffs provide a useful marker 

horizon which enables the base of the Nea Santa formation to be correlated with the top of the Gratini 

formation. 

The Nea Santa turbidiles 

As in the Gratini formation, turbidites are by far the most dominant constituent of the Nea Santa 

formation. These are conformable with the white tuffs in the vicinity of Plagia and are separated from the 

Eastern Rhodope sub-group by an erosional unconformity to the east of Nea Santa. 

The Nea Santa turbidites differ from the Gratini turbidites in that the sandstone beds may be up to 3m 

thick and are generally coarser-grained. This is illustrated in Fig. 4.12 which provides a sedimentary log of 

a typical sequence of these turbidites at GR 459 061 in the Pontiourrema River. Here they are composed of 

alternating layers of conglomerates, sandstones, siltstones and organic mudstones. The conglomerates are 

generally poorly sorted, polymict and rudaceous, containing sub-rounded-sub-angular clasts of gneisses, 

schists, and quartzite. These typically grade upwards into massive sub-arkosic to arenaceous sandstones 

containing sub-angular clasts of quartz, feldspar, muscovite and a large proportion of clay minerals. They 

differ from the sandstones described at GR 313 101 in the Gratini formation, in that they are not significantly 

calcareous. The poor sorting and angularity of the grains and clasts suggests that these sandstones are 

texturally immature and relatively proximal to their source. Sedimentary features include rip-up clasts of fine-

grained siltstones, sole markings such as load casts, flute casts and groove casts, and late-stage water escape 

structures. As in the Gratini turbidites, the flute casts and groove casts are indicative of current flow towards 

the WSW. Some of the sandstones also contain authigenic concretions of up to 50cm in diameter. The 

sandstones are commonly overlain by thin layers of black organic mudstones which typically display evidence 

for bioturbation in the form of grazing and dwelling trace fossils such as Thalassinoides. Once again, these 

features are all characteristic of a shallow-water Bouma sequence (Bouma, 1962). 

The Nea Santa volcanics 

Continuing up-sequence, the Nea Santa turbidites are interbedded with and ultimately overlain by a 

sequence of basaltic andesites, andesites, andesitic tuffs and dacites. Table 4.2. summarises the mineralogy 

and basic petrological characteristics of 9 samples of these volcanics and tuffs. 

(a) Basaltic andesites, andesites and andesitic tuffs 

In the vicinity of Nea Santa the turbidites are interbedded with a number of discontinuous andesite 

layers of up to 10m in thickness. These are conformable with the turbidites and do not display noticeable 

chilled margins. They are therefore interpreted as andesitic flows as opposed to sills. An example of one of 

these flows occurs at GR 468 062 in the Pontiuorrema River. Sample NSV-9 demonstrates that this andesitic 

flow is composed phenocrysts of plagioclase (which are highly altered but commonly show concentric zoning), 
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Figure 4.12. Sedimentary l(% of the Nea Santa turbidites at GR 459 061. 
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pyroxene (including both au^te and hypersthene), hornblende and magnetite in a microcrystalline groundmass 

of highly altered plagioclase. Similar andesites occur at GR 485 053 (Sample NSV-10). Here they are 

extremely fresh and are mineralogicaUy similar to the andesites at GR 468 062, except that they do not 

contain phenocrysts of hornblende. At GR 452 060 in the vicinity of Nea Santa (Sample NSV-8), and at GR 

465 051 in the vicinity of Agiohori (Sample NSV-4), hornblende is rare and the phenocrysts occur in a 

groundmass of highly altered palagonite. 

At GR 465 051 in the vicinity of Agjohori, the andesites conformably overlie the Nea Santa turbidites 

and are associated )Mth grey fine to medium-grained layered crystalline tuffs. Similar tuffs also occur to the 

east of Strofi although the layering is not so prominent. The tuffs are mineralogically similar to the andesites 

with which they aie associated but are finer grained and contain shards of altered palagonite in a highly 

altered microcrystalline groundmass (Sample NSV-15). 

To the north of Nikites, the Nea Santa turbidites are again overlain by a sequence of volcanics and 

associated grey layered crystalline tuffs. The volcanics in this area are basaltic andesites and represent the 

most basic volcanics in the entire region. They are generally extremely fresh and contain phenocrysts of 

plagioclase which often displays concentric oscillatory zoning, magnetite, augite, and occasional hypersthene 

in a crypto- or micro-crystalline groundmass (Sample NSV-12; Fig. 4.9i). 

Sample Grid Ref. Rock-type Phenocryst phases Groundmass Alteration 

NSV-3 462 055 Dacite Plagioclase, quartz, biotite, 
magnetite 

Microcrystalline Altered 

NSV-4 465 051 Andesite Plagioclase, augite/hypersthene, 
magnetite 

Devi trifled 
palagonite 

Highly altered 

NSV-8 452 060 Andesite Plagioclase, augite/hypersthene, 
magnetite 

Devitrified 
palagonite 

Highly altered 

NSV-9 468 062 Andesite Plagioclase, augite, hypersthene, 
hornblende, magnetite 

Microcrystalline Highly altered 

NSV-10 485 053 Andesite Plagioclase, augite, hypersthene, 
magnetite 

Microcrystalline Very fresh 

NSV-12 433 069 Basaltic 
andesite 

Plagioclase, augite, hypersthene, 
magnetite 

Cryptocrystalline Very fresh 

NSV-13 433 072 Basaltic 
andesite 

Plagioclase, augite, hypersthene 
(rare), magnetite 

Microcrystalline Slightly altered 

NSV-14 459 052 Dacite Plagioclase, quartz, hornblende, 
biotite, magnetite 

Microcrystalline Altered 

NSV-15 483 056 Andesitic 
tuff 

Plagioclase, augite/hypersthene, 
magnetite, palagonite shards 

Microcrystalline Highly altered 

Table 42. Mineralogy and petrological characteristics of 9 samples of the Nea Santa volcanics 
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(b) Dacites 

At GR 462 055 and GR 459 052 in the vicinity of A^ohori, there is an additional group of volcanics 

which are slightly lighter in colour than the andesitic volcanics in the area. These volcamcs are dacitic in 

composition and, like the andesites, they contain phenocrysts of plagjoclase, magnetite and occasional 

hornblende in a microcrystalline groundmass of plagioclase (Samples NSV-3 & NSV-14). However, they differ 

from the andesites in that they do not contain phenocrysts of pyroxene but contain additional phenocrysts of 

quartz and biotite. Once again, the plagioclase phenocrysts generally display concentric zoning and extreme 

alteration. 

There is no simple stratigraphic relationship between the andesites and the dacites OTce the former 

occur both stratigraphically above and below the latter. 

4.6. NEOCENE AND QUATERNARY SEQUENCES 

The Neogene and Quaternary sequences of the Komotini Basin are separated from the Palaeogene 

sequences by an erosional unconformity. 

4.6.1. Neogene conglomerates 

Layered, poorly sorted conglomerates, containing rounded to sub-rounded clasts of the entire range of 

rock types in the area, overlie the Palaeogene sequences with angular unconformity between Pandrosos and 

Gratini. Between Gratini and Kalindiri, however, they often display normal fault contacts with the Palaeogene 

sequences whilst from Kalindiri to Skaloma they occasionally display normal fault contacts with the Filiira 

Unit. The Neogene conglomerates are probably the products of coalescing alluvial fans and generally dip 

basin-wards (i.e. towards the south). Unlike the Palaeogene cover sequences, they are largely undeformed, 

with the exception of a small degree of normal faulting, and do not show any evidence of folding. 

4.6J!. Quaternary alluvium 

The Neogene conglomerates are themselves overlain with angular unconformity by a thick sequence 

of alluvial sands and gravels which make up the greater proportion of the flat-lying plain to the south. These 

sands and gravels represent the most recent products of basin infill. They also occur in the Mavropotamos 

and Darmeni River valleys. 

4.7. DISCUSSION AND CONCLUSIONS 

Before proceeding with a more detailed investigation of the structural evolution of the northern margin 

Komotini Basin during the Tertiary, it is worth emphasising the most important features of the stratigraphy. 

4.7.1. Pre-Tertiary stratigraphy 

The northern margin of the Komotini Basin is delineated by the Central and Eastern Rhodope sub-
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groups. Although these are both composed of high-grade metamorphic sequences their lithological nature 

differs considerably. The southern margin of the Central Rhodope sub-group is composed of amphibolite (or 

albite-epidote amphibolite) fades orthogneisses, granulites and micaceous leptynites, which have been cross-

cut by a dense array of quartzo-feldspathic veins, whilst the southwestern margin of the Eastern Rhodope 

sub-group is composed of micaceous leptynites and leucocratic mylonites, which have not been subjected to 

such intense veining. This lithological mismatch suggests that the boundary between the two sub-groups must 

represent a significant structural discontinuity which may either be a thrust, a normal fault or a strike-slip 

fault, or may have experienced a more complex polyphase history. 

The NNE-SSW mineral stretching lineation and limited observations of asymmetric feldspar augen in 

the leucocratic mylonites of the Eastern Rhodope sub-group are indicative of a top-to-the-south shear sense. 

The metamorphic sequences of the Eastern Rhodope sub-group are overlain by a sequence of 

metamorphic rocks belonging to the Drosia Unit. These include calc-mylonites, phyllites and calcareous 

phyllites which are lithologically similar to the metasedimentary sequences of the Lower formation of the 

Circiun Rhodope (Papadopoulos, 1982; see Chapter 1). 

Limited kinematic data from the calc-mylonites of the Drosia Unit includes a NE-SW mineral stretching 

lineation which is slightly oblique to the mineral stretching lineation in the leucocratic mylonites of the 

Eastern Rhodope sub-group. However, asymmetric pressure shadows surrounding small cubes of magnetite 

in the calc-mylonites appear to record a top-to-the-northeast sense of shear, which is opposite to the shear 

sense recorded in the leucocratic mylonites of the Eastern Rhodope sub-group and implies that the two sub-

divisions may have different origins. 

Both the calc-mylonites and the phyllites and calcareous phyllites of the Drosia Unit exhibit small-scale 

folds and crenulations with approximately NE-SW axes and a general northerly vergence. These folds re-fold 

the earlier foliation in the calc-mylonites and their axes are abnost parallel to the mineral stretching lineation, 

which implies that the folding post-dates the earlier ductile deformation and is probably related to a much 

later phase of NW-SE compression. 

A second group of metamorphic rocks includes the greenschist facies metabasites, cataclastic granulites, 

leptynites and calc-schists of the Fillira Unit. These are lithologically similar to the meta-volcanosedimentary 

sequences of the Upper formation of the Circum Rhodope (Papadopoulos, 1982; see Chapter 1). In many 

respects, the metabasites of the Fillira Unit are also lithologically similar to the orthogneisses of the Central 

Rhodope sub-group. However, the metamorphic grade of the two sequences is significantly different, since 

the Fillira Unit is composed of retrogressed greenschist facies rocks, whilst the Central Rhodope sub-group 

is composed of amphibolite (or albite-epidote amphibolite) facies rocks showing no signs of retrogression. 

The metabasites of the Fillira Unit also exhibit an approximately E-W mineral stretching lineation, 

which is almost perpendicular to the NNE-SSW mineral stretching lineation recorded in the leucocratic 

mylonites of the Eastern Rhodope sub-group. Therefore, there is little correlation between the structure of 

the Fillira Unit and the Eastern Rhodope sub-group. Unfortunately, because the Fillira Unit occurs in the 
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hangingwall of the Kalindiri-Plagia Fault, its pre-Tertiary contact relationship with the Eastern Rhodope sub-

group and the Drosia Unit is unclear. However, the extremely high degrees of layer-parallel shear in the calc-

mylonites, phyllites and calcareous phyllites of the Drosia Unit suggests that these rocks may have provided 

a zone of detachment along which the Fillira Unit was emplaced on Eastern Rhodope sub-group prior to the 

deposition of the Palaeogene cover sequences. 

4.7 J . Palaeogene stratigraphy 

The Palaeogene cover sequences, which are preserved along the northern margin of the Komotim Basin, 

occur in the hangingwall and the footwall of the Kalindiri-Plagia Fault and can be sub-divided into two 

distinct facies. The first is composed of coarse marginal conglomerates and olistostromes and includes the 

Pandrosos-Kato Drosini, Skiada, and Agra-Nero formations. These can be interpreted as marginal debris 

flows and talus deposits which accumulated at the base of active fault scarps. The occurrence of large 

olistoliths of Lutetian limestones, crystalline marbles, micaceous leptynites, and even turbidites within the 

Pandrosos-Kato Drosini formation suggests that significant pulses of tectonic activity must have taken place 

along this margin throughout the Palaeogene. In addition, the occurrence of the Agra-Nero formation along 

the southern margin of the Fillira Unit implies that an active normal fault must have existed along this margin 

during the Palaeogene. 

The second facies is composed of a thick sequence of Eocene - Oligocene flysch. This has been sub-

divided into the Gratini formation and the Nea Santa formation. 

The Gratini formation occurs to the northwest of the Kalindiri-Plagia Fault and is composed of 

approximately 5km of turbidites, limestones, tuffs, debris flows and volcanics which have been folded into 

open to close folds with ENE-WSW axes and wavelengths of approximately 3km. The turbidites at the base 

of the formation are extremely calcareous but become less calcareous and increasingly arenaceous up-

sequence. The massive biomicritic limestones, which are interbedded with the turbidites approximately mid-

way up the sequence, contain Nummulites and may be correlated with the Lutetian limestones of the Petrota 

Basin (see Chapter 2). Volcaniclastic turbidites and debris flows become increasingly common towards the 

top of the Gratini formation. These include palagonitic tuffites, the Amigoualorema River debris flow and 

a sequence of white vitric tuffs which occur in the wcinity of Tichiron, Gratini and Darmeni. Finally, a 

sequence of highly altered volcanics occurs towards the top of the Gratini formation immediately northeast 

of Gratini. 

Palaeocurrent data from the Gratini turbidites indicates that they were deposited by WSW-directed 

current flow parallel to the southern margin of the Central Rhodope sub-group. The Gratini formation also 

interleaves with the marginal conglomerates of the Pandrosos-Kato Drosini formation vduch indicates that 

the two formations must be synchronous. 

The Nea Santa formation occurs to the southeast of the Kalindiri-Plagia Fault and is composed of 

turbidites, tuffs and volcanics which have been gently folded about E-W axes with wavelengths of 
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approximately 4km. The base of the formation is composed of a sequence of white tuffs which occur in the 

vicinity of Plagia and can be correlated with the white tuffs of the Gratini formation. These are overlain by 

a sequence of arenaceous turbidites which are interbedded with, and ultimately overlain by, a sequence of 

tuffs and volcanics. The volcanics range from basaltic andesites in the vidmty of Nikites to andesites in the 

vicinity of Nea Santa and dacites in the vicinity of Agiohori. 

4.73. Neogene to Quaternary stratigraphy 

The uplift and erosion of the Palaeogene cover sequences and the Fillira Unit during the middle 

Tertiary was followed by the deposition of a thick sequence of Neogene conglomerates above an erosional 

unconformity. Renewed activity on the normal fault delineating the southern margin of the Fillira Unit may 

have been responsible for the particularly thick sequence of conglomerates along this margin. Finally, the 

Neogene conglomerates have been overlain by Quaternary alluvium in the centre of the Komotini Basin. 
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CHAPTER 5: STRUCTURAL STUDIES ALONG THE NORTHERN 

MARGIN OF THE KOMOTINI BASIN 

5.1. INTRODUCTION 

The previous chapter outlined the lithostratigraphy, petrology and basic structural framework of the 

northern margin of the Komotini Basin. This chapter goes one step further by attempting to resolve the 

complex structural history of this margin throughout the Tertiary period. It begins by prodding brief 

descriptions of the geometry and mechanisms of folding, thrusting and faultmg and then proceeds to discuss 

the relative chronology and kinematics of these structures. The ultimate aim is to present a model for the 

structural evolution of this margin throughout the Tertiary. 

52. TERTIARY FOLDING 

The Palaeogene cover sequences, which are preserved along the northern margin of the Komotini Basin, 

have been subjected to re^onal large-scale folding and localised small-scale folding. This section provides 

brief descriptions of several examples of this folding and goes on to discuss the geometry and mechanisms 

of large-scale folding before attempting to construct profiles of the large-scale folds with a view estimating 

the degree of shortening across the margin. 

5J1.1. Descriptions of folding 

Large-scale folding of the Gratim formadon 

The map of the northern margin of the Komotini Basin (Map 2) demonstrates that the turbidites of 

the Gratini formation have been folded into large-scale folds wth a wavelength of the order of 3km. These 

folds have upright axial surfaces and their fold axes vary from horizontal, with an orientation of 007244° in 

the vicinity of Tichiron, to moderately plunging at 357240° in the vicinity of Drimi. The folds are broadly 

cylindrical for up to 12km along strike and generally display open fold profiles with interlimb angles of 90°-

120°, although the northernmost syncline (the Tichiron-Drimi syncline) tightens in the vicinity of Drimi, where 

it exhibits a close fold profile with an interlimb angle of approximately 50°. 

Finding of the Gmtini fcmrutiion at Tichiron (GR 283 103) 

The large-scale folds in the Gratini formation are largely devoid of small-scale parasitic folds on their 

limbs. However, approximately 500m east of Tichiron, in the Tichiron River a north-verging pair of close 

folds can be observed wdth interlimb angles of approximately 50°, moderately inclined axial surfaces dipping 
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Figure 5.1. Photogra|riis of folding in the Pialaeogenc sequences flanking the northern mnrgim of the 

Komotini Basin. 

(a) Folding of the Gratini formation at GR 283 103 b the Tichiron River. The fold axis plunges at 

(rr/264", whilst the axial plane dips at 46"/184\ Photograph taken looking east. See Fig. 5.2. 

(b) Folding of the Gratini formation at GR 314 113 in the Amigoualorema River. The fold axis plunges 

gently at approximately 20V250", whilst the axial plane dips at 65"/33(r. Photograph taken looking 

SSW. See Fig. 53. 

(c) Folding of the white tuffs of the Nea Santa formation at GR 433 082 to the northeast of Plagia. The 

average fold axis plunges gently at approximately 18'/255'. Photograph taken looking east. See Fig. 

5.7c. 

(d) Folding, thrusting and faulting of the Gratini formation at GR 319 090 in the Amigoualorema River. 

The large-scale fault dips at 44"/227" and displays dextral-normal fault striae plunging at 30" /270". 

The thrust in the white tuffs in the bottom left-hand comer of the photograph dips at 16°/185*, whilst 

the fold has a horizontal axis with an orientation of 00'/095*. Photograph taken looking east. See Fig. 

5.4a. 

(e) Folding and thrusting of the Gratini formation at GR 382 088 in the Mavropagi River. The thrust dips 

at 42"/206''. Photograph taken looking WNW. Length of hammer shaft = 40cm. See Fig. 5.4b. 

(f) Folding of the Gratini formation at GR 365 096 to the west of Skiada. The average fold axis plunges 

gently at 25"/228". Photograph taken looking northeast. Length of hammer shaft * 40cm. See Fig. 

5.7a. 
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Figure 52. Sketch map and stereogram of folding in the Gratini formation at GR 283 103 in the Tichiron 

River. 
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at 46°/148° and sub-horizontal fold axes plunging at 07°/264° (Figs. 5.1a & 5.2). These folds have a 

wavelength of approximately 250m and are situated within the core of the Tichiron-Drimi syncline. They also 

appear to be intimately associated with northerly directed small-scale thrusting. 

FokSr^ of Oie Gntim formation at Drimi (GR 348128) 

Another example of this type of parasitic folding can be observed along the road section immediately 

south of Drimi (see Map 2). Here a series of upright dose folds, with interlimb angles of approximately 50°, 

wavelengths of approximately 200m and fold axes which plunge moderately at 42° 7237°, occur in the core 

of the Tichiron-Drimi syncline, approximately 10km along strike to the northeast of the folding described at 

Tichiron. 

FoUing of the Gratim formation south Paterma (GR 314 113) 

Although the two examples of parasitic folds described above display broadly similar geometries and 

occur within the core of the same large-scale syncline, they are not continuous along strike. However, an 

interesting example of folding can be observed at GR 314 113 in the Amigoualorema River. This locality is 

approximately midway between the Tichiron and Drimi and is also located within the core of the Tichiron-

Drimi syncline. Here, tight parallel folds with interlimb angles of the order of 30° occur in a narrow zone 

between undeformed sandstone layers (Figs. 5.1b & 5.3). The fold axial surfaces dip at approximately 

65° /330° whilst the fold axes plunge gently at approximately 20° /250°. The folding occurs at the point where 

the coarse conglomerates of the Pandrosos-Kato Drosini formation interleave with the turbidites of the 

Gratini formation. 

The most convincing explanation for these folds is that they represent syn-depositional slump folds 

resulting from the disruption of pre-existing turbidites by rapid influxes of debris flows or talus from the 

north. If this interpretation is correct then the layers must have been relatively consolidated at the time of 

slumping since the hinge zones display very prominent extensional joints and conjugate shear fractures 

indicative of brittle deformation during the buckling process. 

Folding of the Gratini formation north of Gratini (GR 319 090) 

In the Amigoualorema River, approximately 400m north of the point where the road bridge crosses the 

river to the west of Gratini, there is an excellent example of meso-scale folding due to thrusting (Figs. 5. Id 

& 5.4a). Here, a small-scale thrust with an orientation of 16°/185° propagates upwards through a sequence 

of thinly bedded white tuffs. Ultimately, the displacement on the thrust dies out and the remaining 

deformation is accommodated by a "fault-propagation fold" (Jamison, 1987; Mitra, 1990; Suppe, 1985). This 

fold initiates in the form of a north-verging kink band but is gradually replaced by a broader open anticline 

with a subhorizontal fold axis plunging at 05° /080°. 
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Gratinil: 
Fold axis = 05 /080 
Axial plane - 60/165 
Open (130°) 

Welded 

conglomerate 
Whi te 

.g. tuffs 

(b) 

250° 

Agra-Drosial: 
Fold axis - 12/290 
Axial plane - 55/210 

Im 

Figure 5.4. Sketches and stereograms of thrust related folding in the Gratini formation 

(a) at GR 319 090 in the Amigoualorema River 

(b) at GR 382 088 in the Mavropagi River. 
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Agn-Dtosia 3 {n-21) 

Frfd Axis - 1(V262 

Axial plane - 80/262 

Ptofik: gentle 

Figure 5 Lower hemisphere stereographic projection of poles to bedding in Gratini turbidites of the 

Mavropagi River. Solid great circle represents the K-pole girdle whilst the dashed line represents the axial 

plane. Small open circles represent poles to bedding. 

Folding the Gmdm formation in the Mavrqpoff River 

Another intriguing example of thrust-related folding occurs in the Mavropagi River at GR 382 087 

where a north-verging asymmetric fold-pair is cut by a north-verging thrust dipping at 42°/206'' (Figs. 5.1e 

& 5.4b). The axial surfaces of this fold pair are moderately inclined at approximately 55" /210" whilst their 

fold axes plunge gently at approximately 12"/290''. The morphology and kinematics of this folding do not 

conform to the traditional models of thrust-related folds which form in response to fault-bends, fault-

propagation and detachment (Jamison, 1987). In contrast, the initial sinusoidal buckling of this particular fold 

pair clearly pre-dates the thrusting such that the fold pair may be described as a break-thrust fold according 

to the terminology of Fischer et al. (1992). 

In the rest of the Mavropagi River the Gratini turbidites have been gently folded into large-scale folds 

with sub-horizontal fold axes plunging at approximately 10"/262", interlimb angles of approximately 130°-

140° and steeply inclined north-verging axial planes dipping at approximately 80°/175° (Fig. 5.5). 
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Folding of the GnOim formation to the northeast of Gmtini 

The Palaeogene cover sequences on the hillside immediately northeast of Gratini have been subjected 

to intense deformation which can be observed along the track running north from Gratuii (Fig. 5.6). This 

deformation has resulted in the formation of numerous small-scale asymmetric folds which range from open 

to isoclinal and are occasionally ptygmatic. They display a general northerly vergence and the average fold 

axis for the entire population of folds is sub-horizontal with an orientation of approjdmately 07° /2AT. 

The folds commonly display similar fold geometries, characteristic of shear folds, and the less competent 

shale layers frequently exhibit a well developed axial planar cleavage. A particularly good example of this type 

of folding occurs in the valley at OR 323 089 approximately 100m east of the track (Figs. 4.9h & 5.6). Here, 

a sequence of interbedded sandstones and shales have been folded into a large north-verging isoclinal syncline 

with a moderately inclined axial surface dipping at approximately 60°/150° and a sub-horizontal fold axis 

plunging at 09° /066°. The syncline exhibits similar fold geometry and the incompetent shale beds display a 

very prominent axial planar cleavage. This fold is developed in strata which overlie the Gratini volcanics and 

must therefore postdate these volcanics. 

Folding of the Gmtim formation west of SJdada (GR 365 096) 

Small-scale folding can also be observed at GR 365 096 on the road section approximately 400m west 

of Skiada. Here, the Gratini turbidites have been folded into a series of complex asymmetric folds which 

range from open to close and have wavelengths of the order of l-3m (Figs. 5.If & 5.7a). These folds generally 

exhibit upright axial planes and gently plunging fold axes with orientations of approximately 25°/228°. 

FoUUng of the Gratini formation on the Organi road (GR 341 111) 

Another example of small-scale folding in the Gratini turbidites occurs on the road to Organi (Fig. 

5.7b). Here a sequence of steeply dipping sandstones and shales have been significantly deformed and a 

small-scale close fold, with a fold axis which plunges moderately at 52° /223° and a steeply inclined axial 

surface which dips at approximately 80°/147°, can be observed in the midst of more gentle folding. 

Folding of the Nea Santa formation at Pla^ (GR 434 082) 

A moderately large fold can be identified on Map 2 immediately northeast of Flagia. This is an open 

syncline with an interlimb angle of approximately 130°, an upright axial surface at 00°/164° and a fold axis 

which plunges moderately at 44°/254°. The thinly bedded white tuffs within the core of this syncline are 

deformed into a complex series of small-scale asymmetric folds with wavelengths of approximately l-2m (Figs. 

5.1c & 5.7c). These folds range from open to isoclinal and are occasionally even ptygmatic. They are generally 

moderately inclined to upright with no preferred direction of vergence and possess an average fold axis which 

plunges gently at approximately 18° /255°. 
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Figure 5.6. Sketches and stereograms of folding in the Gratini formation on the road to the north of 

Gratini. 
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Figure 5.7. Sketches and stereograms of small-scale folding in the Palaeogene cover sequences: 

(a) in the Gratini formation at GR 365 096 to the west of Skiada 

(b) in the Gratini formation at GR 341 111 on the Organi road 

(c) in the Nea Santa formation at GR 433 082 to the northeast of Plagia. 

103 



Chapter 5 

Folding of the Nea Santa formation north of Nea Santa (GR 450 076) 

Another moderately large-scale open fold can be identified on Map 2 approximately 1.8km north of Nea 

Santa. This is also an open syncline with an interlimb angle of approximately 80°, a steeply inclined north-

verging axial surface, which dips at approximately 78°/155°, and a fold axis which plunges moderately at 

32° /232°. The fold axis can be observed at GR 450 076, in the road section to the north of Nea Santa (Fig. 

5.8), but the general morphology of the fold is obscured due to significant late-stage faulting of the 

southeastern limb. This open syncline appears to represent the tighter northeastern extension of a larger 

gentle fold which contains a sequence of andesites and tuffs in its core, and has an interlimb angle of 

approximately 145°, an upright ajdal plane and a horizontal fold axis with an orientation of 00° /095°. 

Summary 

Figure 5.9 summarises the orientations and general characteristics of the folding in the Palaeogene cover 

sequences. A brief inspection of this diagram reveals that the majority of the folds exhibit horizontal to gently 

plunging fold axes which range from WSW-ENE to E-W. It is also apparent that, although the large-scale 

folds commonly display upright axial planes, there is a tendency for many of the smaller folds to exhibit 

primarily northward verging axial planes. The significance of these observations will be discussed later in this 

chapter. 

522. The geometry and mechanism of large-scale folding 

Since the precise nature of large-scale folding in the Palaeogene cover sequences is critical to any 

estimates of shortening and the general interpretation of the structural evolution of the northern margin of 

the Komotini Basin, a brief analysis of the geometry and mechanisms of this folding was undertaken. 

When describing fold geometry it is important to make the distinction between the geometrical 

relationship between the bounding surfaces of a folded layer, and the geometry of a single folded surface. 

The first of these can be classified according to the variation in thickness of a folded layer (Ramsay, 1967). 

However, this classification is only applicable to fold profiles which are perpendicular to the fold axis. For 

cross sections which are oblique to the fold axis a simple projection technique can be used to obtain the fold 

profile (Cooper, 1983; Kilby & Charlesworth, 1980). Figure 5.10 illustrates the procedure which was used to 

obtain a fold profile of the large-scale folds in the Gratini formation along the line of section C-D (see Map 

2). This procedure involved; 

(a) Restoration of dip data points to a common datum level (200m above sea level in this case). 

(b) Interpolation between the restored dip data points to obtain horizontal traces of the folded surfaces. 

(c) Projection of the horizontal traces down the plunge of the fold axis to the point where they are 

orthogonal to the fold axis 

Figure 5.11 illustrates the variation in layer thickness across the Tichiron-Drimi syncline on a t ' , /o diagram 

(Ramsay, 1967), where t', denotes the thickness of a folded layer, measured between the tangents to its 
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Figure 5^. Sketch map and stereogram of folding in the Nea Santa formation on the road section to the 

north of Nea Santa. 
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(a) 

Amigoualorema R. Amigoua lorema R 
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Figure 5.10. Down-plunge projection of the trace of large-scale folding in the Gratini formation along the 

line of section C-D (see Map 2 for precise location): 

(a) Surface trace of fold before restoration 

(b) Horizontal trace of fold after restoration to a common datum level (200m above sea level) 

(c) Profile of the fold perpendicular to the fold axis after down-plunge projection. 
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Figure 5.11. t'. versus a plot (after Ramsay, 1967) illustrating the variation in layer thickness across the 

Tichiron Drimi syncline between points X and Y on the line of section C-D (see Fig. 5.10 & Map 2). 

bounding surfaces at an apparent dip of a. Layer 1 in Fig. 5.10c is chosen for this analysis because the 

thickness of layer 2 is strongly influenced by syn-sedimentary deformation due the rapid influx of coarse 

debris flows belonging to the Pandrosos-Kato Drosini formation. The deviation of layer 1 from "parallel" 

(Class IB) fold geometry can be attributed to a systematic increase in stratigraphic thickness towards the 

south, which results in an asymmetric variation in thickness on either side of the hinge of the Tichiron-Drimi 

syncline. The following additional observations also suggest that the folding results from a process of flexure: 

(a) There is no pervasive axial planar cleavage. 

(b) Groups of conjugate shear fractures provide evidence for layer parallel extension perpendicular to the 

fold axis which is an inherent feature of flexural folds (see Section 5.4.7). 

Therefore, neglecting minor stratigraphic variations, these large-scale folds can be considered to exhibit 

almost parallel fold geometries resulting from a process of flexure. 

Because Tertiary folding is apparently restricted to the Palaeogene sequences and does not affect the 

metamorphic rocks of the Eastern and Western Rhodope sub-groups, then the Palaeogene sequences can be 

regarded as a thin-skinned cover sequence which has been deformed independently of the Eastern and 

Western Rhodope sub-groups. Therefore, the most convincing explanation for the large-scale folds in the 

Gratini formation is that they represent detachment folds which formed above a horizontal or undulating 
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detachment at the base of the cover sequences. It is possible that the Drosia phyllites which underlie the 

Palaeogene cover sequences may have provided a zone of weakness along which detachment could have taken 

place. 

Similar examples of detachment folds have been recognised in areas of thin-skinned tectonics such as 

the Jura (Laubscher, 1976a, b) and have been modelled by Jamison (1987) assuming parallel kink-style 

folding, plane strain and constant line-length. Although the large-scale folds in the Gratini formation do not 

exhibit kink-style fold geometries, this does not preclude detachment folding from being the most probable 

explanation for these folds. 

S23. Section balancing 

Having established the geometry and mechanism of large-scale folding in the Gratini formation, section 

balancing was used to estimate the shortening across the northern margin of the Komotini Basin. This 

technique was introduced by Dahlstrom (1969) and has since been used with variable degrees of success to 

estimate the shortening across orogenic belts (Hossack, 1978, 1983; Elliot, 1983). However, the technique is 

only strictly applicable if bed-length is conserved and strain is planar and non-rotational, such that there is 

no movement of material through the plane of section (McCoss, 1988). The fact that the large-scale folds in 

the Gratini formation have been shown to be parallel folds which have resulted from a process of flexure 

implies that bed-length remains constant throughout the folding process. Furthermore, since the axes of large-

scale folding in the Gratini formation are parallel to the southern margin of the Central Rhodope sub-group, 

then this folding can be regarded as a response to plane compression (see Section 5.6) and therefore, fold 

rotation can be assumed to be negligible and fold profiles constructed perpendicular to the fold axis can 

reliably be used to arrive at estimates of shortening. However, a similar approach is invalid along the 

southern m.trgin of the Eastern Rhodope sub-group where folding can be shown to be a response to 

transpression (see Section 5.6). 

Construction of fold profiles 

In order to obtain estimates of shortening for the large-scale folding in the Gratini formation, three 

alternative techniques were used to construct fold profiles perpendicular to the fold axis along the lines of 

section A-B and C-D (see Map 2). The resulting fold profiles and estimates of shortening are compared in 

Fig. 5.12. In each case the shortening, expressed as a percentage (S%), is given by: 

S% = X 100 (Eq. 5.1) 
^0 

Where Lg is the initial bed-length and L is the final bed-length. The three alternative techniques used for the 

construction of fold profiles were as follows: 
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Figure 5.12. Three alternative profiles for the large-scale folding in the Gratini formation, (a) and (b) are 

constructed along the line of section, A-B, whilst (c) is constructed along the line of section, C-D (see Map 

2). Figures represent dip and dip directions at various points along the line of section, whilst figures in 

brackets represent the apparent dip in the plane of section. 
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(a) The Busk construction (Busk, 1929) 

This technique involves the construction of adjacent sectors of concentric arcs and as a result it has the 

disadvantage of only being applicable to folds with a parallel fold geometry. However, since it has been shown 

that the large-scale folds in the Gratini formation have an approximately parallel fold geometry, then this 

technique can justifiably be used to construct profiles for these folds. The advantage of this technique is that 

it can be used to construct fold profiles of any shape, although the accuracy of the technique depends on the 

number of dip data points used in the construction. The initial bed-length (L^) is given by the sum of the 

lengths of the constituent arcs. However, the final estimate of shortening depends on the particular surface 

used in the calculation since the amplitude of folding, and hence the bed-length along the line of section, 

decreases away from the datum level. 

(b) Cubic spline interpolation (McCoss, 1987) 

This technique uses a third degree polynomial of the form {z = ax̂  + bx^ + cx + d} to interpolate 

between adjacent dip data points in an xz reference frame. It has the advantage of being able to reconstruct 

folds with any layer geometry including both parallel and similar folds. Its main disadvantage is that it can 

only be used to construct a restricted range of fold shapes if only two data points are available on opposite 

limbs of the fold. Additional data points on the folded surface can be used to constrain the fold profile more 

accurately, but such points are not available in this case. The initial bed-length (Lg) is given by the length of 

the interpolated arc which can be calculated using the standard integral: 

L = j \J{\ * {dz"ldx"f\ dx" ^•2*) 

or can be approximated by the Trapezium or Simpson's rule of integration. 

(c) Down-plunge projection of the fold trace (Kilby & Charlesworth, 1980). 

This technique has already been used to construct a profile for the classification of fold geometry. 

Although this profile represents a cross section approximately 1.6km along strike from the previous two, the 

fact that the folds are approximately cylindrical implies that there should not be a significant difference in 

the resulting fold profile. 

Summary 

Table 5.1 summarises the estimates of shortening arrived at using each of the alternative techniques. 

This table demonstrates that the estimate of shortening is greatly dependant on the technique used and 

ranges from 16.3% for the down-plunge projection of the fold trace to 7.1% for the cubic interpolation. The 

cubic interpolation results in a far more conservative fold profile than the down-plunge projection, whilst the 

fold profile obtained using the Busk construction falls somewhere between the two extremes. 
/ o ' -
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Technique Section Initial length, Lg 
(km) 

Final length, L 
(km) 

Shortening (S%) 

Busk 
construction 

A-B 5.33 4.83 9.4 

Cubic spline 
interpolation 

A-B 5.20 4.83 7.1 

Down-plunge 
projection 

C D 4.78 4.00 16.3 

Table 5.1. Estimates of shortening across the northern margin of the Komotini Basin, obtained from three 

different section balancing techniques. 

5 J . TERTIARY THRUSTING 

Although several examples of small-scale north-verging thrusts within the Palaeogene cover sequences 

have already been noted, there is very little clear evidence for large-scale thrusting in the area. This is 

somewhat anomalous for a region which has experienced such widespread folding. However, there are various 

phenomena which could possibly be attributed to large-scale reverse faulting or thrusting within the region. 

53.1. Thrusting of the Fillira Unit 

In the Mavropagi River the metabasites of the Fillira Unit are clearly juxtaposed against the turbidites 

of the Gratini formation along the Kalindiri-Plagia Fault. Although, the contact itself is not exposed, its trace 

can be delineated by outcrop mapping in the sides of the Mavropagi River valley. This procedure 

demonstrates that the contact dips steeply towards the south which implies that the Fillira Unit has been 

thrust northwards over the turbidites of the Gratini formation. 

Further east, in the vicinity of Darmeni, the Kalindiri-Plagia Fault is represented by a steeply dipping 

tectonic melange zone which separates the metabasites of the Fillira Unit from the leucocratic mylonites of 

the Eastern Rhodope sub-group. This melange zone is up to 200m wide and is clearly exposed at GR 423 

082, in the Platirema River between Darmeni and Plagia, where it dips at approximately 55° towards the 

south (Fig. 5.13a). It is composed of a variety of rock-types including the calc-mylonites, phyllites and 

calcareous phyllites of the Drosia Unit, the metabasites of the Fillira Unit and remnants of the turbidites and 

Lutetian limestones of the Palaeogene cover sequences. The degree of deformation of these constituent rock-

types is largely dependant on their degree of competence. For example, the Drosia phyllites are generally 

highly deformed whilst the Lutetian limestones generally occur as large undeformed blocks in an 

unconsolidated fault breccia with a steep southerly dipping foliation. 

Further evidence for reverse faulting or thrusting occurs at GR 361 091 to the north of Dokos where 

highly deformed phyllites can be considered to represent isolated remnants of the Drosia phyllites which have 
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Figure 5.13. Photographs of thrusting and faulting in the Palaeogene sequences flanking the northern 

margin of the Komotini Basin. 

(a) Thrusting of the Fillira Unit over the Eastern Rhodope sub-group along a 200m wde thrust zone at 

GR 423 082 in the Platirema River valley. The thrust zone dips at approximately 55" towards the south 

and contains large blocks of basement marbles. Photograph taken looking east. 

(b) Faulting of the Gratini formation at GR 316 095 in the Amigoualorema River. The fault plane dips at 

64''/194'' and has a downthrow towards the south. Photograph taken looking southeast. See Fig. 5.14a. 

(c) Faulting of the Nea Santa formation at GR 469 062 in the Pontiourema River. The thick layer in the 

centre of the photograph is a an andesitic layer. Photograph taken looking south. See Fig. 5.14b for 

fault measurements. 

(d) Small-scale normal faults striking at 120°, offset by a N-S trending zone of en-echelon sinistral Reidel 

shears in the Gratini formation at GR 382 089 in the Mavropagi River. Photograph taken looking 

WNW. Length of hammer shaft = 40cm. 

(e) Rotational normal faulting of the Gratini formation at GR 382 090 in the Mavropagi River. Photograph 

taken looking west. Length of hammer shaft = 40cm. See Fig. 5.23 for fault measurements. 

(0 Small-scale example of rotational normal faulting of the Gratini formation at GR 382 090 in the 

Mavropagi River (taken from the right-hand side of Fig. 5.13e). The small-scale faults dip at 

approximately W/OIS". Photograph taken looking west. Diameter of lens cap = 6cm. See Fig. 5.23. 
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been brought up in the hangingwall of the Kalindiri-PIagia Fault. 

532. Thrusting within the Fillira Unit 

At GR 400 080, approximately 2km NW of Skaloma, a sequence of steeply dipping turbidites are 

sandwiched between the metabasites of the Fillira Unit (Map 2). The northernmost contact probably 

represents a normal fault which dips steeply towards the south, whilst the southern contact probably 

represents a reverse fault or thrust which also dips steeply towards the south. This therefore provides 

evidence for a small degree of imbrication of the Fillira Unit and the Palaeogene cover sequences. 

5.4. TERTIARY FAULTING 

In addition to large-scale folding and thrusting, the Palaeogene cover sequences are dissected by a dense 

array of normal and strike-slip faults and occasional veins. This section provides a review of the orientation 

and kinematics of this faulting and veining and goes on to discuss the geometry and mechanisms of a specific 

example of rotational normal faulting which is particularly common along this mar^n. 

5.4.1. General observations 

An inspection of the aerial photographs of the northern margin of the Komotini Basin has resulted in 

the identification of a number of prominent lineaments which are illustrated on Map 2. These include: 

(a) The 060° trend of the southern margin of the Central Rhodope sub-group, particularly in the region 

to the northeast of Paterma. 

(b) The approximately E-W trend of the southern margin of the Palaeogene cover sequences between 

Gratini and Kalindiri and the southern margin of the Fillira Unit between Kalindiri and Skaloma. 

(c) A number of 120° lineaments in the region immediately north of Gratini 

(d) A number of 130° to 140° lineaments between Dokos and Nea Santa. Some of these Uneaments appear 

to offset the Fillira Unit in a dextral manner. 

(e) A number of 140° to 155° lineaments in the vicinity of Nea Santa. 

It is important to ascertain precisely what type of structural features these lineaments represent before a 

kinematic model can be formulated. 

S.42. Faulting along the southern margin of the Central Rhodope sub-group 

The fact that the southern margin of the Central Rhodope sub-group is extremely linear and the 

occurrence of a coarse marginal facies of debris flows and talus breccias, belonging to the Pandrosos-Kato 

Drosini formation, immediately adjacent to the margin suggests that there is a major basin boundary fault 

along this margin. However, this boundary fault is obscured by the Pandrosos-Kato Drosini formation. The 

fact that there is no obvious fault break within this formation suggests that there has been no significant 

displacement along this margin since the deposition of this formation. 
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5.43. Faulting along the southern margin of the Fillira Unit 

The southern margin of the Fillira Unit is delineated by an approximately E-W trending fault scarp 

which appears to have been offset by dextral cross faults at various points along its length. Like the southern 

margin of the Central Rhodope sub-group, this margin is also bordered by a coarse margin2il fades of 

Palaeogene conglomerates belonging to the Agra-Nero formation. At GR 382 084 in the Mavropagi River, 

immediately north of Agra, these conglomerates display a crude foliation dipping at approximately 60° to 

towards the south. Furthermore, at the same locality these Palaeogene conglomerates are juxtaposed against 

layered Nec^ene conglomerates which dip at approximately 5" towards the south. 

5.4.4. Faulting in the Amlgoualorema River 

Two of the 120° lineaments which can be identified on the aerial photographs of the region immediately 

north of Gratini delineate faults which are exposed in the Amigoualorema River. 

The northernmost of these faults is exposed at GR 316 095, approximately 1.5km north of Gratini, and 

is illustrated in Figs. 5.13b & 5.14a. Here the fault plane dips at 64° /192° and has a downthrow to the south 

with a vertical offset in excess of 10m. Sandstones and shales within the hangingwall of the fault are folded 

into a gentle syncline as a result of normal drag. However, the Amigoualorema River debris flow is dextrally 

offset by approximately 700m across this fault. This dextral offset may be an apparent phenomena resulting 

from the normal faulting of beds with a shallow south-easterly dip. Alternatively, it may represent a true 

dextral displacement across the fault. Unfortunately, the absence of any fault striae on the fault plane makes 

it impossible to confirm either theory. 

The second of these two faults is exposed in the Amigoualorema River at GR 319 090, approximately 

400m north of the point where the road crosses the river immediately west of Gratini. This fault is illustrated 

in Figs. 5.Id & 5.4a. It dips at 44°/217° and displays dextral-normal fault striae plunging at 30°/270°. Its 

downthrow is to the south and although the total vertical separation cannot be estimated it undoubtedly 

exceeds 20m. 

5.4.5. Faulting in the Mavropagi River 

Further east, in Mavropagi River, 41 meso-scale faults in the Gratini turbidites display a modal 

orientation of approximately 120° (Fig. 5.15a). All of these faults displayed normal offsets but accurate fault-

slip data were scarce such that the true sense of slip was generally impossible to ascertain. However, four slip 

vectors were recorded which demonstrated that some of the faults displayed evidence for dextral-normal slip. 

Figure 5.15b illustrates the dip of 33 of the fault planes, all of which were recorded in shallow southerly 

dipping beds. This demonstrates that the faults can be assigned to two sets which form a pair of conjugate 

normal faults whose acute bisector is approximately coaxial with the poles to bedding. This suggests that the 

conjugate faults probably formed in response to NNE-SSW extension prior to the tilting of the beds and have 

since been rotated to their present orientations. 
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Figure 5.14. Sketches of large-scale faulting in the Palaeogene cover sequences: 

(a) in the Gratini formation at GR 316 095 in the Amigoualorema River 

(b) in the Nea Santa formation at GR 469 062 in the Pontiourema River. 
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(a) Rose diagram (b) Stereographk projection 

n-41 

15° moving average filter n-33 

Figure 5.15. (a) Rose diagram, and (b) Lower hemisphere stereographic projection of faulting in the Gratini 

turbidites of the Mavropagi River. The rose diagram uses a moving average filter with a class interval of 

15" and a sweep interval of 1". Small open circles on the stereogram represent poles to fault planes, whilst 

crosses represent poles to bedding. 

At GR 382 089 in the Amigoualorema River, a set of closely spaced small-scale normal faults with 

orientations of 120° they are offset by a narrow N-S trending zone of en-echelon sinistral Reidel shears (Fig. 

5.13d). 

5.4.6. Faulting In the Pontlourema River 

Figure 5.16 illustrates the orientation of faulting in the Nea Santa turbidites and volcanics of the 

Pontiourema River. Fig. 5.16a demonstrates that the faulting to the east of the road bridge at GR 461 062 

immediately southeast of Nea Santa displays a general NW-SE orientation with modal orientations of 

approximately 125°, 155° and 010° whilst Fig. 5.16b demonstrates that the faulting to the west of the same 

road bridge displays modal orientations of approamately 140° and 000°. East of the road bridge the 125° 

faults generally display small normal displacements of less than Im and in places they are clearly crosscut 

by 155° faults which generally display larger normal displacements of up to 5m. Both of these sets of faults 

display a predominance of southwesterly dips which results in the rotation of the intervening fault blocks. A 

good example of this occurs at GR 469 062 where a 5-10m thick andesitic layer is cross-cut by a number of 
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(a) East of road bridge 
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Figure 5.16. Rose diagrams of fault strike in the Nea Santa formation of the Pontiourema River (a) east 

of the road bridge at GR 461 063, and (b) west of the road bridge. Rose diagrams use a moving average 

filter with a class interval of 15" and a sweep interval of 1". 

almost planar faults on which normal displacement has clearly resulted in the rotation of the intervening fault 

blocks (Figs. 5.13c & 5.14b). This particular zone of faulting can be detected on the areal photographs and 

corresponds to a 155° lineament trend which can be identified on the aerial photographs and is illustrated 

on Map 2. Similar examples of such rotational normal faulting are common throughout this river section. 

However, despite the fact that all of these faults display normal displacements, many of the 155" faults display 

additional evidence for dextral displacement in the form of dextral offsets and very occasional dextral-normal 

fault striae. Dextral offsets can be observed at GR 466 064 where a set of small-scale south-westerly dipping 

faults, with orientations of approximately 125° and normal displacements of less than 0.5m, are dextrally 

offset by a set of larger-scale southwesterly dipping faults, with orientations of approximately 155° and normal 

displacements of between 1 and 5m. Similarly, some of the faults belonging to the 010° fault set display 

evidence for sinistral displacements (e.g. at GR 467 063; Fig. 5.17a). 

Faulting to the west of the road bridge is less intense than it is to the east and in particular, the small-

scale 125° faults which are extremely common to the east of the road bridge are less abundant. The larger-

scale faults with southwesterly dips and apparent normal displacements display a modal orientation of 

approximately 140° but display occasional cadence for dextral displacements (e.g. at GR 459 061; Fig. 5.17b). 
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Figure 5.17. Sketches of faulting in the Nea Santa turbidites of the Pontiourema River, (a) at GR 467 063, 

and (b) at GR 459 061. Half arrows represent fault striae. 
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Sinistral 

n - 13 

15° moving average filter 

Figure 5.18. Rose diagram of vein orientations in the Nea Santa formation of the Pontiourema River. The 

rose diagram uses a moving average filter with a class interval of 15° and a sweep interval of 1°. 

The kinematic similarity between these faults and the 155° faults to the east of the road bridge suggests that, 

despite the 15° discrepancy between the modal orientation of these two fault sets, they can be regarded as 

subsets of the same group of faults. Likewise, some of faults belonging to the 000° set display evidence for 

sinistral displacements and although there is a 10° discrepancy between the 010° fault set to the east of the 

road bridge and the 000° fault set to the west of the road bridge, these two fault sets may also be regarded 

as subsets of the same group of faults. 

In addition to the analysis of faulting, an analysis of a limited number of conjugate shear veins 

demonstrates that they can be attributed to a local stress regime in which was vertical and o, had an 

orientation of approximately 080° (Fig. 5.18). In all of these conjugate vein sets the dextral veins were far 

better developed than their sinistral counterparts. 

The following conclusions emerge from these observations of faulting and veining in the Pontiourema 

River: 

(a) The turbidites and volcanics of the Nea Santa formation are dissected by a set of small-scale faults, with 

a modal orientation of approximately 125°, which can be attributed to early NNE-SSW extension. 

(b) The early 125° faults are cross-cut by a later set of faults whose modal orientation swings from 140° to 

the west of the road bridge, to 155° to the east of the road bridge. These faults generally display normal 
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displacements but occasionally show evidence for dextral displacements which may be due to 

reactivation. 

(c) An additional set of faults with a modal orientation which swings from 000° to the west of the road 

bridge, to 010° to the east of the road bridge displays occasional evidence for sinistral displacements. 

(d) Conjugate shear veins are indicative of localised extension at approximately 080° and compression at 

approximately 170°, which may also be responsible for the dextral and sinistral displacements on the 

fault sets with modal orientations of 140° to 155° and 000° to 010° respectively. 

5.4.7, Mesofracture analysis in the Gratini formation 

A limited mesofracture analysis was conducted in the Gratini formation between Pandrosos, Paterma 

and Gratini in an attempt to ascertain the kinematic nature and possible causes of faulting in the area. The 

advantages of using mesostructures to study the large-scale structure of an area have been stressed by 

Hancock (1985) and, in fact, Eyal & Reches (1983) have claimed that kinematically diagnostic mesostructures 

can yield more reliable stress directions than macrostructures. The use of the term "meso-scale" follows that 

of Turner & Weiss (1963) who employed it to embrace structures that range in size from less than 1cm to 

a few metres and are observable in a continuous exposure. Mesofractures may include faults, arrays of en 

echelon cracks, veins, joints and fissures. This particular study deals exclusively with meso-scale faults with 

displacements of up to 50cm. 

Data analysis 

Figure 5.19 displays rose diagrams of 253 meso-faults measured at 24 localities (or "stations") whilst Fig. 

5.20 displays stereograms for the same data. The rose diagrams provide an instant visual record of the 

orientations of the faulting, whilst the stereograms provide a synthesis of the three-dimensional fault 

orientations and also record the dip of the beds at each station. Inspection of the fault data presented in Figs. 

5.19 & 5.20 suggests that the faulting in the area is extremely complex. However, it is possible to identify 

various types of fault which are common to more than one station: 

Type 1: Strike-slip faults related to pre-fold NE-SW extension 

These faults fall into two categories on the basis of their location with respect to the axis of large-scale 

folding. Type la includes those faults which are situated on the S-dipping fold limbs, whilst Type lb includes 

those faults which are situated on the WNW-dipping fold limbs. These two types of fault are illustrated in 

Fig. 5.21a. Possible examples of Type la faults occur at stations F6, F8 and Fl7, where conjugate pairs of 

bedding-perpendicular dextral and sinistral strike-slip faults can be observed. Similarly, possible examples of 

Type lb bedding-perpendicular dextral and sinistral strike-slip faults can be observed at stations F1 and F19. 

At station F19 the faults range from sinistral strike-slip faults through extensional fractures, showing 

occasional evidence for normal displacement, to dextral strike-slip faults. 
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(a) 

Type la: 

S-dipping fold limb 

Before rotation 

D 

Type lb: 

WNW-dipping fold limb 

s , 1 ^ 
1 — n i l 

After rotation 

\ 

(b) 

Before rotation 

Type 2a: 
S-dipping fold limb 

After rotation 

Type 2b: 
WNW-dipping fold limb 

Figure 5J1. Schematic diagram illustrating the orientations of two types of meso-faults related to pre-foid 

NE-SW extension in the Gratini formation. 

(a) Type 1 conjugate strike-slip faults 

(b) Type 2 conjugate normal faults 
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At some stations, one set of the conjugate pair appears to be preferentially developed. For example, 

Type la dextral strike-slip faults, which occasionally show additional evidence for normal displacements, 

appear to be particularly common on the northern limb of the Tichiron-Drimi syndine at stations F9, FIO 

and F12. Type la sinistral strike-slip faults appear to be preferentially developed at station F22, whilst Type 

lb smistral strike-slip faults, which occasionally show additional evidence for normal displacements, appear 

to be preferentially developed at stations Fl5 and F16. 

Type 2: Normal faults related to pre-fold NE-SW extension 

Like the Type 1 faults, these can also be subdivided into two categories. Type 2a includes those faults 

which are situated on the S-dipping limbs of the large-scale folds, whilst Type lb includes those faults which 

are situated on the WNW-dipping fold limbs. These are both illustrated in Fig. 5.21b. An example of the Type 

2a faults occurs at station F2 where a conjugate pair of normal faults can be observed. Similarly, at station 

F7 a conjugate pair of Type 2b normal faults can be observed. At both of these stations, the acute bisector 

of each conjugate pair is almost perpendicular to the bedding. 

As with the Type 1 faults, there also appear to be some stations where one set of the conjugate pair 

is preferentially developed. For example, at stations F9 and F30, the E-dipping set of the Type 2a conjugate 

normal fault pair appears to be preferentially developed. 

Type 3: Strike-slip faults related to pre- or syn-fold NNW-SSE extension 

Once again, these can be subdivided into those faults which are situated on the S-dipping limbs of the 

large-scale folds (Type 3a) and those faults which are situated on the WNW-dipping fold limbs (Type 3b). 

These are both illustrated in Fig. 5.22a. Two particularly good examples of the Type 3a faults occur at stations 

F27 and F28 where conjugate pairs of N-S trending bedding-perpendicular dextral strike-slip faults and ENE-

WSW trending bedding-perpendicular sinistral strike-slip faults can be observed. If these faults are restored 

to the vertical by applying a tilt correction followed by a fold correction (i.e. using the same technique as that 

which was used for the restoration of palaeocurrent data in Chapter 4), then the acute bisectors of the 

restored conjugate pairs of strike-slip faults at each station display ENE-WSW orientations which are 

approximately coaxial with the 060° axis of large-scale folding. This suggests that the conjugate strike-slip 

faults may either have formed in response to pre-fold NNW-SSE extension, or, alternatively, they may have 

formed in response to syn-fold NNW-SSE directed bedding-parallel extension perpendicular to the fold axis, 

which is an inherent feature of flexural folds. Similar types of fold-related conjugate strike-slip faults have 

been described by Hancock (1985) and have been recognised by Marshak et al. (1982) in the Appennine fold 

belt of Italy. 

Other possible examples of Type 3a conjugate strike-slip faults can be observed at stations Fl and F2. 

However, no examples of Type 3b faults have been recognised. 
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(a) 

Before rotation 

Type 3a: 

S-dipping fold limb 

Afta rotation 

Type 3b: 

WNW-dii^ing fold limb 

(b) 

Before rotation 

Type 4a: 
S-dipping fold limb 

After rotation 

Type 4b; 

WNW-dipping fold limb 

Figure 522. Schematic diagram illustrating the orientations of two types of meso-fiaults related to pre- to 

syn-fold NNW-SSE extension in the Gratini formation. 

(a) Type 3 conjugate strike-slip faults 

(b) Type 4 conjugate normal faults 
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Type 4: Normal faults related to pre- or syn-fold NNW-SSE extension 

These can again be subdivided into two categories which are illustrated in Fig. 5.22b. A conjugate pair 

of Type 4a normal faults (i.e. those situated on the S-dipping fold limb) can be observed at station F23 and 

a NNE-dipping set of Type 4a normal faults appears to be preferentially developed at station F21. However, 

no examples of Type 4b normal faults (i.e. those situated on the WNW-dipping fold limb) have been 

recognised. Once again, these faults may either be attributed to pre-fold NNW-SSE extension, or, 

alternatively, they may be attributed to syn-fold NNE-SSW directed bedding-parallel extension due to flexure. 

Summay 

This simplified classification of meso-faults is clearly complicated by numerous local anomalies which 

cannot be correlated at more than one station. For example, the un-rotated vertical conjugate strike-slip faults 

recorded at station F4 do not appear to be developed elsewhere. Additional miscellaneous fault sets occur 

at stations at F3, F5, F24 and F26. However, if this localised "noise" is removed a distinct pattern emerges 

in which most of the fault sets can be attributed to either pre-fold NE-SW extension or pre- to syn-fold 

NNW-SSE extension which may have been due to syn-fold flexure. It must be noted, however, that many of 

these faults may have been reactivated by post-fold tectonics. For example, post-fold NNE-SSW extension 

may have been responsible for the reactivation of many of the dextral strike-slip faults on the northern limb 

of the Tichiron-Drimi syncline as normal faults. 

5.4A Rotational normal faulting 

Near surface faulting along the northern margin of the Komotini Basin commonly takes place by a 

process of rotational normal faulting (or "bookshelf or "domino" faulting). Examples of such faulting have 

already been described in the Pontiourema River (e.g. Figs. 5.13c & 5.14b). However, a particularly intriguing 

example of this type of faulting occurs at GR 382 090 in the Mavropagj River (Fig. 5.l3e, f & 5.23a) where 

a sequence of sandstones and shales belonging to the Gratini turbidites has been extended by the rotation 

of planar normal faults in opposite directions in adjacent layers. This results in an obvious space problem 

since, if the rotated blocks were to remain rigid, a void would develop between the adjacent layers. In this 

case, the space problem is overcome by plastic deformation of the intervening shales and the pervasive 

brecciation of the tops and bottoms of the rotated blocks. 

The geometry of rotational normal faulting has been the subject of numerous studies (Axen, 1988; 

Emmons & Garrey, 1910; Jackson & McKenzie, 1983; Jackson & White, 1989; Mandl, 1986; Morton & Black, 

1975; Thompson, 1960; Wernicke & Burchfiel, 1982). However, none of these studies describe the geometry 

of faults which rotate in opposite directions in adjacent layers. This section describes the geometry of this 

particular example of rotational normal faulting and discusses its importance from a reponal point of view. 
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Figure 523. An example of rotational normal faulting at GR 382 090 in the Mavropagi River section: 

(a) Sketch of faulting and diagram illustrating the derivation of the P-factor in terms of the initial fault 

dip (<t>,) and the final fault dip (4>) 

(b) Stereogram of poles to bedding (crosses) and poles to fault planes (open circles). Solid arrows 

illustrate the rotation of faults from their initial orientations, whilst dashed arrows illustrate the 

rotation of beds from their initial orientations. 

(c) Graph of fault rotation (6) versus extension (P) for faults with a range of initial dips ( < | > j ) . 
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Deg^ of fault wtadon 

Figure 5.23b illustrates how the degree of fault rotation differs in the individual layers of the faulted 

section. For example, in the upper sandstone layer, which is approximately Im thick, the faults, which have 

a spacing of approximately 20cm, have been rotated through angles of approximately 30° clockwise to dips 

of approximately 60°/200°. This means that the final angle (<j>) between these faults and the unrotated layers, 

which have an approximate dip of 357200°, is approximately 25°, as opposed to an initial angle of 

approximately 55°. The final dip of the layering in the individual fault blocks in this layer is then 

approximately 05°/200°. On the other hand, the faults in the thinner sandstone layers, immediately below the 

upper layer, have a much closer spacing of approximately 2 3cm and have been rotated through angles of 

approximately 40° anticlockwise to dips of approximately 10°/015°. Therefore the final angle (4>) between 

these faults and the unrotated layers is approximately 45° as opposed to an initial angle (<|)j) of approximately 

85°. The final dip of the layering in the individual fault blocks of these layers is then approximately 75°/200°. 

Both sets of faults rotate about a sub-horizontal axis with a trend of approximately 110°. 

Estimates of extension 

Jackson & McKenzie (1983) have shown that the degree of layer parallel extension (or p-factor) is given 

by: 

P = (Eq. 53.) 
sin(4>) 

Alternatively, Wernicke & Burchfiel (1982) have shown that the p-factor can be expressed in terms of the 

degree of rotation (6) and the initial or final dip of the faults with respect to the unrotated layers: 

( E , . 5.4 4 55., 

Therefore, the p-factor for the upper layer is approximately 1.9, whilst the p-factor for the lower layers is 

approximately 1.4. This implies that there must be some form of detachment in the intervening shales 

between the two adjacent sandstone layers. It is interesting to note that the extension of the upper layer is 

greater than that of the lower layers despite the fact that the lower layers have experienced a greater degree 

of rotation. This is illustrated graphically in Fig. 5.23c which demonstrates that for a given degree of fault 

rotation (6) the p-factor increases as the initial angle (<J),) between the faults and the unrotated layers 

decreases. 

Second genenokm faults 

A second set of rotational normal faults has also been generated in this layered sequence. These faults 

cut both the upper and lower layers and have a spacing of between l-3m. They have experienced a variable 
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degree of anticlockwise rotation ranging from 0° to 15°. The unrotated faults dip at approximately 40°/010° 

which means that their initial angle (4>i) mth respect to the unrotated layers is approximately 75°. The degree 

of rotation is greatest in the regions which have not been extended to such a great extent by the earlier faults 

(i.e. towards the left hand side of Fig. 5.23a). Locally, a 15° rotation of the faults to approximately 25°/010° 

has resulted in the rotation of the upper sandstone layer to a dip of approximately 50°/200°. This corresponds 

to a P-factor of approximately 1.1. Second generation faults have been recognised on a large-scale in the 

Basin and Range Province of the western U.SA. by Proffett (1977) and Stewart (1980) and in the central 

Aegean region by Jackson & McKenzie (1983) who point out that such faults are required because the ability 

of first generation faults to overcome the coefficient of friction on their fault planes is reduced as their dip 

decreases. Jackson and White (1989) suggest that a second set of faults is generated when the P-factor is 

approximately 2 which is comparable to the degree of extension in the upper sandstone layer of this particular 

example. 

Age of faulting 

A significant feature of this faulted sequence is that the faults are truncated by an unfaulted sequence 

of sandstones and shales. This implies that the faults are syn-sedimentary structures which formed prior to 

the deposition of the overlying sequence. Therefore, the faulting probably developed before the whole 

sequence was tilted to its present dip of approximately 35°/200°. If the whole layered sequence is restored 

to the horizontal, then the faults in the upper layer would have had initial dips of approximately 55°/200° and 

may have initiated as a set of steeply dipping normal faults with a common basin-ward dip direction towards 

the south. 

5.5. THE STRUCTURAL EVOLUTION OF THE NORTHERN MARGIN OF THE 

KOMOTINI BASIN DURING THE TERTIARY 

53.1. Introduction 

The observations of folding, thrusting and faulting described in the preceding sections indicate that the 

northern margin of the Komotini Basin has been subjected to a complex structural history throughout the 

Tertiary. However, an investigation of the kinematics and relative chronology of these structures enables the 

recognition of three major tectonic events. These tectonic events are illustrated in Fig. 5.24 and can be 

summarised as follows: 

(a) Palaeogene extension 

(b) Middle Tertiary inversion 

(c) Neogene extension 

Each of these will be discussed in turn. 
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Figure 5JW. Schematic cross sections illustrating the structural evolution of the northern margin of the 

Komotini Basin throughout the Tertiary. Cross sections drawn along the line of section E-F, on Map 2. 
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SS2. Palaeogene extension 

Evidence for syn-sedimentary NNE-SS W directed Palaeogene extension is provided by rotational normal 

faults in the Gratini turbidites at GR 382 090 in the Mavropagi River, which display a modal orientation of 

120° and are truncated by overlying sediments. 

Additional evidence for Palaeogene NNE-SSW directed extension is provided by small-scale normal 

faults with a modal orientation of 125° in the Pontiourema River. These faults are crosscut by later faults with 

normal offsets and a modal orientation of 155° which may testify to a clockwise rotation of regional extension 

to ENE-WSW. 

The coarse Palaeogene conglomerates of the Agra-Nero formation also provide evidence for Palaeogene 

extension and suggest that an active fault scarp existed along the southern margin of the Fillira Unit during 

the Palaeogene (Fig. 5.24b). 

The precise amount of Palaeogene extension across the northern margin of the Komotini Basin is 

difficult to estimate due to the fact that there are very few continuous exposures and even when such 

continuous exposures are available (e.g. in the Mavropagi and Pontiourema rivers) it is often difficult to 

measure the precise amount of displacement on the exposed faults. However, the analysis of small-scale 

rotational faulting in the Mavropagi River has revealed that localised Palaeogene extension along this margin 

may have been as much as 100% (i.e. a P-factor of 2). 

Faulting in the Gratini formation between Pandrosos, Paterma and Gratini is far more complex than 

that in the Mavropagi and Pontiourema Rivers to the east. However, conjugate normal faults, NNW-SSE 

trending sinistral strike-slip faults and WNW-ESE trending dextral strike-slip faults, which have apparently 

been rotated by later folding, provide possible evidence for NE-SW directed Palaeogene extension. In 

addition, the preferential development of WNW-ESE trending dextral faults on the northern limb of the 

Tichiron-Drimi syncline may be attributed to frictional drag of the Palaeogene cover sequences in thic region 

due to right-lateral shear along the southern margin of the Central Rhodope sub-group. 

The mference that the southern margin of the Central Rhodope sub-group may have experienced a 

degree of dextral displacement during the Palaeogene implies that the Komotini Basin probably evolved as 

a strike-slip basin. This conclusion is supported by the following observations which are characteristic of 

strike-slip basin margins in general: 

(a) The northern margin of the Komotini Basin can be divided into two segments. The first is the extremely 

Imear strike-slip fault scarp which delineates the southern margin of the Central Rhodope sub-group 

and has an approximate orientation of 060° and a large component of vertical displacement. The second 

is the more irregular southern margin of the Eastern Rhodope sub-group between Skiada and Neda 

which has an approximate orientation of 120° and displays evidence for Palaeogene NNE-SSW directed 

extension distributed on many small-displacement normal faults. These features are characteristic of 

strike-slip basin margins in general (Crowell, 1974). 

(b) The acute angle between the two segments of the basin margin is approximately 60° which is only 
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slightly larger than the 45° angle observed in experimental models of pull-apart formation between 

offset strike-slip faults (Rodgers, 1980; Segall & Pollard, 1980). 

(c) The great stratigraphic thickness and the asymmetric fades distribution, which is characterised by a 

coarse m a r ^ a l fades composed of talus brecdas and debris-flow dominated alluvial fans immediately 

adjacent to the basin margin, and finer-grained sediments showing evidence for longitudinal basin infill 

towards the centre of the basin, are also characteristic of strike-slip basins (Christie-Blick & Biddle, 

1985; Crowell, 1974, 1975; Hempton & Dunne, 1984; Heward & Reading, 1980). 

The Orgam Graben, which represents an elongated arm of the Komotini Basin, may be interpreted as 

a "wedge basin" which formed in a divergent wrench zone separating the Central and Eastern Rhodope sub-

groups. Such zones are characterised by rapid subsidence and the formation of negative flower structures 

(Harding, 1985; Harding et ai, 1985; Wilcox et al., 1973). The geological mismatch of the Central and Eastern 

Rhodope sub-groups on opposite sides of the Organ! Graben is also characteristic of strike-slip basins 

(Christie-Blick & Biddle, 1985). 

SS3. Middle Tertiary inversion 

The occurrence of a suite of ENE-WSW to E-W trending folds in the Palaeogene cover sequences 

flanking the northern margin of the Komotini Basin and the thrusting of the Fillira Unit over these 

Palaeogene cover sequences along the Kalindiri-Plagia Fault testifies to the fact that this margin was 

subjected to a phase of NNW-SSE directed compression at some stage during the middle Tertiary. 

The fact that folded turbidites of the Gratini formation immediately overlie a sequence of highly altered 

volcanics at GR 323 089 to the northeast of Gratini implies that this compressional event must post-date the 

volcanics. If these volcanics can be assigned an Oligocene age similar to that obtained for all of the other 

Tertiary volcanics of northeastern Greece (Fytikas et al., 1984; Innocenti et al., 1984), then the compressional 

event must post-date the Oligocene and may even be of Miocene age (see Chapter 6 for further discussion). 

One of the pre requisites for inversion is the reactivation of pre-existing structures (Williams et al., 

1989). If a normal fault is reactivated as a reverse fault then it is possible that points along the fault may 

either be in net extension or net contraction and will be separated by a null point. A prime candidate for a 

reactivated normal fault is the Kalindiri-Plagia Fault along which the Fillira Unit has been thrust up against 

the turbidites of the Gratini formation to the north. The steep southerly dip of this fault implies that the 

Fillira Unit is unlikely to represent a far-travelled nappe which was thrust over the Gratini formation in the 

middle Tertiary. A more realistic hypothesis is that the Fillira Unit had already been emplaced on the Eastern 

Rhodope sub-group prior to the middle Tertiary and that middle Tertiary compression merely resulted in the 

reactivation of a pre-existing basin boundary fault which subsequently became the Kalindiri-Plagia Fault. 

However, because the middle Tertiary NNW-SSE compressional regime was oblique to the earlier 

Palaeogene NNE-SSW extensional regime, the Kalindiri-Plagia Fault would not have been favourably 
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orientated to accommodate oblique convergence, such that a more complex system of reactivated normal 

faults and dextral cross faults resulted (Map 2). Dextral displacements on faults with orientations of 

approximately 120° to 155° can be observed at GR 316 095 to the north of Gratini, and at GR 459 061 in 

the Pontiourema River, and it is possible that many of these faults may represent reactivated normal faults. 

Another candidate for a reactivated normal fault occurs at GR 402 080, to the north of Skaloma, where 

the metabasites of the Fillira Unit are thrust over steeply dipping Palaeogene turbidites along a high angle 

reverse fault which may initially have been a normal fault (Fig. 5.2c). 

5 J.4. Ne t^ne extension 

The precise kinematics of Neogene extension has not been resolved since it was unfortunately outside 

the scope of this thesis. However, a limited degree of evidence for approximately N-S directed extension is 

provided by the occurrence of occasional E-W striking normal faults in the Neogene conglomerates which 

occur along the southern margin of the Palaeogene sequences (see Map 2). This suggests that after middle 

Tertiary inversion there was a reversion to an extensional regime similar to that which existed throughout the 

region during the Palaeogene. During this event many of the faults in the Palaeogene cover sequences may 

have been reactivated. In particular, the fault that delineates the southern margin of the Fillira Unit between 

Kalindiri and Skaloma is a prime candidate for Neogene reactivation since it appears to have provided a fault 

scarp along which thick sequences of Neogene conglomerates have accumulated. However, the lack of an 

obvious fault break along the southern m a r ^ of the Central Rhodope sub-group, between Pandrosos and 

Drimi, suggests that there has been relatively little tectonic activity along this margin since the Palaeogene. 

5.6. TRANSPRESSIONAL MODELLING OF INVERSION 

5.6.1. Introduction 

Because middle Tertiary inversion has resulted in significant deformation of the Palaeogene cover 

sequences whilst the Central and Eastern Rhodope sub-groups have remained largely unaffected, then these 

sub-groups can be regarded as rigid blocks which act as buttresses to the northern margin of the Komotini 

Basin. This has important implications for the style of deformation which has taken place along this margin 

because the southern margins of the two sub-groups have very different orientations. This is illustrated by 

the fact that deformation along the southern margin of the Central Rhodope sub-group is largely 

accommodated by ENE-WSW trending folds which are parallel to the basin margin whilst deformation along 

the southern margin of the Eastern Rhodope sub-group is accommodated by a combination of folds, reverse 

faults and strike-slip faults which are oblique to the basin margin. This generalised pattern of deformation 

is further complicated by the irregular shape of the basin margins which results in the local deflection of the 

regional stress regime. This section attempts to model the style of deformation along the northern margin 

of the Komotini Basin in terms of models of transpression (McCoss, 1986, 1987b; Sanderson & Marchini, 
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1984). The parameters used when describing transpression in this chapter are based on the model of 

Sanderson & Marchini (1984) and are illustrated in Fig. 5.25. 

5.6 Jl. Application of the McCoss construction 

The McCoss construction (McCoss, 1986) was introduced in Chapter 3 and can be used to determine 

the orientation of the relative displacement vector between two zone boundaries, given a knowledge of the 

orientation of the zone boundaries and the principal axes of infinitesimal strain. 

If the large-scale fold axes along the northern margin of the Komotini Basin are assumed to be 

adequate indicators of the orientation of the prindpal axes of infinitesimal strain, then the McCoss 

construction can be used to ascertain the orientation of the relative convergence vector between the 

Palaeogene cover sequences and the Central and Eastern Rhodope sub-groups. However, this approach is 

only valid if the amount of shortening across the margin is negligible and hence the degree of fold rotation 

is also negligible. Figure 5.26 illustrates how the orientation of the fold axes is dependant on the angle of 

convergence (A) and the amount of shortening perpendicular to the zone (S). These curves are derived from 

the formula (fig. 5.26): 

tane' = (Eq. 5.6) 
cot6 + S tan/4 

where 0 is the initial orientation any structure with respect to the zone boundary before rotation and 6' is 

the final orientation of the same structure after rotation. The derivation of Eq. 5.7 is illustrated in Fig. 5.26a. 

It should also noted that although S denotes the shortening perpendicular to the zone, this is equal to the 

shortening in the direction of convergence (S') which is given by; 

S' = ^ 

secA 

Therefore: 

S ' = 5 (Eq- 5.7) 

If the shortening across the northern margin of the Komotini Basin is assumed to be approximately 10% 

(which is the average of the estimates of shortening obtained in Table 5.1), then Fig. 5.26b demonstrates that 

when A is less than 70° (i.e. for conditions of general compression, the degree of fold rotation will be less 

than 8°. Furthermore, fold rotation will only really occur if deformation is truly homogeneous. In this case, 

deformation is clearly heterogeneous and therefore, the fold axes will tend to be offset along their length by 

strike slip-faults whilst the offset segments will maintain their initial orientation. As a result, the degree of 

fold rotation along the northern margin of the Komotini Basin can be considered to be negligible, such that 

the fold axes can be assumed to be reliable indicators of the approximate orientation of the principal axes 

of infinitesimal strain. 
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Figure S2S. (a) Block diagram and (b) plan view illustrating the parameters used when describing 

transpression (modified after Sanderson & Marchini, 1984). 

136 



(a) 
Chapter 5 

(b) 

BefcHv tranqniessioa: 

AAar trasspressicm; 

S-0.1 

Tan8 - 1/XY 

X Y - Cote 

Tune' - (1-5) I ( X T ' + X'Z') 

But: X ' Y ' - X Y - C o t e 
and: X'Z' - StaoA 

So: Tan8' • (1-S) / (cotO + StanA) 

A-80° 

A"40 

0.4 0.6 

Shortening (S) 

Figure S26. (a) Schematic diagram and (b) graph illustrating the degree of fold rotation in zones of 

transpression as a function of the angle of convergence (A) and the amount of shortening perpendicular 

to the zone (S). 6 is the initial orientation of the fold axis with respect to the zone boundary and 6' is the 

final orientation of the fold axis with respect to the zone boundary after a finite degree of transpression. 
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In order to ascertain the orientation of the relative convergence vector between the Palaeogene cover 

sequences and the Central and Eastern Rhodope sub-groups, the McCoss construction was applied at three 

points along the southern margin of the Central Rhodope sub-group and four points along the southern 

margm of the Eastern Rhodope sub-group. The results of this analysis are illustrated in Fig. 5.27 and 

summarised in Table 5.2. This table demonstrates that the orientation of the relative displacement vector 

between the Palaeogene cover sequences and the Central and Eastern Rhodope sut^oups ranges from 128° 

to 150° and has an average orientation of approximately 140°. This average orientation was then used to 

model the style of deformation in the Palaeogene cover sequences. 

Location Orientation of 
fold axis 

Orientation of 
basin margin 

Angle of 
obliquity, A 

Orientation of 
relative convergence 

vector, S 

(1) Pandrosos 064° 070° 12° 148° 

(2) Paterma 060° 060° 0° 150° 

(3) Drimi 060° 060° 0° 150° 

(4) Drosia 082° 115° 66° 139° 

(5) Plagia 062° 085° 44° 129° 

(6) Nea Santa 056° 074° 36° 128° 

(7) Neda 090° 125° 70° 145° 

Table S2. The application of the McCoss construction at various points along the northern margin of the 

Komotini Basin. 

5.6.3. Changes in the style of deformation along the margin 

In order to model the style of deformation in the Palaeogene cover sequences f l ank ing the northern 

margin of the Komotini Basin, the margin was divided into three adjacent sub-areas: 

(a) Sub-area A: Pandrosos to Drimi 

(b) Sub-area B: Skiada to Darmeni 

(c) Sub-area C: Plagia to Neda. 

The McCoss construction was then applied to each of these sub-areas in order to predict the orientation of 

the principal axes of infinitesimal strain and hence, the orientation of structures that would be required to 

accommodate triaxial strain according to the strain partitioning model of McCoss (1987b) which was discussed 

in Chapter 3. The results of this analysis are illustrated in Fig. 5.28 and summarised in Table 5.3. Figure 5.28 

demonstrates that the tectonic regime in the Palaeogene cover sequences ranges from general compression 

in sub-area A to general wrench sub-area B. The tectonic regimes in each of the three sub-areas are 
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illustrated on the tectonic spectrum of McCoss (1987b) in Fig. 5.29. 

Location Orientation 
of basin 
margin 

Orientation 
of relative 

displacement 
vector 

Angle of 
Obliquity 

A 

Tectonic 
regime 

Orientation of 
primitive 
structures 

Orientation of 
supplementary 

structures 

Pandrosos 
-Drimi 

060° 140° 10° General 
compression 
e,>e2>0>e3 

Folds & thrusts at 
055° 

Dextral & 
sinistral Reidels 
at 115° & 175° 

Skiada 
-Darmeni 

115° 140° 65" General 
compression 
ei>e2>0>e3 

Folds & thrusts at 
082.5° 

Dextral & 
sinistral Reidels 

at 142.5° & 
022.5° 

Plagia 
-Neda 

125° 140° 75° General 
wrench 

ei>e2>0>e3 

Dextral & 
Sinistral Reidels 

at 147.5° & 
025.5° 

Folds & thrusts at 
087.5° 

Table 53. The application of the McCoss construction to the three sub-areas of the northern margin of the 

Komotini Basin. e„ ê  and e, represent the maximum, intermediate and minimum inflnitesimal extensions 

respectively. 

5.6.4. Comparison between predicted and observed structures 

It is now possible to compare the orientation and kinematics of the structures predicted by the model 

with those observed in each of the three sub-areas. 

(a) Sitb-iirea A: Pandmsos to Drum 

Between Pandrosos and Drimi, the southern margin of the Central Rhodope sub-group has an 

orientation of approximately 060°. Therefore, according to the model, the tectonic regime generated in this 

sub-area should be one of general compression in which e,>e2>0>e3 and e, is vertical, whilst e, has an 

orientation of 145°. This should result in the generation of folds and thrusts with orientations of 055° and, 

to a lesser extent, dextral and sinistral Reidel shears with orientations of 115° and 175° respectively. 

In the vicinity of Drimi, the axis of large-scale folding plunges moderately at 42° /237° (see Section 

5.2.1) and there is evidence for the development of a system of en-echelon folds which are slightly oblique 

to the margins of the Organi Basin, as would be expected under conditions of homogeneous transpression. 

However, to the southwest of Drimi, the axis of the Tichiron-Drimi syncline has an orientation of 060° (see 

Section 5.2.1) which is parallel to the southern margin of the Central Rhodope sub-group. The 5° discrepancy 

between this observed fold orientation and the predicted orientation of 055° may simply be due to analytical 

error. However, an alternative possibility is that it may arise from a heterogeneous partitioning of 

transpressional strain such that the pure shear component is accommodated by folds in the Palaeogene cover 
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sequences whose axes are parallel to the southern margin of the Central Rhodope sub-group, whilst the 

simple shear 

Plane A-0' 
(el>e2-0>c3) 

General ccnopressicHi (el vertical) 

SttlHwaB(A-65*) 
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Plane extension A-180' 
(el>e2-0>e3) <0 0 >0 

ASTT " Axially Symmetric Transtension ASTP - Axially Symmetric transpression 

Figure SJ29. The location of the three sub-areas of the northern margin of the Komotini Basin on the 

"tectonic spectrum" (modified after McCoss, 1987b). 

component is accommodated by dextral simple shear along the margin. This would result in a clockwise 

rotation of the apparent relative displacement vector between the Palaeogene cover sequences and the 

Central Rhodope sub-group from its true orientation and may account for the values of 148°-150° which 

were obtained for the relative displacement vector in Table 53. The absence of any obvious fault break along 

the southern margin of the Central Rhodope sub-group suggests that this margin could not have been entirely 

frictionless. However, the abundance of WNW-ESE trending extensional fractures and dextral Reidel shears 

along the northern limb of the Tichiron-Drimi syncline may be due to a degree of frictional drag in this area. 

(b) Sub-area B: Skiada to Darmeni 

Between Skiada and Darmeni, the southern margin of the Eastern Rhodope sub-group has an 

orientation of approximately 115°. Therefore, the model predicts that the tectonic regime in this sub-area 

would again be one of general compression in which e]>e2>0>e3 and ê  is vertical whilst e, has an 

orientation of 172.5°. This should result in the generation of folds and thrusts with orientations of 082.5° and 

dextral and sinistral Reidel shears with orientations of 142.5° and 022.5° respectively. The predicted 
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orientation of folding agrees almost exactly with the 082" axis of gentle folding recorded in the Palaeogene 

cover sequences of the Mavropagi River (see Section 52.1). Furthermore, the predicted orientation of dextral 

Reidel shears corresponds closely to the orientation of the 130"-140° lineaments which can be observed on 

the aerial photographs and offset the Fillira Unit in a dextral fashion (see Section 5.2.1). 

(c) Sub-area C Pla^ to Neda 

East of Plagia the basin margin assumes a more southeasterly orientation of approximately 125°. 

Therefore, according to the model, the tectonic regime generated in this sub-area would be one of general 

wrench in which ei>e2>0>e3 and e^ is vertical whilst e, has an orientation of 177J5°. This should result in 

the generation of dextral and sinistral Reidel shears with orientations of 147.5° and 025j5° respectively and 

folds and thrusts with orientations of 087.5°. Lineaments with orientations of 140° to 155° can be observed 

on the aerial photographs of the region in the vicinity of Nea Santa (see Section 5.4.1). Furthermore, there 

is evidence for dextral displacement on faults with orientations of approximately 140° to 155° in the 

Pontiourema River, whilst sets of conjugate shear veins in the same river are indicative of extension at 

approximately 080° (see Section 5.4.6). Finally, the predicted orientation of folding is in close agreement with 

the 090° axis of large-scale folding which was recorded in the Palaeogene cover sequences in the vicinity of 

Nea Santa (see Section 5.2.1). 

Therefore, there appears to be a general eastward transition from almost pure compression along the 

southern margin of the Central Rhodope sub-group, between Pandrosos and Drimi, to general compression 

along the southern margin of the Eastern Rhodope sub-group, between Skiada and Darmeni and finally 

general wrench along the southern margin of the Eastern Rhodope sub-group between Plagia and Neda. This 

results in a clockwise rotation in the orientation of folds, thrusts and dextral and sinistral Reidel shears form 

west to east along the margin. Furthermore, the close agreement between the orientation and kinematics of 

structures predicted by the model and the orientation and kinematics of the structures observed in the field 

implies that the model provides a good approximation for the deformation of the Palaeogene cover sequences 

flanking the northern margin of the Komotini Basin. 

5.6J. Comparison with analogue models 

McCoss (1987b) carried out experiments with cement powder in attempt to model the orientation and 

kinematics of structures generated under conditions of transpression and transtension. Although these 

experiments do not model deformation by folding, the orientations and kinematics of fractures are clearly 

constrained. Figure 5.30 is a sketch of the deformation produced when A = 70°. This demonstrates that there 

is an extremely close resemblance between the style of deformation produced in this analogue model and that 

which occurs in the Palaeogene cover sequences flanking the southern margin of the Eastern Rhodope 

Complex where A is believed to range from 65° to 75°. 
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^ F I S S U R E 
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A N T I T H E T I C RELDEL 

Figure 530. Sketch of fractures generated in an analogue model of transpression using cement powder when 

the angle of convergence with respect to the zone normal, A = 70° (after McCoss, 1987b). 
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5.7. CONCLUSIONS 

The northern margin of the Komotini Basin has clearly experienced a complex structural history 

throughout the Tertiary period. However, three major structural events can be recognised. 

(a) NNE-SSW directed Palaeogene extension appears to have resulted in the evolution of the Komotini 

Basin as a strike-slip basin. This was dominated by dextral displacement on the Xanthi-Organi Fault, 

which delineates the southern margin of the Central Rhodope sub-group, whilst extension along the 

southern margin of the Eastern Rhodope sub-group appears to have been distributed on numerous 

small-displacement normal faults. During this time, the Organi Graben probably evolved as a "wedge 

basin" in a divergent wrench zone separating the Central and Eastern Rhodope sub-groups. 

(b) A phase of middle Tertiary NW-SE directed compression was then responsible for the folding of the 

Palaeogene cover sequences and the thrusting of the Fillira Unit over these sequences along the 

Kalindiri-Plagia Fault. This can be regarded as a reactivated basin boundary fault which implies that 

the phase of compression represents a phase of inversion. This phase of inversion clearly post-dates the 

Gratini volcanics, which can probably be assigned an Oligocene age on the basis of the fact that all 

other Tertiary volcanics in this region have been assigned Oligocene ages (Fytikas et al., 1984; Innocenti 

et al, 1984). The folding of the Palaeogene cover sequences accounts for approximately 10% shortening 

across this margin and transpressional modelling has shown that the tectonic regime generated along 

the margin changes from almost pure compression along the southern margin of the Central Rhodope 

sub-group to transpression along the southern margin of the Eastern Rhodope sub-group. The latter 

results in a complex pattern of folds, reverse faults and dextral cross-faults. 

(c) A reversion to approximately N-S directed extension during the Neogene resulted in the reactivation 

of many pre-existing faults, notably the fault which delineates the southern margin of the Fillira Unit 

between Kalindiri and Skaloma. However, the lack of an obvious fault break along the southern margin 

of the Central Rhodope sub-group suggests that there has been relatively little tectonic activity along 

this margin since the Palaeogene. 
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CHAPTER 6: GEOCHEMISTRY AND GEOCHRONOLOGY OF 

TERTIARY VOLCANISM 

6.1. INTRODUCTION 

The Tertiary volcanism of northeastern Greece and Bulgaria belongs to the North Aegean Tertiary 

Activity (NA.TA.) described by Fytikas et al. (1984). Figure 6.1 demonstrates that this volcanism falls within 

a linear zone which transects the Balkan Peninsula and has been referred to as the Transbalkan Strip of post-

Lutetian tectonomagmatic and metallogenic mobilisation (Boncev, 1978; 1980). K/Ar geochronology (Fytikas 

et al., 1976,1984; Innocent! et al., 1982,1984; Lilov et al., 1987) reveals that this volcanic activity began in the 

late Eocene (Priabonian) at approamately 37Ma and continued until the late Oligocene (Chattian) at 

approximately 23Ma, before the locus of volcanism shifted southwards to the central Aegean in the early 

Miocene. 

The close spacial relationship between the volcanics and the early Tertiary basins of northeastern 

Greece and Bulgaria has been emphasised by numerous authors (Alfieris & Kyriakopoulos, 1990; 

Eleftheriadis, 1989,1990; Eleftheriadis et al., 1989; Harkovska et al., 1989; Innocenti et al., 1984; Yanev et al., 

1990). In northeastern Greece the volcanism is particularly well developed in the Pharasino, Dipotama-Kotyli 

and Kaloticho areas within the Rhodope Massif to the north of Xanthi, and in the Petrota, Nea Santa-Sapes, 

Kirki-Essimi and Fere-Dadia areas along the southern margin of the Rhodope Massif in the vicinity of 

Alexandroupolis. The intimate association between the Tertiary basins and the volcanism has led Bitzios et 

al. (1982) to suggest that the distribution of the volcanism was controlled by the activity of deep Tertiary 

faults during the late Eocene to Oligocene. 

The volcanic products in northeastern Greece range from basaltic andesites to rhyolites with associated 

pyroclastics, agglomerates and ignimbrites. Intermediate products are the most predominant and their calc-

alkaline nature and geochemistry is consistent with an Andean-type orogenic association, which has led 

several authors to suggest that they may be related to northward subduction in the central Aegean during the 

Oligocene (Fytikas et al., 1984; Innocenti et al., 1984; Papavassiliou & Sideris, 1982). 

The petrology and geochemistry of the volcanism in the Pharasino, Dipotama-Kotyli and Kaloticho 

basins has been dealt with by various authors (Alfieris & Kyriakopoulos, 1990; Barker & Liati, 1991 

Eleftheriadis, 1989, 1990; Eleftheriadis et al., 1989; Innocenti et al., 1984) whilst the volcanics of the Fere-

Dadia area have been studied by Innocenti et al. (1984) and Karafoti & Arikas (1990). However, the 

petrology and geochemistry of volcanism in the Petrota, Nea Santa-Sapes and Kirki-Essimi areas has been 

dealt with to a more limited extent by Innocenti et al. (1984) and Frass et al. (1990). This chapter provides 

a more detailed study of the petrology, geochemistry and geochronology of the volcanism in these three areas. 
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Figure 6.1. Geological map of the Balkans showing the distribution of Tertiary volcanism and the location 

of the Transbalkan Strip of post-Lutetian tectonomagmatic and metallogenic mobilisation (after Boncev, 

1980). Hashed areas represent basic-intermediate volcanics whereas stippled areas represent acid volcanics. 

Ages are based on K-Ar data f rom: ' Innocenti et aL (1984) and ^ Lilov et aL (1987). 

A total of 64 samples were collected from six different volcanic groups as follows: 

(a) The Vrakos andesites (PAl): 12 samples. 

(b) The biotite-phyric Askite andesites (PA2): 9 samples. 

(c) The Askite dacites (PD): 8 samples. 

(d) The Kirki-Essimi volcanics (KEV): 14 samples. 

(e) The Sapes volcanics (SV): 7 samples. 

(f) The Nea Santa volcanics (NSV): 13 samples. 

(g) The Gratini volcanics (KV): 1 sample. 

Figure 6.2 illustrates the general locations of these samples whilst more precise sample localities are given 

in Appendix 1 and illustrated on Maps 1 and 2. 
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Figure 62. Simplified geological map of the Komotini - Alexandroupolis region of northeastern Greece 

(after Dimadis & Zachos, 1986) illustrating the general locations of the volcanic samples selected for 

geochemical analysis. 

62. PETROLOGY 

Petrological descriptions of the Vrzikos andesites (PAl), the Askite andesites (PA2) and the Askite 

dacites (PD) have already been provided in Chapter 2, whilst petrological descriptions of the Nea Santa 

volcanics (NSV) and the Gratini volcanics (KV) have been provided in Chapter 4. The ensuing sections 

provide brief descriptions of the petrology of the Kirki-Essimi volcanics (KEV) and the Sapes volcanics (SV) 

6.2.1. The Kirki-Essimi volcanics 

Table 6.1 summarises the mineralogy and basic petrological characteristics of 9 samples of the Kirki-

Essimi volcanics. Phenocrysts of plagioclase, biotite, hornblende and magnetite are present in all of the 

samples belonging to this group. Phenocrysts of quartz are usually present in small quantities but may be rare. 

The plagioclase phenocrysts commonly display oscillatory zoning but also occur as laths displaying albite twin 
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lamellae. They range from being relatively fresh to highly altered due to seridtisation wWlst the plagioclase 

phenocrysts in Sample KEV-11 have a skeletal appearance. Biotite occurs as large brown phenocrysts which 

are generally fresh but occasionally show alteration to chlorite. Hornblende, on the other hand, is usually 

highly altered and is commonly replaced by an aggregate of chlorite and caldte. In Sample KEV-12, the 

hornblende phenocrysts display opaque rims. Quartz is generally present as large resorbed water-clear 

phenocrysts which are commonly anhedral with irregular embayments. Finally, magnetite is present as small 

phenocrysts which are disseminated throughout the rocks. These rocks typically have an altered 

microcrystalline groundmass and frequently contain amygdales of caldte. 

Sample Grid Ref. Phenocryst phases Groundmass Alteration 

KEV-1 IS'SS.TE 
40"59.TN 

Plagioclase (often zoned), biotite, 
hornblende, quartz, magnetite 

Microcrystalline Moderately 
altered 

KEV-2 25''49.3'E 
40'"59.5'N 

Plagioclase (altered), biotite (-chlorite), 
hornblende (-chlorite + calcite), magnetite 

Microcrystalline Highly altered 

KEV-4 25''55.3'E 
40"59.3'N 

Plagioclase (commonly zoned), hornblende, 
biotite, quartz, magnetite, 

Microcrystalline Moderately fresh 

KEV-6 25''55.8'E 
41"00.5'N 

Plagioclase (highly altered), quartz, biotite, 
hornblende (-chlorite + caldte), magnetite 

Microcrystalline Highly altered 

KEV-7 25''54.8'E 
40''59.7'N 

Plagioclase (often zoned), quartz, biotite, 
hornblende (-chlorite + calcite), magnetite 

Microcrystalline Slightly altered 

KEV-8 25"54.7E 
4r00.0'N 

Plagioclase (often zoned), biotite, quartz, 
hornblende (-chlorite + calcite), magnetite 

Crystalline Highly altered 

KEV-10 25"54.1'E 
41"00.1'N 

Plagioclase (often zoned), biotite, quartz, 
hornblende (-chlorite + calcite), magnetite 

Microcrystalline Moderately 
altered 

KEV-11 25"54.0'E 
40'59.1'N 

Plagioclase, biotite, hornblende (fresh), 
magnetite, quartz (rare) 

Microcrystalline Moderately 
altered 

KEV-12 25''53.5'E 
41"00J'N 

'lagioclase (skeletal), biotite (-chlorite), 
lornblende (-chlorite + calcite; with 
opaque rims), quartz, magnetite 

Microcrystalline Slightly altered 

Table 6.1. Mineralogy and petrological characteristics of 9 samples of the Kirki-Essimi vdcanics. 

622. TTie Sapes volcanlcs 

Table 6.2. summarises the mineralogy and basic petrological characteristics of 4 samples of the Sapes 

volcanics. Phenocrysts of plagioclase, hornblende and magnetite are present in all of the samples belonging 

to this group, whilst quartz is present in three of the samples and biotite is present in two. These rocks exhibit 

very similar petrological characteristics to the KEV but typically show a greater degree of alteration. The 
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plagioclase phenocrysts occasionally display oscillatory zoning and albite twin lamellae but are generally 

extremely altered due to sericitisation. The phenocrysts of hornblende and biotite also display extreme 

alteration with biotite being replaced by chlorite and hornblende being replaced by aggregates of chlorite, 

epidote and occasional caldte. As in the KEV, quartz is generally present as large resorbed water-clear 

phenocrysts, which are commonly anhedral with irregular embayments, whilst magnetite occurs as small 

ubiquitous phenocrysts which are disseminated throughout the rocks. The groundmass of these rocks is 

typically microcrystalline and amygdales of calcite and/or epidote and zoisite are common. 

In many cases, the textures and mineralogy of these rocks has been completely obliterated by extreme 

hydrothermal alteration and silicification. However, no such samples were used in the geochemical analysis. 

Sample Grid Ref. Phenocryst phases Groundmass Alteration 

SV-2 25"48.5'E 
41''01.5'N 

Plagioclase (often zoned, altered), 
hornblende (-chlorite + epidote), biotite 
(-chlorite), magnetite 

Microcrystalline Moderately 
altered 

SV-3 25"46.7E 
41=00.7,5 

Plagioclase (altered), biotite (-chlorite), 
hornblende (-chlorite + epidote), quartz, 
magnetite 

Microcrystalline Slightly altered 

SV-4 25"46.yE 
41"01.0'N 

Plagioclase (altered), quartz, hornblende 
(-epidote + chlorite + calcite), magnetite 

Microcrystalline Highly altered 

SV-6 25''46.3'E 
41°00.8'N 

Plagioclase (altered), quartz, hornblende 
(-epidote + chlorite + calcite), magnetite 

Microcrystalline Highly altered 

Table 62. Mineralogy and petrological characteristics of 4 samples of the Sapes volcanics. 

6 J. Alteration 

The volcanic products of northeastern Greece have been subjected to varying degrees of hydrothermal 

alteration. In particular, the PAl and the SV often display extreme levels of alteration and silicification which, 

at its most intense, results in the total replacement of the original rock by clay minerals and a 

cryptocrystalline siliceous groundmass which may completely obliterate the original mineralogy and texture 

of the rocks. However, only the freshest samples of each group were selected for geochemical analysis. Some 

of these samples (particularly those of the SV) still displayed significant degrees of alteration but retained 

their original mineralogy and texture. Table 6.3 summarises the level of alteration and provides a list of the 

freshest and most altered samples of each volcanic group that were selected for geochemical analysis. This 

enables the geochemistry of the freshest and most altered samples of each group to be compared such that 

the effects of alteration can be identified. 
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Volcanic Group Alteration Most altered sample(s) Freshest sample(s) 

PAl Moderately altered - fresh PAl-3 PAl-1, PAl-2 

PA2 Slightly altered - fresh PA2-2, PA2-3 PA2-4 

PD Slightly altered - very fresh PD-3 PD-4 

KEV Highly altered - moderately fresh KEV-6 KEV-4 

SV Highly altered - moderately altered SV-4 SV-3 

NSV Highly altered - very fresh NSV-8, NSV-9 NSV-3, NSV-10 

KV Highly altered KV-4 -

Table 63. Summary of the range of alteration of the samples collected from each of the volcanic groups. 

6.3. GEOCHEMISTRY 

63.1. Analytical methods 

The analysis of major elements and selected trace elements was carried out using X-ray flourescence 

(XRF) at the University of Southampton. The procedure for sample preparation and the analytical results 

are given in Appendix 2. Whole rock analyses were carried out on powdered samples which had been pre-

heated to 1000°C. The weight loss on ignition (LOI) was then incorporated into the whole rock data and the 

resultant total summed to 100%. 

632. M^jor elements 

Appendix 2 expresses the proportions of the major elements present in each sample in terms of the 

weight percent (wt.%) of the constituent oxides. The oxides analysed included SiO ,̂ TiOj, Al^O,, FeO*, MnO, 

MgO, CaO, NajO, K^O, P^O; and SOj. FeO* represents the total Fe-content, including both FeO and FezO,, 

since the ratio of Fe^^/Fe'^ cannot be determined by XRF. 

Harker diaffmns 

Marker variation diagrams (Marker, 1909) provide a useful means of analysing the compositional 

variation of a suite of volcanic rocks. These diagrams are strictly only applicable to aphyric rocks, which are 

representative of actual magma compositions. However, they still provide a useful means of analysing 

porphyritic samples, such as those in this study, although this results in a greater scatter of the data. 

Figure 6.3a is a plot of K^O versus SiO^ for all of the samples analysed. This enables the rocks to be 

classified according to the classification of Peccerillo & Taylor (1976) and illustrates the following points: 

(a) The volcanic products range from basaltic andesites to dacites with SiOj ranging from 54-67%. 
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Figure 63. Harker diagrams for the entire range of samples analysed. 

(a) Plot of K^O versus SiOj. Rock classification after Peccerillo & Taylor (1976). Abs = absarokite. 

(b) Plot of total alkalis (NajO + KjO) versus SiOj. Alkaline/sub-alkaline boundary after Irvine and 

Baragar (1971). 
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(b) Two discrete volcanic series are distinguishable. The first is a calc-alkaline series in which K^O is less 

than 4%. This includes the PAl, the KEV, the SV, the NSV and the KV which display a continuous 

compositional range from basaltic andesites through to dadtes with SiO^ ranging from 54-67%. These 

rocks plot on a linear trend which transgresses the boundary between the calc-alkaline and high-K calc-

alkaline series of PeccerUlo & Taylor (1976) but shows a positive correlation between KjO and SiO^. 

They may therefore be genetically related by fractional crystallisation. The second series is a shoshonitic 

series in which K^O is greater than 4%. This includes the PA2 and the PD which do not show a 

continuous compositional range but fall into two groups of banakites (the PA2) and high-K dadtes (the 

PD) in which the SiO^ contents range from 57-60% and 64-67% respectively. 

(c) The KEV display intermediate compositions and fall within the andesitic part of the calc-alkaline series 

whilst the PAl fall towards the lower end of the calc-alkaline series and display a compositional range 

from basaltic andesites to andesites. The SV fall towards the upper end of the calc-alkaline series and 

display a compositional range from andesites to dacites. 

(d) The NSV are split into two groups which fall at the lower (basaltic andesite - andesite) and upper 

(dacitic) ends of the calc-alkaline series. 

Figure 6.3b is a plot of the total alkalis (Na^O + KzO) versus SiOj for all of the samples analysed. This 

reveals that the PAl, the KEV, the SV, the NSV and the KV of the calc-alkaline series generally fall within 

the sub-alkaline field of Irvine & Baragar (1971) whilst the PA2 and the PD of the shoshonitic series 

generally fall within the alkaline field. In addition, the K^O versus Na^O plot in Fig. 6.4a, shows that 

K^O/Na^O > 1 for the PA2 and the PD of the shoshonite series. This is characteristic of shoshonitic magmas 

in general (Morrison, 1980). 

Figure 6.4b is a plot of FeO*/MgO versus SiO^. This demonstrates that the majority of the analysed 

samples have low FeO*/MgO ratios relative to tholeiitic magmas. This is typical of calc-alkaline magmas in 

which Fe-enrichment during the early stages of fractionation is suppressed by the early crystallisation of Fe-Ti 

oxides (Miyashiro, 1974). 

Figures 6.5 & 6.6 illustrate a suite of Harker diagrams in which Na^O, FeO*, MgO, CaO, Al̂ Og, P^O* 

TiO; are all plotted against SiOj. The most notable features of these diagrams are as follows: 

(a) Na^O shows a greater scatter than K^O but a general positive correlation with SiO^ is recognisable. The 

range of N ^ O values, particularly in the SV, is probably due to the alteration of plagjodase. 

(b) AI2O3 also shows a greater scatter than K^O, but generally displays a decreasing trend with increasing 

SiOz, except in the PAl and the PA2. This exception is probably due to the smaller proportion of 

plagioclase phenocrysts in these rocks than in the andesites of the NSV. The high AI2O3 values (> 14%) 

are typical of calc-alkaline volcanics and may be attributed to the crystallisation, under hydrous 

conditions, of Ca-rich plagioclase which contains a greater proportion of A1 than Na-rich plagioclase. 

(c) FeO*, MgO, CaO and TiOj all display negative correlations with SiOj and have linear trends which 
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Figure 6.4. Marker diagrams for the entire range of samples analysed. 

(a) Plot of KzO versus Na^O (after Middlemost, 1975). Diagonal line represents KzO/Na^O = 1. 

(b) Plot of FeO*/MgO versus SiO^. Tholeiitic/calc-alkaline boundary after Wilson (1989). 
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Chapter 6 

suggest that the volcanic products may be genetically related by fractional crystallisation. The decreasing 

trends of FeO* and TiO^ with increasing SiO; are a common feature of calc-alkaline volcanics which 

may be attributed to the early crystallisation of Fe-Ti oxides. The low TiOj values (<1%) are also a 

common feature of subduction related magmas and are believed to be due to the retention of Ti in 

residual Ti-bearing phases in the source region (Green & Pearson, 1986). 

(d) On the basis of P^O; contents the volcanic rocks can be divided into two groups. The first is a low-P 

group which includes the KEV, the SV, the NSV and the KV in which the P2O5 values are alwa)% less 

than 0.2%. The second group is a high-P group which includes the PAl, the PA2 and the PD of the 

Petrota Basin which all display P^Oj values exceeding 0.2%. It is important to note that two of these 

high-P groups (the PA2 and the PD) also belong to the shoshonitic series. 

(e) The variation in Cr relative to SiO^ is totally different from that of the major elements. With the 

exception of one anomalous sample, the KEV, the SV and the NSV generally display consistently low 

Cr values of less than 50ppm. However, the PAl, the PA2 and the PD generally display higher Cr 

values, of up to 200ppm, and all display rapidly decreasing Cr with increasing SiO^, which may 

represent three entirely different fractionation trends. 

AFM diagram 

Figure 6.7 displays a ternary plot of Na^O+K^O (A) versus FeO* (F) versus MgO (M) for all of the 

samples analysed. Although there are no primitive samples to track the early stages of fractionation, this 

diagram illustrates that, unlike tholeiitic volcanics, these volcanics do not display any evidence for signifirjinf 

Fe-enrichment, which can be attributed to the crystallisation of Fe-Ti oxides. As a result, all of the samples 

fall within the calc-alkaline field of Ringwood (1975). 

633. Trace elements 

Appendix 2 expresses the concentrations of selected trace elements in each sample in parts per million 

(ppm). The trace elements analysed included Sr, K, Rb, Ba, Th, Nb, Ce, P, Zr, Ti, Y, Mo, Sn, Bi, Sb, W, Cr, 

V, Pb, La, Zn, As, Ni, U and Ga. 

MORB-normalised spider diafftmts 

Figures 6.8 & 6.9 illustrate MORB-normalised spider diagrams for the whole suite of samples analysed. 

The elements were normalised to the N-MORB of Hoffmann (1988) and the sequence of elements used in 

the diagrams is based on the sequence of Pearce (1983) who divided the elements into two groups on the 

basis of their relative mobility in aqueous fluids. The large ion lithophile elements (LILE) which include Sr, 

K, Rb, Ba, and to a lesser extent Th, have low ionic potentials (charge/radius) which enables them to be 

mobilised by aqueous fluids. They are therefore classed as mobile elements and plot on the left of the 

diagram. The remaining elements have higher ionic potentials and are less mobile in aqueous fluids. They 
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PAl PA2 PD KEY SV NSV KV 
A O • * • • A 

Figure 6.7. Ternary plot of NajO+K^O (A) versus FeO* (F) versus MgO (M) for the entire range of 

samples analysed. This diagram illustrates that the majority of the samples fall within the calc-alkaline field 

of Ringwood (1975). 
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Chapter 6 

are therefore classed as immobile elements and plot on the right of the diagram. Each group of elements is 

then arranged so that the incompatibility with respect to garnet Iherzolite increases towards the centre of the 

plot. 

The effect of fractional crystallisation on selected trace elements is illustrated in Fig. 6.10 which displays 

two graphs showing the variation in trace element concentrations relative to SiOj during the fractional 

crystallisation of typical calc-alkaline and shoshonitic suites (Pearce, 1982). From these graphs it is clear that 

over the range of compositions considered in this study (i.e. 54-67% SiOj) only P and Ti show a signifir>»nf 

decrease in the more evolved rocks of the calc-alkaline suite due to the crystallisation of apatite and 

magnetite respectively, whilst Sr, Ba, Th, Nb, 2x and Y remain almost constant. In the shoshonitic suite, Rb 

and Th show a slight increase whilst Ba, 2Lr and Y show a slight increase from basic to intermediate 

compositions and a slight decrease from intermediate to more evolved compositions due to the crystallisation 

of hornblende, biotite and zircon. Sr, Ti and P all decrease over the entire range of compositions considered 

due to the crystallisation of plagioclase, magnetite and apatite. Therefore, with the exception of Sr, Ti and 

P, fractional crystallisation does not have a significant affect on the relative proportions of the trace elements. 

This has prompted Pearce (1983) to argue that, although fractional crystallisation may have a minor effect 

on the absolute level of the spider diagrams it does not have a significant effect on their shape. As a result, 

although these spider diagrams are strictly only applicable to basaltic magmas, they can be used to analyse 

the trace element distributions of more evolved rock-types such as those in this study. 

The MORB-normalised spider diagrams illustrated in Figs. 6.8 & 6.9 represent the variation in trace 

element distributions for each of the volcanic groups. The KV have been excluded due to the high degree 

of alteration in these rocks, whilst the KEV are represented on two separate diagrams for ease of 

interpretation and the NSV have been subdivided into two groups representing the andesitic (NSVl) and 

dacitic (NSV2) varieties. Hence there are eight different spider diagrams. These diagrams illustrate that the 

trace element distributions of the individual samples belonging to each group display a remarkable degree 

of concordance. As a result, average trace element concentrations have been calculated for each of the seven 

volcanic groups and these normalised to MORE and plotted in Fig. 6.11a for comparison. Figure 6.11b 

illustrates the same data normalised to the average trace element distribution of the KEV which is chosen 

since it is considered to be representative of the average trace element distributions of all of the groups of 

rocks belonging to the calc-alkaline series. These diagrams illustrate the following points of interest: 

(a) The KEV and the SV display remarkably similar trace element distributions and are probably therefore 

genetically related. 

(b) The NSVl and the NSV2 display broadly similar concentrations of immobile elements to the KEV and 

the SV. However, the NSV2 display higher concentrations of the mobile elements (i.e. K, Rb, Ba and 

Th) than the KEV and the SV, whilst the NSVl display lower concentrations of the mobile elements 

than the KEV and the SV. There are several possible explanations for this discrepancy. Firstly, it may 

be due to fractional crystallisation. If this were the case then Fig. 6.10 suggests that there should be a 
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Figure 6.10. Variation in trace element concentrations during the fractionation of (a) shoshonitic and (b) 

calc-alkaiine suites (after Pearce, 1982). Dashed lines represent the compositional limits of the samples 

analysed in this study. Arrows mark the points at which specific minerals begin to crystallise, ol = olivine; 
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magnetite; zr = zircon; bi = biotite. 
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slight decrease in P and Ti in the more evolved rocks of the NSV2 due to the crystallisation of apatite 

and magnetite, whilst the other trace element concentrations should remain almost constant. A slight 

decrease in P and Ti is apparent in the NSV2. However, fractional crystallisation fails to account for 

the relative enrichment of the mobile elements in the NSV2 and the relative depletion of the mobile 

elements in the NSVl. The relative enrichment of the mobile elements in the NSV2 may be due to a 

degree of crustal contamination. Alternatively, the relative depletion of the mobile elements in the 

NSVl may be due to alteration. 

(c) The PA2 show the highest trace element concentrations of all the rocks studied. Since the SiOj content 

of these rocks is broadly similar to that of the KEV, it is unlikely that these two groups are related by 

fractional crystallisation. The higher concentration of Y in the PA2 suggests that these rocks may have 

been derived from an entirely different parental magma which experienced a smaller degree of partial 

melting in the mantle source region than the parental magma to the KEV (Pearce & Norry, 1978; 

Pearce 1982). Figure 6.10 demonstrates that the fractional crystallisation of this magma over the range 

of compositions studied would result in relatively constant Rb and Th, a slight decrease in Zr, Ba and 

Y and a larger decrease in Sr, Ti and P. All of these features can be observed in the PD which suggests 

that these rocks may be related to the PA2 by simple fractional crystallisation. 

(d) The PAl display very similar trace element distributions to the KEV and the SV, apart from the higher 

concentrations of Rb, P and Ti. The higher Rb concentrations in the PAl may be due to the lack of 

involvement of biotite and/or hornblende in the fractionation of these rocks whilst the higher Ti 

concentrations may be due to a smaller degree of magnetite fractionation than in the KEV and the SV 

which are slightly more evolved. The PAl may have inherited their higher P values from the mixing 

of the parental magma of the calc-alkaline series with that of the shoshonitic series, a deduction which 

is intuitively supported by the fact that the high-P volcanics are restricted to the Petrota Basin. 

Inspection of Fig. 6.11a also reveals that, with the exception of Ti and Y, all of the trace elements are either 

enriched relative to normal MORE or show similar concentrations. The depletion of Ti and Y may be related 

to a number of factors: 

(a) An increase in the degree of partial melting of a plagioclase Iherzolite source results in a slight 

decrease in the concentrations of all incompatible elements in the melt (Pearce, 1982). Therefore, the 

primary magma may have been produced by a greater degree of partial melting of a plagioclase 

Iherzolite source than that of normal MORB (Pearce & Norry, 1979). On the other hand, partial 

melting of a garnet Iherzolite source results in either no change or a depletion in the concentration of 

Y since the presence of garnet in the residue buffers the concentration of Y in the melt (Pearce, 1982). 

(b) The presence of subduction zone-derived aqueous fluids in the source region may result in the 

stabilisation of residual Y-bearing phases, such as rutile, sphene and zircon, which may retain Y and 

result in lower concentrations of Y than those of normal MORB (Dixon & Batiza, 1979; Saunders et 

ai, 1980). 
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(c) Similarly, the presence of aqueous fluids in the source region, coupled with high pressure and high fO^, 

may result in the stabilisation of Ti-bearing phases, such as sphene, rutile, ilmenite and magnetite, 

which would retain Ti and result in lower Ti values than those of normal MORB (Green & Pearson, 

1986,1987; Foley & Wheller, 1990). 

(d) Further Ti depletion in more evolved magmas is enhanced by the crystallisation of magnetite during 

the early stages of fractionation. 

Having established the possible causes of Ti and Y depletion, the concentrations of the remaining elements 

can be attributed to a number of components as follows (Pearce, 1983): 

(a) The mantle component (MC) 

This component refers to the contribution to the melt phase of the depleted mantle prior to its 

enrichment by additional components. If it is assumed that the concentration of Y reflects the degree of 

partial melting of a plagioclase Iherzolite source region then the concentrations of the remaining trace 

elements can be assumed to have been depleted by a similar amount relative to normal MORB (Pearce, 

1982). 

(b) The alkalinity component (AC) 

Alkaline mid-ocean ridge basalts display an enrichment in selected trace elements relative to tholeiitic 

MORB. This enrichment is characterised by a greater degree of enrichment in the most incompatible 

elements (e.g. Ba, Th and Nb) relative to the moderately incompatible elements, (e.g. P and Zr). The precise 

cause of this enrichment is unclear but Pearce (1982) favours a theory whereby the source region is enriched 

by COj-rich fluids. 

(c) The within plate component (WPC) 

This component arises from the contribution to the melt phase of the subcontinental lithosphere which 

has been selectively enriched in trace elements according to their incompatibility with respect to garnet 

Iherzolite. Thus Y, which is retained by garnet in the source region, shows no enrichment, wiiilst the most 

incompatible elements, Ba, Nb and Th, show the greatest enrichment. 

(d) The subduction component (SC) 

This component arises from the contribution to the melt phase of selected trace elements derived from 

the subducted slab and results in the selective enrichment of Sr, K, Rb, Ba and Th which are thought to be 

transported from the subduction zone to the overlying mantle by aqueous fluids (Ellam & Hawkesworth, 

1988; Sakuyama & Nesbitt, 1986; Tatsumi et al., 1986). The enrichment of LILE relative to HPS elements 

is common to both oceanic island arc and active continental margin magmas and serves to distinguish them 

from all other terrestrial volcanics (Perfit et ai, 1980). 
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(e) The caJc-alkaline component (CAC) 

Calc-alkaline and shoshonitic magmas exhibit an additional enrichment in Sr, K, Rb, Ba, Th, Ce and 

P relative to subduction related tholeiitic magmas. The cause of this emichment is unclear although the 

enrichment in Sr, Rb, Ba and Th is probably related to the higher K^O contents of calc-alkaUne and 

shoshonitic magmas, whilst the enrichment of Ce and P may be due to the contribution of subducted 

sediment to the melt phase (Kay, 1977; Pearce, 1983). However, Hole et al. (1984) have shown that 

shoshonites from the Marianas arc exhibit negative Ce anomalies, as opposed to Ce enrichment, which they 

have attributed to the contribution of pelagic sediments to the melt phase. The concentrations of Nb, Zr, Ti 

and Y remain unaffected by the calc-edkaline component. 

( f ) The crustal contamination component (CCC) 

This may result in the selective enrichment of Sr, K, Rb and, in particular, Ba and Th. These 

enrichments generally result in a greater scatter of the final data but are generally imperceptible in magmas 

which display high concentrations of these elements relative to normal MORB prior to contamination. 

The trace element distributions represented in Fig. 6.11a display many of the enrichments described above. 

Figure 6.12 illustrates the relative contributions of each of the enrichment components to the trace element 

distributions observed in the KEV of the calc-alkaline series and the PA2 of the shoshonitic series. The 

relative contributions of each component are calculated using the procedure of Pearce (1983) and given in 

the table in Fig. 6.12. This procedure can be summarised as follows: 

(a) The contribution of the mantle component can be obtained by drawing a horizontal line through the 

Y concentration. 

(b) The combined contribution of the alkalinity and within plate components is represented by the area 

between this first line and a second line which is extrapolated through Y, Zr and Nb, which are not 

affected by the additional enrichment components. The following procedure was adopted to extrapolate 

this line between these points: 

(i) Ti was obtained by linear interpolation between Y and Zr, whilst Ce and P were obtained by linear 

interpolation between Zs and Nb. 

(ii) Rb, Ba and Th were assigned the same values as Nb, and Sr was assigned the interpolated value 

of Ce. K was obtained by linear interpolation between Sr and Rb. 

(c) The combined contribution of the subduction, calc-alkaline and crustal contamination components is 

then represented by the area between the second line and the total trace element distribution. 

Bivariaie diagrams 

The following bivariate diagrams can be used to highlight the importance of the various enrichment 

components which are responsible for the observed trace element distributions: 
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Figure 6.12. MORB-normalised spider diagrams and table illustrating the approximate contributions of 

various enrichment processes to the average trace element distributions of the PA2 and the KEV. SC = 

subduction component; CAC = calc-alkaline component; CCC = cnistal contamination component; WPC 

= within plate component AC = alkalinity component; MC = mantle component The approximate 

conributions of each component were calculated using the procedure of Pearce (1983). 
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(a) Cr versus F 

Figure 6.13 illustrates a Cr versus Y diagram for the entire range of volcanic samples from the study 

area. This variation diagram is based on that of Pearce (1982) and can be used to illustrate the low initial 

concentrations of immobile incompatible elements relative to normal MORE for a given degree of 

fractionation. Y and Cr are used because neither of these elements are affected by the enrichment 

components. However, the concentration of Yin the melt decreases with increasing degrees of partial melting 

of plagioclase Iherzolite, whilst the Cr content remains almost constant because it is buffered by residual 

phases. Fractional crystallisation, on the other hand, results in a rapid decrease in the concentration of Cr 

which is strongly partitioned into early mafic crystallising phases such as olivine, Cr-spinel and pyroxene, 

whilst Y concentrations are largely unaffected. This results in a fractionation trend which is initially vertical 

but is deflected to the right as plagioclase starts to crystallise. The partial melting curve in Fig. 6.13 is based 

on the simple equilibrium partial melting curve of Pearce (1982) which is calculated assuming a plagioclase 

Iherzolite source composition of ologOpXojCpXo ,plo , in which the phases melt in the proportions 3:1:4:4. Figure 

6.13 demonstrates that the low concentrations of Y are consistent with a degree of partial melting of 

approximately 25% which is far greater than that expected for normal MORE. This variation diagram can 

be used to discriminate between volcanic arc basalts (VAB), within plate basalts (WPB) and MORE since 

the volcanic arc basalts display lower concentrations of Y for given concentrations of Cr. Figure 6.13 

demonstrates that almost all of the samples analysed fall within the field of volcanic arc basalts. 

(b) Th/Y versus Nb/Y 

Figure 6.14a illustrates a Th/Y versus Nb/Y variation diagram for the entire range of volcanic samples 

from the study area. This mobile-immobile element diagram is based on the Th/Yb versus Ta/Yb diagram 

of Pearce (1982,1983) and can be used to highlight the importance of the subduction component in magma 

petrogenesis. Th is chosen as the mobile element since it is less susceptible to alteration than other mobile 

elements such as K. Nb is chosen as the immobile element since it behaves in a similar fashion to Ta, whilst 

Y is chosen because it behaves in a similar fashion to Yb and is not affected by any of the enrichment 

components. It also acts as a normalising factor which has the effect of largely eliminating source variations 

resulting from partial melting and fractional crystallisation processes. Since the within plate component of 

enrichment affects both Th and Nb equally, within plate basalts and MORE both plot on a slope of unity. 

However, the subduction zone component causes an enrichment in Th with no corresponding enrichment in 

Nb. This results in a vertical shift to higher Th/Y ratios such that volcanic arc basalts plot above the line of 

mantle evolution. Unfortunately this diagram cannot be used to distinguish between the subduction 

component and the calc-alkaline and crustal contamination components since these also result in an 

enrichment in Th with no corresponding enrichment in Nb. Figure 6.14a illustrates that all of the analysed 

samples plot above the line of mantle evolution, in the volcanic arc basalt field. Furthermore, the PA2 and 

the PD of the shoshonitic series generally display higher Th/Y and Nb/Y values than the volcanic rocks 
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Figure 6.13. Cr versus Y variation diagram for the entire range of samples analysed. The partial melting 

curve is based on that of Pearce (1982) and represents the partial melting of a plagioclase Iherzolite source 
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belonging to the calc-alkaline series. Sample PAl-11 displays anomalously low Y values which are probably 

due to analytical error This is probably due to the effect of variations in alkalinity in the source as opposed 

to the within plate component. 

(c) Ce/Y versus Nb/Y 

Figure 6.14b illustrates a Ce/Y versus Nb/Y variation diagram for the entire range of volcanic samples 

from the study area. This variation diagram is based on the Ce/Yb versus Ta/Yb diagram of Pearce (1982) 

and can be used to identify the calc-alkaline component of enrichment. Nb and Y are chosen for the same 

reasons as before whilst Ce is chosen since the within plate component affects both Ce and Nb equally and 

therefore MORB and within plate basalts will plot on a slope of unity. The subduction component and the 

crustal contamination component have little or no effect on either Ce or Nb and therefore primitive volcanic 

arc tholeiites and contaminated volcanics will plot close to the line of mantle evolution. However, the calc-

alkaline component causes an increase in Ce with no corresponding increase in Nb. This results in a shift to 

higher Ce/Y ratios, and therefore calc-alkaline volcanics and shoshonites will, once again, plot above the line 

of mantle evolution. Figure 6.14b demonstrates that all of the analysed samples plot above the line of mantle 

evolution, in the volcanic arc basalt field. Once again, the higher Ce/Y and Nb/Y values of the PA2 and the 

PD of the shoshonitic series relative to the rocks belonging to the calc-alkaline series, are probably due to 

the effect of variations in alkalinity in the source as opposed to the within plate component. 

(d) Ti/Y versus Nb/Y 

Figure 6.15a illustrates a Ti/Y versus Nb/Y variation diagram for the entire range of volcanic samples 

from the study area. This variation diagram is based on that of Pearce (1982) and can be used to demonstrate 

the degree of within plate enrichment and the effects of fractional crystallisation and alkalinity source 

variations. This is possible because both Ti and Nb are unaffected by the subduction component, the calc-

alkaline component and the crustal contamination component, whilst the within plate component results in 

an enrichment of both Ti and Nb although Nb is more strongly enriched than Ti. Tholeiitic arc basalts should 

therefore plot close to a line representing the enrichment of Ti/Y relative to Nb/Y due to the within plate 

component. However, the alkalinity component results in a shift to higher Nb/Y values whilst the fractional 

crystallisation of magnetite causes a shift to lower Ti/Y values. A combination of these two processes results 

in a shift of the data to a point below the line of mantle evolution. Figure ** demonstrates that all of the 

analysed samples plot below the line of mantle evolution although it is not possible to assess the relative 

importance of fractional crystallisation and alkalinity source variations, which may account for this shift. 

(e) Zr/Y versus Zr 

Figure 6.15b illustrates a Zr/Y versus Zr variation diagram for the entire range of volcanic samples 

from the study area. This variation diagram is based on that of Pearce & Norry (1979) and can be used to 
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Figure 6.15. (a) Ti/Y versus Nb/Y variation diagram (after Pearce, 1982) and (b) Zr/Y versus Zr variation 

diagram (after Pearce & Norry, 1979) illustrating the invlovement of various enrichment components in 

magma petrogenesis. WPC = within plate component; AC = alkalinity component; FC = fractional 

crystallisation. 
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eliminate the effects of the subduction, calc alkaline and crustal contamination components and isolate the 

within plate and alkalinity components. This is possible because the subduction, calc-alkaline and crustal 

contamination components have no affect on 2^ or Y concentrations, whilst the within plate component 

results in an enrichment in Zr with no corresponding enrichment in Y, and the alkalinity component results 

in a minor enrichment in 2Lr with no corresponding enrichment in Y. As a result, this diagram provides an 

effective discriminant between oceanic island arc and active continental margin magmas. Figure 6.15b 

demonstrates that all of the analysed samples plot above the horizontal line separating active continental 

margin magmas from oceanic island arc magmas. Furthermore, the PA2 and the PD of the shoshonitic series 

generally display higher Zr /Y ratios than the rocks belonging to the calc-alkaline series which can probably 

be attributed to the alkalinity component. 

( f ) Ti versus Zr 

This final variation diagram is based on that of Pearce & Cann (1973) and can be used to illustrate the 

fractionation trends of various magmatic suites. Figure 6.16 is a Ti versus Zr variation diagram for the entire 

range of volcanic samples from the study area. The negative correlation between Ti and Zr for the PAl, the 

KEV, the SV and the NSV of the calc-alkaline series can largely be attributed to the fractional crystallisation 

of magnetite whilst the decrease in both Ti and Zr from the PAZ to the PD of the shoshonitic series can be 

attributed to the fractional crystallisation of biotite and/or hornblende aswell as magnetite. Figure 6.16 

demonstrates that this variation diagram can also be used to discriminate between volcanic arc basalts and 

within plate basalts because of the characteristically low Ti values of volcanic arc basalts due to the retention 

of Ti in the residue during partial melting, coupled with the early crystallisation of Fe-Ti oxides during 

fractional crystallisation. 

6.4. K-AR GEOCHRONOLOGY 

6.4.1. Introduction 

To constrain the timing of the volcanism in the Alexandroupolis - Komotini region, six volcanic flows 

were sampled for K-Ar isotope studies. In addition to these volcanic flows, a sample from the Maronia 

monzodiorite was also analysed for comparison. The samples were all generally fresh but as a cautionary 

measure three samples were collected from each locality so that the analyses could be carried out in triplicate 

to enable the affects of localised weathering and alteration to be assessed and provide greater confidence in 

the final results. The samples analysed included: 

(a) PAl-12: Whole rock samples from the Vrakos andesites. 

(b) PA2-2: Biotite concentrates from the Askite andesites. 

(c) PD-4: Biotite concentrates from the Askite dacites. 

(d) KEV-14: Whole rock samples from the Kirki-Essimi volcanics. 

173 



Chapter 6 

Ti02 
50,000 

30,000 

20,000 

10,000 

5,000 -

3,000 

2,000 

Hbl 

Flag, Ap, 01 

Cpx, Opx 

WPB 
V,. MORB 
/ -x. 

Mgt fraiptionationy 

' a i /H^I 
fractionation 

VAB 

1,000 
10 

I 

20 30 50 

PA1 
A 

PA2 
O 

1 0 0 

Zr 
PD 
• 

KEV SV 
* e 

200 300 500 

NSV KV 
• A 

Figure 6.16. TiO^ versus Zr variation diagram (after Pearce & Cann, 1973) illustrating the effects of the 

fractional crystallisation of various minerals on TiO; and Zr concentrations. Flag = plagioclase; Ap = 

apatite; 01 = olivine; Cpx = clinopyroxene; Opx = orthopyroxene; Mgt = magnetite; Hbl = hornblende; 

Bi = biotite; Zr = zircon. The MORB, WPB and VAB fields are after Pearce (1982). 
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Figure 6.17. Simplified geological map of the Komotini - Alexandroupolis region of northeastern Greece 

(after Dimadis & Zachos, 1989) illustrating the K-Ar ages obtained for the 7 samples analysed in this study. 

(e) NSV-9: Whole rock samples from the Nea Santa volcanics. 

(f) KV-4; Whole rock samples from the Gratini volcanics. 

(g) MM-1: Biotite concentrates from the Maronia monzodiorite. 

Figure 6.17 illustrates the general geographical locations of these samples although more precise locations 

are given in Appendix 1 and on Maps 1 & 2. 

6.4.2. Analytical methods 

K-Ar isotope analyses of the aforementioned rock samples were conducted at the NERC Isotope 

Geosciences Laboratories (NIGL) in Keyworth, Nottingham whilst the sample preparation was carried out 

at the University of Southampton. The principles of K-Ar analysis and the procedures for sample preperation 

and analysis are given in Appendix 3 together with the full analytical results. 
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6.43. Results 

The average ages that were obtained for each of the seven samples are given in Table 6.4. These results 

demonstrate that the ages of the volcanics fall within the range of 29.0 - 30.8Ma. The oldest age of 30.8Ma 

was obtained for the Vrakos andesites (PAl-12). This supports the assertion, made on the basis of 

stratigraphic evidence in Chapter 2, that the Vrakos andesites are older than the Askite andesites. However, 

the Askite dacites (PD-4) have a younger K-Ar age than the Askite andesites (PA2-2) which contradicts the 

stratigraphic sequence, described in Chapter 2, in which the Askite andesites overlie the Askite dacites. This 

may either be due to the fact that the Askite dacites represent an intrusive sill, which is unlikely because of 

the glassy matrix of these rocks, or more probably, that the limits of experimental error encompass the age 

variations between the analysed samples. 

Sample PAl-12 PA2-2 PD-4 KEV-14 NSV-9 KV-4 MM-1 

Mineral wr bi bi wr wr wr bi 

Age (Ma) 30.8 ± 1.2 29.8 ± 1.4 29.0 ± 1.3 29.7 ± 1.3 29.2 ± 1.0 30.0 ± 13 293 ±1.0 

Table 6.4. Summary of the K-Ar ages obtained for the 7 samples analysed in this study, wr = whole rock 

samples; hi = biotite concentrates. 

The age of the Sample KV-4 has important implications for the age of the compressional event 

described in Chapter 5, since it was collected from a highly altered sequence of the Gratini volcanics which 

are overthrust by a folded sequence of the Gratini turbidites. Therefore, the compressional event must post-

date these volcanics. If the K-Ar age obtained for Sample KV-4 is correct then this implies that the 

compressional event must post-date the late Oligocene and may even be of Miocene age. However, the 

extreme alteration of this sample means that the reliability of the age obtained must be seriously questioned. 

Nevertheless, the fact that all of the other volcanics in the area yield ages which fall within the range of 29.0 -

30.8Ma implies that it is reasonable to assume that the Gratini volcanics have a similar age. 

6.5. DISCUSSION 

6.5.1. General characteristics of the volcanics 

Petrological and geochemical studies indicate that the volcanism in the Petrota, Nea Santa, Sapes and 

Kirki-Essimi areas is largely composed of basaltic andesites, andesites and dacites with SiO; contents rangng 

from 54-67%. Furthermore, the high proportion of pyroclastics, intermediate rock-types and the occurrence 

of hydrous minerals, such as hornblende and biotite, are typical of volcanic rocks formed at active continental 

margins. Major element characteristics such as the high AljOj contents (>14%), the low TiO; contents 

(<1%), the low FeO*/MgO ratios and the lack of Fe enrichment with increasing fractionation are 
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characteristic of calc-alkaline volcanics. Marker diagrams demonstrate that FeO*, MgO, CaO and TiO; all 

display decreasing trends with increasing SiOj which suggests that the whole suite of rocks can be produced 

by the fractional crystallisation of plagiodase, pyroxene and magnetite which are the main phenocryst phases 

present in these volcanics. The K^O versus SiOj variation diagram illustrates that the volcanics can be 

subdivided into two different series: 

(a) A calc-alkaline series which includes the PAl, the KEV, the SV, the NSV and the KV and in which 

K^O is less than 4%. These display a continuous compositional range from basaltic andesites through 

to dacites with SiO^ contents ranging from 54-67%. 

(b) A shoshonitic series which contains the PA2 and the PD and in which KjO exceeds 4%. These do not 

show a continuous compositional range but fall into two groups of banakites (the PA2) and high-K 

dacites (the PD) with SiOj contents ranging from 57-60% and 64-67% respectively. 

KjO displays a general increase with increasing SiO^ in both of these series whilst both Na^O and Al^O; 

display a greater scatter when plotted against SiOj. In terms of the P^O; content these volcanics can be 

further subdivided into three groups: 

(a) A low-P calc-alkaline group which includes the KEV, the SV, the NSV and the KV and in which P^O; 

is less than 0.2%. 

(b) A high-P calc-alkaline group which includes the PAl and in which P^O; exceeds 0.2%. 

(c) A high-P shoshonitic group which includes the PA2 and the PD and in which P^O; exceeds 0.2%. 

It is worth noting that the high-P volcanics are restricted to the Petrota Basin. The differences in the P^O; 

contents of these groups of volcanics suggests that the low-P calc-alkaline group and the high-P shoshonitic 

group were probably derived from slightly different parental magmas. However, there are two possible 

explanations for the origin of the PAl of the high-P calc-alkaline group: 

(a) They may be derived from an entirely different parental magma 

(b) They may be derived from the mixing of the low-P calc-alkaline magma with the high-P shoshonitic 

magma. 

The trace element distributions of these volcanics are similar to those observed in calc-alkaline and 

shoshonitic volcanics from other active continental margins such as central Chile (Pearce, 1983) and the 

western USA (Ewart, 1982). Particular trace element characteristics which are diagnostic of calc-alkaline and 

shoshonitic magmas formed at active continental margins include: 

(a) The low concentration of Y relative to normal MORB which may be due to higher degrees of partial 

melting of plagioclase Iherzolite in the source region (Pearce, 1982). 

(b) The enrichment of Sr, K, Rb, Ba and Th relative to Nb which is believed to be indicative of the 

influence of subduction zone-derived aqueous fluids (Ellam & Hawkesworth, 1988; Sakuyama & 

Nesbitt, 1986; Tatsumi et al, 1986). 

(c) The enrichment of Ce and P relative to Nb which may be due to the contribution to the melt phase 
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of subducted sediment (Kay, 1977; Pearce, 1983). 

(d) The enrichment of Nb and 7s relative to Y which can be attributed to the contribution to the melt 

phase of enriched subcontinental lithosphere 

Most of the aforementioned characteristics are comparable with those of other Tertiary volcanics in 

northeastern Greece (Alfieris & Kyriakopoulos, 1990; Eleftheriadis, 1989; 1990; Eleftheriadis et al., 1989; 

Innocenti et al., 1984). In particular, Innocenti et al. (1984) recognised the occurrence of both shoshonitic and 

calc-alkaline volcanics displaying variable degrees of enrichment. However, the geochemical analyses 

indicate that all of the rocks analysed represent basic to intermediate volcanics and no acid volcanics, such 

as those described by Innocenti et al. (1984), Eleftheriadis (1989,1990) and Alfieris & Kyriakopoulos (1990), 

were analysed. 

K-Ar geochronology demonstrates that the ages of these volcanics all fall within a narrow range of 29.0 -

30.8Ma which is comparable with the K-Ar ages of 30.0 - 33.1Ma and 30.0Ma obtained by Innocenti et al. 

(1984) for the Maronia (= Petrota) volcanics and the Kirki-Essimi volcanics respectively. This also suggests 

that both the calc-alkaline and the shoshonitic magmas evolved almost contemporaneously, which contradicts 

the assertion of Innocenti et al. (1984) that the shoshonites are younger than the calc-alkaline volcanics. 

6S2. Shoshonite petrogenesis 

The PA2 and the PD of the Petrota Basin display many of the characteristics of the "shoshonite rock 

association" as defined by Morrison (1980). These characteristics include: 

(a) Near saturation in silica (i.e. they are hypersthene-normative). 

(b) Low Fe-enrichment. 

(c) High total alkalis (Na20 + K20> 5%). 

(d) High KzO/Na^O (> 1.0 at 55% SiO;). 

(e) Enrichment in P, Rb, Sr and Ba (in accord with K enrichment). 

(f) Low TiOj (<1.3%) and other high field strength elements (HFSE). 

(g) High but variable Al^O, (14-19%). 

Therefore, the PA2 and the PD exhibit features which are characteristic of both alkaline magmas (high total 

alkalis and high LILE abundances) and calc-alkaline magmas (no Fe-enrichment, high Al^O, and low Ti and 

other HFSE abundances). Since they cannot be unambiguously classified as either alkaline or calc-alkaline 

volcanics, they must be considered as an entirely different rock association. 

There has been considerable debate in recent years as to the precise causes of K enrichment in 

shoshonites. Several factors may influence the K-content of these volcanics. Each of these will be discussed 

in turn. 
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(a) Alteration 

This may be responsible for the enrichment of K and other LILE. However, in this particular case it 

can be ruled out as a major cause of K enrichment, since many of the samples of the PA2 and the PD, which 

exhibit the greatest degree of K-enrichment, were extremely fresh. Furthermore, there is no obvious 

correlation between the degree of alteration and the K-content. 

(b) Cmstal contamination 

Bell & Powell (1969) suggested that crustal contamination may account for the K enrichment of 

potassic alkaline rocks in central equatorial Africa and it is possible that this may also account for a 

proportion of the K enrichment in shoshonitic magmas. However, Eleftheriadis (1990) has pointed out that 

Sr isotope ratios for the Tertiary basic to intermediate magmatic rocks of northeastern Greece range from 

0.7052 to 0.7072 for the igneous rocks (Christophides et al., 1986; Kyriakopoulos, 1987) and from 0.7063 to 

0.7081 for the volcanic rocks (Innocent! et al, 1984). Eleftheriadis (1990) has suggested that this consistency 

of Sr isotope ratios implies that the parental magmas were derived from an isotopically constant source region 

in the enriched upper mantle or subcontinental lithosphere and have experienced little or no subsequent 

crustal contamination. Crustal contamination may, however, be responsible for the selective enrichment of 

K and other LILE in the NSV2 relative to the NSVl. 

(c) The conditions affiaOional aystallisation 

The K-content of subduction-related volcanics has traditionally been thought to be related to the depth 

to the subduction zone (the K-h relationship of Dickinson, 1975). This relationship has been used to account 

for the increase in the K-content of magmas with distance from the subduction zone in areas such as the 

southern Andes (Deruelle, 1973) and the Sunda arc of Indonesia (Whitford & Nicholls, 1976). Similarly, 

increases in the K-content of magmas during the evolution of volcanic arcs have been attributed to a 

steepening of the subduction zone with time, as in the Aeolian arc of the southern Tyrhennian Sea (Barberi 

et al., 1973; 1974) and on Vitu Levi in the Fiji arc (Dickinson et al., 1968; Gill, 1970). 

Ui & Aramaki (1978) suggested that the K-h relationship may be due to the fractional crystallisation 

of similar parental magmas at different pressures. This has been supported by recent experiments by Meen 

(1987) and Baker & Eggler (1983, 1987) which have shown that anhydrous fractional crystallisation of high-

alumina basaltic melts at pressures of 8-lOkb results in the crystallisation of plagioclase, hypersthene, augite 

and magnetite. This differs from the crystallisation sequence at 1 atmosphere, where olivine crystallises after 

plagioclase, and is due to the contraction of the olivine primary phase field at higher pressures (Kushiro, 

1969; 1975). However, the addition of H^O nullifies the contraction of this phase field so that the 

crystallisation sequence at PH^O = 20kb is similar to that at 1 atmosphere (Kushiro, 1969). 

The crystallisation of orthopyroxene instead of olivine results in a rapid enrichment in K^O in the 

residual melt with little increase in SiO^. This is because orthopyroxene extracts a greater proportion of SiOj 
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from the melt than olivine whilst neither extract K^O. Furthermore, in the experiments of Meen (1987), 

AljOj, and Nâ O remained almost constant throughout the crystallisation process whilst MgO, CaO and FeO* 

decreased with increasing fractional crystallisation. These trends can be observed in the PA2 and the PD. 

Extreme fractional crystallisation concentrates the amount of H^O in the parental magma to a point at which 

hornblende and biotite begin to crystallise, which can also be (^served in the PA2 and the PD. 

Therefore, in support of Ui and Aramaki (1978), Meen (1987) concluded that shoshonites can be 

derived from the same parental magma as calc-alkaline volcanics and that a rapid increase in KjO during the 

early stages of fractionation can be attributed to the fractional crystallisation of dry hypersthene-normative 

basaltic melts at pressures of approximately lOkb (i.e. at depths of approximately 45km) in moho-level magma 

chambers. The fractional crystallisation of the same parental magma at shallower depths (i.e. at approximately 

20km) or under hydrous conditions may result in the crystallisation of some olivine from basaltic melts but 

the assemblage plagioclase, hypersthene, augite and magnetite will crystallise from andesites, resulting in 

moderate K enrichments, which are characteristic of calc-alkaline volcanics. Therefore, there is no reason why 

both calc-alkaline and shoshonitic volcanics should not be erupted in the same location and at the same stage 

in the evolution of the arc, as is apparently the case in northeastern Greece. Furthermore, the K-h 

relationship which has been used to account for spatial and temporal variations in the K-content of magmas 

in volcanic arcs may be a consequence of the fact that the dehydration of the subducted slab is intuitively 

likely to be greater at shallower depths (Gill, 1981; Meen, 1987). 

However, Meen (1987) also pointed out that the parental magma must have at least 0.3% K̂ O for 

shoshonite fractionation to occur. This is significantly greater than the K-content of MORB parental magmas 

and therefore additional K enrichment must occur in the source region. 

(d) Melt rmg^ution and numtle metasomatism 

This is believed to be responsible for the enrichment of K in strongly potassic and ultrapotassic mafic 

magmas which are related to the early stages of lithospheric extension (Foley et al., 1987; Thompson et al., 

1989; Vollmer & Norry, 1983). Varne (1985) has suggested that the same process may be responsible for the 

enrichment of K in orogenic volcanics. McKenzie (1989) proposed that the petrogenesis of strongly potassic 

and ultrapotassic mafic magmas may result from a two-stage process: 

(a) Under certain conditions of temperature and pressure, very small-fraction K-rich melts will leak from 

the converting upper mantle but will be unable to penetrate the lithosphere because of their inability 

to conduct heat. They will therefore solidify in the form of phlogopite at the base of the subcontinental 

lithosphere. 

(b) Subsequent heating or lithospheric extension then results in adiabatic melting of the frozen K-rich melts 

which migrate rapidly upwards along zones of crustal weakness. 

However, this process fails to account for the enrichment of LILE relative to HFSE and can therefore only 

account for a proportion of the total K enrichment in the source region. This is equivalent to the within plate 
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component of Pearce (1983). 

(e) The contribution of subducted sediment 

Wyllie & Sekine (1982) have shown that dehydration and partial melting of subducted sediments can 

mobilise K and other LILE and enable the stabilisation of low-Ti phlogopite in the hybridised mantle wedge 

above the subduction zone. Rogers et al. (1987) have suggested that the partial melting of this phlogopite-rich 

mantle then results in high-K melts which are enriched in LILE relative to HFSE. This is equivalent to the 

subduction component of Pearce (1983). 

Therefore, the high K-contents of shoshonites can be considered to be a fimction of several K enrichment 

processes which operate prior to melting, during fractionation and after extrusion. More specifically, the high 

K-contents of the shoshonites in this study can largely be attributed to mantle metasomatism and the 

involvement of subduction zone-derived fluids in the source region, followed by the dry fractionation of 

hypersthene-normative basaltic melts at pressures of approximately lOkb. Crustal contamination and late-stage 

alteration can be assumed to be negligible. 

6S3. The relationship between volcanism and basin evolution 

The spatial and temporal relationship between Oligocene volcanism and basin evolution in northeastern 

Greece is also worthy of discussion. There is considerable evidence that the petrogenesis of shoshonites may 

be related to lithospheric extension or strike-slip faulting after subduction has ceased. (Da Silva Filho et al., 

1993; Sloman, 1989; Thompson & Fowler, 1986; Venturelli et al., 1989). This may be due to the fact that 

lithospheric extension will trigger adiabatic melting of metasomatised mantle which may have inherited its 

geochemical signature from a much earlier subduction event. A similar process has been proposed to account 

for the petrogenesis of shoshonites in the northern Marianas arc (Bloomer et al., 1989; Stem et al., 1984, 

1988; Lin et al., 1989). They suggest that these shoshonites may be related to the northward propagation of 

the Marianas Trough spreading centre into the arc, leading to the melting of previously enriched but 

unmelted upper mantle. 

The importance of this hypothesis is that the eruption of calc-alkaline volcanics and shoshonites need 

not be directly related to active subduction and may be related to active extension or strike-slip faulting. 

Therefore, the Oligocene volcanics of northeastern Greece may have inherited their geochemical signatures 

from an earlier subduction event, whilst their eruption may have been triggered by adiabatic melting due to 

Oligocene extension and basin evolution. 

6.6. CONCLUSIONS 

The Oligocene volcanism of northeastern Greece includes a low-P calc-alkaline group, a high-P calc-

alkaline group and a high-P shoshonitic group. These three groups all exhibit major and trace element 
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characteristics which are diagnostic of calc-alkaline and shoshonitic magmas formed at active continental 

margins. These characteristics include high Al̂ Og (>14%), low TiOj (<1%), no Fe enrichment, low Y 

contents, high LILE/HFSE ratios and the enrichment of Nb and 2s relative to Y. K-Ar data demonstrates 

that these volcanics were all erupted within a relatively short time-span of 29.0 - 30.8Ma 

The high K-contents of the shoshonites can largely be attributed to mantle metasomatism and the 

involvement of subduction zone-derived fluids in the source region, followed by the dry fractionation of 

hypersthene-normative basaltic melts at pressures of approximately lOkb. The calc-alkaline volcanics can be 

derived from the fractionation of similar parental magmas at lower pressures or under hydrous conditions. 

The intimate spatial and temporal relationship between the volcanism and the evolution of Tertiary 

basins suggests that the volcanics may have inherited their geochemical signatures from an earlier subduction 

event, and may have been triggered by adiabatic melting due to Oligocene extension and basin evolution, 

rather than active subduction in the Aegean region. 
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CHAPTER 7: SYNTHESIS AND CONCLUSIONS 

7.1. INTRODUCTION 
The Rhodope Massif of northeastern Greece and southern Bulgaria is generally regarded as an ancient 

microplate which is sandwiched between the two younger branches of the Alpine orc^enic chain; the 

Carpathian-Balkanide system to the north and the Dinaride-Hellenide system to the west (Dewey et al., 1973; 

Hsu et al, 1977). Throughout the Mesozoic, the Rhodope Massif was situated on the southern margin of the 

Eurasian continent, immediately north of the Tethyan ocean (Robertson & Dixon, 1984). However, during 

the Eocene, a number of basins began to form along the southern margin of the massif. These basins were 

associated with extensive Oligocene calc-alkaline volcanism (Eleftheriadis, 1989, 1990; Eleftheriadis et al., 

1989; Fytikas et al., 1984; Innocenti et al., 1984) and have experienced a complex structural history throughout 

the Tertiary. 

The principal objectives of this thesis were to examine the structural evolution of these basins since 

the early Tertiary and to investigate the relationship between basin evolution and volcanism. In order to 

achieve this, two areas (the Petrota Basin and the northern margin of the Komotini Basin) were selected for 

more detailed lithostratigraphic and structural studies. In addition a comprehensive study of the geochemistry 

and geochronology of the Oligocene volcanism was undertaken. This chapter briefly summarises the most 

important conclusions of these studies and then goes on to discuss the regional implications of these 

conclusions. 

12. THE PETROTA BASIN 

7JI.1. Lithostratigraphy 

Chapter 2 showed that the Petrota Basin is a Palaeogene volcaniclastic basin located within the 

Mesozoic sequences of the Circum Rhodope, approximately 30km west of Alexandroupolis. It covers an area 

of approximately 60km^ centred on the village of Petrota and is delineated by two major 170° trending faults. 

The Mesozoic pre-rift sequences include the Makri and Maronia Units and the Petrota Gabbro 

Complex, which has been assigned a late Jurassic age of 140 ± 46Ma to 161 ± 31Ma on the basis of fission 

track data from apatite concentrates (Biggazi et al., 1989). The top of the Mesozoic sequences is marked by 

an erosional unconformity above which the Palaeogene sequences have been deposited. These begin with 

Eocene basal clastics, Lutetian (middle Eocene) limestones and calcareous tuffs, which occur both within and 

outside the basin margins. It is therefore difficult to ascertain whether these represent late pre-rift or early 
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syn-rift sequences. 

The top of the Eocene sequences is marked by a second erosional unconformity below wWch the entire 

Eocene sequence is rarely preserved. This unconformity is overlain by Oligocene volcanics and volcaniclastics 

which do not occur outside the basin margins and are therefore referred to as syn-rift sequences. They 

include the Esochi rhyolites, the Vrakos andesites, the Petrota tuffs, the Askite tuffs, the Askite dacites, the 

Askite andesites and finally, the Esochi conglomerates which have been interpreted as a volcaniclastic 

mudflow deposit. K-Ar geochronology carried out on wdiole rock samples and biotite concentrates from the 

Vrakos andesites, the Askite andesites and the Askite dacites (see Chapter 6) yield late Oligocene (Chattian) 

ages of 30.8Ma, 29.8Ma and 29.0Ma respectively. 

Locally, the Oligocene volcanics have been significantly altered by late stage hydrothermal fluids and 

they have been penetrated by two siliceous intrusions at Vrakos and Odontoton. Another Oligocene intrusion, 

the Maronia monzodiorite, occurs within the Maronia Unit immediately west of the western boundary fault 

of the Petrota Basin. K-Ar geochronology carried out on biotite concentrates from this intrusion (see Chapter 

6) yields a late Oligocene (Chattian) age of 29.5Ma. This is in close agreement with the ages of 28.9 ± O.lMa 

and 29.8 ± 1.3Ma obtained by Kyriakopoulos (1987) and 28.7 ± 0.9Ma obtained by Del Moro et al. (1988) 

using Rb-Sr techniques on biotite concentrates. It is also in close agreement with the age of 29.3 ± 2.0Ma 

obtained Biggazi et al. (1989) from apatite fission tracks in biotites from the same intrusion. 

Finally, the Oligocene syn-rift sequences of the Petrota Basin are overlain by post-rift Quaternary 

alluvium in the Paliorema and Gialon river valleys. 

122. Structure 

The 170° strike of the main boundary faults of the Petrota Basin is somewhat anomalous in the context 

of the pervasive N-S extensional regime which is thought to have prevailed throughout the Aegean region for 

much of the Tertiary period. However, a rigorous analysis of faulting, which was presented in Chapter 3, 

suggests that the Petrota Basin may have formed in response to a transtensional stress regime during which 

the Maronia and Makri Units diverged in an approximately NNE-SSW direction. This may account for the 

complex nature of the faulting in the Lutetian limestones of the Petrota Basin which is dominated by NW-SE 

striking faults with predominantly normal displacements and N-S striking faults which display both normal 

and sinistral displacements. 

The structure of the Petrota Basin appears to be complicated by the formation of an Oligocene caldera 

in the NW quadrant of the basin, which may account for the presence of a number of concentric ring faults 

surrounding the village of Askite. Finally, N-S directed Neogene extension was almost certainly responsible 

for the fault delineating the southern margin of the Makri Unit and may also have been responsible for the 

formation of many additional faults with NE-SW to E-W orientations throughout the Petrota Basin. 
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73. THE NORTHERN MARGIN OF THE KOMOTINI BASIN 

73.1. lithostratigrapby 

Chapter 4 outlined the basic lithostratigraphy of the northern margin of the Komotini Basin and showed 

that this margin is delineated by the high-grade metamorphic sequences of the Central and Eastern Rhodope 

sub-groups. The southern margin of the Central Rhodope sub-group between Pandrosos and Kato Drosini 

is largely composed of amphibolite (or albite-epidote amphibolite) fades orthogneisses, granulites and 

micaceous leptynites, whilst the southern margin of the Eastern Rhodope sub-group between Skiada and 

Neda is largely composed of micaceous leptynites and leucocratic mylonites. 

The Eastern Rhodope sub-group is overlain by a sequence of lower-grade metamorphic sequences 

belonging to the Drosia Unit. These include calc-mylonites, phyllites and calcareous phyllites which may be 

correlated with the meta-sedimentary sequences of the Lower formation of the Circum Rhodope as described 

by Papadopoulos (1982). A second group of lower-grade metamorphic rocks are those belonging to the Fillira 

Unit which comprises retrogressed greenschist facies metabasites, cataclastic granulites, leptynites and calc-

schists. These may be correlated with the meta-volcanosedimentary sequences of the Upper formation of the 

Circum Rhodope as described by Papadopoulos (1982). The southern margin of the Fillira Unit is delineated 

by a steep southerly dipping normal fault, whilst its northern margin is delineated by a steep southerly dipping 

reverse fault (the Kalindiri Plagia Fault) along which the Fillira Unit has been thrust over the Palaeogene 

cover sequences to the north. 

The Palaeogene cover sequences belong to two diachronous facies. The first is a coarse facies of 

marginal conglomerates and olistostromes which include the Pandrosos-Kato Drosini formation which occurs 

along the southern margin of the Central Rhodope sub-group, the Skiada formation which occurs along the 

southern margin of the Eastern Rhodope sub-group and the Agra-Nero formation which occurs along the 

southern margin of the Fillira Unit. These formations probably accumulated at the base of active fault scarps 

in the Eocene - Oligocene. The second facies is a thick sequence of Eocene - Oligocene flysch which can be 

subdivided into two formations; the Gratini formation which occurs in the footwall of the Kalindiri-Pla^a 

Fault to the northwest of the Fillira Unit and the Nea Santa formation which occurs in the hangingwall of 

the Kalindiri-Plagia Fault to the southeast of the Fillira Unit. 

The Gratini formation is composed >5km stratigraphic thickness of calcareous and volcaniclastic 

turbidites, Lutetian limestones similar to those of the Petrota Basin, white tuffs, volcaniclastic debris flows 

and volcanics. The volcanics are extremely altered but K-Ar geochronology carried out on whole rock samples 

(see Chapter 6) yields a late Oligocene (Chattian) age of 30.0Ma. Palaeocurrent data indicates that the 

turbidites were deposited by WSW directed current flow parallel to the southern margin of the Central 

Rhodope sub-group. 

The Nea Santa formation is composed of turbidites, tuffs and volcanics. the volcanics range from 
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basaltic andesites to dadtes and K-Ar geochronology carried out on whole rock samples of an andesite flow 

in the vicinity of Nea Santa (see Chapter 6) yields a late Oligocene (Chattian) age of 29J2Ma. A sequence 

of white tuffs which marks the base of the Nea Santa formation also occurs towards the top of the Gratini 

formation. This suggests that there is a degree of stratigraphic overlap between the two formations. Although 

the precise age ranges for the two formations are uncertain, the base of the Gratini formation must pre-date 

the middle Eocene due to the fact that the Gratini formation contains Lutetian limestones, likewise, the 

upper parts of both formations must post-date the late Oligocene on the basis of the fact that they both 

contain Chattian volcanics. 

The top of the Palaeogene cover sequences is marked by an erosional unconformity above which a thick 

sequence of Neogene conglomerates has been deposited. These have in turn been overlain by Quaternary 

alluvium towards the centre of the Komotini Basin. 

12)1. Structure 

Chapter 5 demonstrated that the northern margin of the Komotini Basin has experienced a complex 

structural history throughout the Tertiary. The extreme stratigraphic thickness of the Palaeogene cover 

sequences, which are preserved along the northern margin of the Komotini Basin, indicates that the Komotini 

Basin experienced a significant amount of subsidence during the Palaeogene. Syn-sedimentary faults with 

orientations of approximately 120° in the Gratini turbidites of the Mavropagi River provide evidence for 

NNE-SSW directed Palaeogene extension. This is also supported by the occurrence of rotated meso-faults 

in the Gratini turbidites to the north of Gratini and small-scale faults with orientations of approximately 125° 

in the Nea Santa turbidites of the Pontiourema River. In addition, the preferential development of WNW-

ESE trending dextral strike-slip faults in the Gratini turbidites immediately south of the Central Rhodope 

sub-group may be attributed to the frictional drag of the Palaeogene cover sequences in this region, due to 

dextral shear along the southern margin of the Central Rhodope sub-group. 

Therefore, the Komotini Basin probably evolved as a strike-slip basin with an extremely linear 

northwestern margin delineated by the southern margin of the Central Rhodope sub-group and a more 

irregular northeastern margin delineated by the southern margin of the Eastern Rhodope sub-group. NNE-

SSW extension was probably accommodated by dextral displacement on the Xanthi-Organi Fault along the 

northwestern margin and was probably distributed on numerous small-scale normal faults along the 

northeastern margin. The Organi Graben which represents an elongated arm of the Komotini Basin may be 

interpreted as a "wedge basin" which formed in a divergent wrench zone separating the Central and Eastern 

Rhodope sub-groups. 

The Palaeogene cover sequences have been folded into a series of large-scale folds with ENE-WSW 

to E-W axes and wavelengths of the order of 3-4km. This has resulted in approximately 10% of shortening 

in the Gratini formation. Small-scale folds with similar orientations also occur in the Palaeogene cover 
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sequences and are frequently associated with small-scale northward-verging thrusts. These areas of small-scale 

folding and thrusting can be interpreted as localised zones of high strain. 

The occurrence of these folds and thrusts, coupled with the thrusting of the Fillira Unit over the Gratini 

formation, provides conclusive evidence that this margin was subjected to a phase of approximately NE-SW 

compression at some stage in the middle Tertiary. The precise age of this compressional event is uncertain. 

However, the thrusting of a folded sequence of the Gratini turbidites over a sequence of highly altered 

volcanics to the northeast of Gratini implies that the compressional event must post-date the volcanics. K-Ar 

geochronology carried out on whole rock samples of these volcanics (see Chapter 6) yields a late Oligocene 

(Chattian) age of 30.0Ma. Although this age must be regarded as somewhat subjective due to the degree of 

alteration, the close agreement between this age and the ages obtained for the other volcanics in this area 

(Fytikas et ai, 1984; Innocenti et al., 1984; Chapter 6, this study) suggests that it may be reasonably reliable. 

Therefore, the compressional event must post-date the late Oligocene and may even be of Miocene age. 

Middle Tertiary compression probably resulted in the reactivation of many pre-existing structures, 

notably the Kalindiri-Plagia Fault. Therefore, the compressional event can be regarded as a phase of 

inversion. However, because middle Tertiary compression was oblique to the earlier NNE-SSW directed 

Palaeogene extension, many of the pre-existing normal faults would have been unfavourably orientated to 

accommodate NE-SW compression. As a result, a complex system of folds, thrusts and dextral cross faults 

appears to have developed. Examples of dextral cross faults with orientations of approximately 120°-155° can 

be observed to the north of Gratini and in the Pontiourema River in the vicinity of Nea Santa. 

Transpressional modelling of this phase of inversion (see Chapter 5) demonstrates that the tectonic regime 

generated in the Palaeogene cover sequences changes from almost pure compression along the southern 

margin of the Central Rhodope sub-group to transpression along the southern margin of the Eastern 

Rhodope sub-group. This is due to the change in the orientation of the basin margin. 

After the phase of middle Tertiary inversion there was a reversion to an extensional regime similar to 

that which existed throughout the region during the Palaeogene. During this event many of the faults in the 

Palaeogene cover sequences may have been reactivated, notably the fault that delineates the southern margin 

of the Fillira Unit between Kalindiri and Skaloma. However, the lack of an obvious fault break along the 

southern margin of the Central Rhodope sub-group, between Pandrosos and Drimi, suggests that there has 

been relatively little tectonic activity along this margin since the Palaeogene. 

7.4. OLIGOCENE VOLCANISM 

Chapter 6 provides a review of the petrological and geochemical characteristics of the volcanics in the 

Petrota, Nea Santa, Sapes and Kirki-Essimi areas. These volcanics are largely composed of basaltic andesites, 

andesites and dacites with SiO; contents ranging from 54-67%. Furthermore, the high proportion of 

pyroclastics, intermediate rock-types and the occurrence of hydrous minerals, such as hornblende and biotite, 
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are typical of volcanic rocks formed at active continental margins. Major element characteristics such as the 

high AljOj contents (>14%), the low TiO^ contents (<1%), the low FeO*/MgO ratios and the lack of Fe 

enrichment with increasing fractionation are characteristic of calc-alkaline volcanics. FeO*, MgO, CaO and 

TiOj all display decreasing trends with increasing SiO^ which suggests that the whole suite of rocks can be 

produced by the fractional crystallisation of plagioclase, pyroxene and magnetite, which are the main 

phenocryst phases present in these volcanics. On the basis of K̂ O contents, the volcanics can be subdivided 

into two different series: 

(a) A calc-alkaline series which includes the Vrakos andesites, the Kirki-Essimi volcanics, the Sapes 

volcanics, the Nea Santa volcanics and the Gratini volcanics, in which K̂ O is less than 4%. These 

volcanics display a continuous compositional range from basaltic andesites through to dacites with SiO^ 

contents ranging from 54-67%. 

(b) A shoshonitic series which contains the Askite andesites and the Askite dacites of the Petrota Basin, 

in which K̂ O exceeds 4%. These volcanics do not show a continuous compositional range but fall into 

two groups of banakites (the Askite andesites) and high-K dacites (the Askite dacites) with SiO^ 

contents ranging from 57-60% and 64-67% respectively. 

KjO displays a general increase with increasing SiOj in both of these series whilst both N^O and Al̂ O, 

display a greater scatter when plotted against SiO .̂ In terms of the P^O; content the volcanics can be further 

subdivided into three groups: 

(a) A low-P calc-alkaline group which includes the Kirki-Essimi volcanics, the Sapes volcanics, the Nea 

Santa volcanics and the Gratini volcanics and in which P^O; is less than 0.2%. 

(b) A high-P calc-alkaline group which includes the Vrakos andesites of the Petrota Basin, in which P^O; 

exceeds 0.2%. 

(c) A high-P shoshonitic group which includes the Askite andesites and the Askite dacites of the Petrota 

Basin, in which P^O; exceeds 0.2%. 

It is worth noting that the high-P volcanics are restricted to the Petrota Basin. The differences in the P^O; 

contents of these groups of volcanics suggests that the low-P calc-alkaline group and the high-P shoshonitic 

group were probably derived from different parental magmas. However, there are two possible explanations 

for the origin of the Vrakos andesites of the high-P calc-alkaline group: 

(a) They may have been derived from an entirely different parental magma 

(b) They may have been derived from the mixing of the low-P calc-alkaline magma with the high-P 

shoshonitic magma. 

The trace element distributions of these volcanics are similar to those observed in calc-alkaline and 

shoshonitic volcanics from other active continental margins such as central Chile (Pearce, 1983) and the 

western USA (Ewart, 1982). Particular trace element characteristics which are diagnostic of calc-alkaline and 

shoshonitic magmas formed at active continental margins include: 
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(a) The low concentration of Y relative to normal MORB which may be due to higher degrees of partial 

melting of plagioclase Iherzolite in the source region (Pearce, 1982). 

(b) The enrichment of Sr, K, Rb, Ba and Th relative to Nb which is believed to be indicative of the 

influence of subduction zone-derived aqueous fluids (Ellam & Hawkesworth, 1988; Sakuyama & 

Nesbitt, 1986; Tatsumi et al., 1986). 

(c) The enrichment of Ce and P relative to Nb which may be due to the contribution to the melt phase of 

subducted sediment (Kay, 1977; Pearce, 1983). 

(d) The enrichment of Nb and 7s relative to Y which can be attributed to the contribution to the melt 

phase of enriched subcontinental lithosphere 

Most of the aforementioned characteristics are comparable with those of other Tertiary volcanics in 

northeastern Greece (Alfieris & Kyriakopoulos, 1990; Eleftheriadis, 1989; 1990; Eleftheriadis et al., 1989; 

Innocent! et al., 1984). In particular, Innocent! et al. (1984) recognised the occurrence of both shoshonitic and 

calc-alkaline volcanics displaying variable degrees of P^O; enrichment. However, the geochemical analyses 

indicate that all of the rocks analysed represent basic to intermediate volcanics and no acid volcanics, such 

as those described by Innocenti et al. (1984), Eleftheriadis (1989,1990) and Alfieris & Kyriakopoulos (1990), 

were analysed. 

K-Ar geochronology demonstrates that the ages of these volcanics all fall within a narrow range of 29.0 

- 30.8Ma which is comparable with the K-Ar ages of 30.0 - 33.1Ma and 30.0Ma obtained by Innocenti et al. 

(1984) for the Maronia (or Petrota) volcanics and the Kirki-Essimi volcanics respectively. This also suggests 

that both the calc-alkaline and the shoshonitic magmas evolved almost contemporaneously, which contradicts 

the assertion of Innocenti et al (1984) that the shoshonites are younger than the calc-alkaline volcanics. 

7.5 DISCUSSION 

By synthesising the conclusions of the preceding chapters it is possible to construct a model for the 

structural and volcanic evolution of the southern margin of the Rhodope Massif throughout the Tertiary. 

7.4.1. Structural evolution during the Tertiary 

3 major phases have been recognised in the tectonic evolution of northeastern Greece during the 

Tertiary. Figure 7.1 illustrates the first two of these phases. 

(a) Palaeogene extension 

NNE-SSW directed Palaeogene extension resulted in the development of the Komotini Basin as a strike-

slip basin, dominated by dextral displacement on the Xanthi-Organi Fault (Fig.7.1a). According to Lyberis 

(1984) this fault existed as far back as the Eocene and its maximum vertical offset may be as much as 7km. 

The Eocene age is supported by observation of coarse Eocene conglomerates, belonging to the Pandrosos-
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Figure 7.1. Schematic representation of the first two major phases in the tectonic evolution of northeastern 

Greece during the Tertiary. Black areas represent Tertiary granitoids. 
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Kato Drosini formation, immediately adjacent to the southern m a r ^ of the Central Rhodope sub-group. 

This formation is believed to have been deposited at the base of an active fault scarp in the Eocene. 

If the Komotini Basin originated as an Eocene strike-slip basin, then it is worth considering whether 

this basin had a southern margin and, if so, where it may have been located. A particularly striking 

observation is that a suite of Oligocene granitoids, which have been assigned ages of 28-32Ma on the basis 

of Rb-Sr whole rock isochrons (Del Moro et al., 1988), define a linear ENE-WSW trend from Maronia in 

the WSW to Tris Vrisses in the ENE (Fig. 7.1). The locus of these granitoids approximately coincides with 

the southeastern margin of the Eastern Rhodope sub-group and is almost parallel to the Xanthi-Organi Fault 

which delineates the southern margin of the Central Rhodope sub-group. Therefore, these Oligocene 

intrusions may have exploited a crustal-scale fault which delineated the southern margin of the Komotini 

Basin and formed part of a right-stepping system of dextral faults which existed in this region during the 

Eocene - Oligocene. However, large-scale subsidence to the south of the Rhodope Massif has resulted in the 

burial of many of the early structural features of the Komotini Basin. 

The evolution of the Petrota Basin as a transtensional basin, which formed in response to the NNE-

SSW divergence of the Makri and Maronia Units, is also compatible with this phase of NNE-SSW directed 

Palaeogene extension. However, in order for this to occur, the basin boundary faults must have exploited pre-

existing zones of crustal weakness with orientations of approximately 170°. 

(b) Middle Tertiary compression 

NNE-SSW directed Palaeogene extension was followed by a phase of NW-SE directed compression 

(Fig.7.1b). Several other authors have also identified this compressional event. Mercier (1981) attributed the 

folding of Eocene - Oligocene molasse-type deposits in northeastern Greece to a post-Oligocene and pre-late 

Miocene compressive phase. Similarly, Koukouvelas & Pe-piper (1991) have argued that the compressive 

phase must post-date the youngest volcanics in the area, which have been assigned an age of 23.6Ma (Fytikas 

et al., 1984) whilst it must pre-date undeformed middle Miocene sediments in the Komotini Basin. They 

therefore argue that the compressive phase occurred near the Oligocene - Miocene boundary. Further afield 

Doust & Arikan (1974) have attributed the folding of sediments in the East Thrace basin of northwestern 

Turkey to middle Miocene compression and Lyberis (1984) has attributed the folding of Eocene - Oligocene 

sediments on the northern Aegean island of Limnos to middle Miocene NW-SE directed compression. 

Therefore, although there is some dispute as to the age of this event, there can be no doubt that the northern 

Aegean region was subjected to widespread NW-SE compression at some stage during the late Oligocene -

middle Miocene. 

Although there is no significant evidence for middle Tertiary compression in the Petrota Basin, the 

uplift of this basin and the Maronia and Makri Units may have been a response to this event. The fact that 

there are no signs of compressional reactivation of the main boundary faults of the Petrota Basin is probably 
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due to the fact that they are unfavourably orientated to accommodate NE-SW compression. However, they 

retain a favourable orientation to accommodate sinistral strike-slip. 

(c) Neogaie extension 

Middle Tertiary compression was followed by a return to approximately N-S extension in the Neogene. 

According to Dewey & Sengor (1979), the present tectonic regime throughout the Aegean region dates from 

the late Miocene when the "Anatolian wedge" began its westward escape along the dextral North Anatolian 

Fault and the sinistral East Anatolian Fault. This resulted in the partitioning of the Aegean region into two 

structurally distinct domains separated by the North Anatolian Fault and its westward continuation as the 

North Aegean Trough. The southern domain has been subjected to N-S extension since the late Miocene 

(Dewey & Sengor, 1979) whilst Lyberis (1984) has argued that the northern domain has been subjected to 

three distinct phases of extension since the late Miocene. According to Lyberis (1984), these include a late 

Miocene NW-SE extensional phase which resulted in normal displacement on the Kavala-Xanthi Fault, a 

Pliocene NE-SW extensional phase which resulted in dextral displacement on the Kavala-Xanthi Fault and 

finally, a N-S extensional phase which also resulted in dextral displacement on the Kavala-Xanthi Fault. 

Although it is difficult to see how these distinct extensional regimes can be resolved with any degree of 

reliability, the general picture is one of a prolonged phase of N-S extension since the middle Miocene. 

Koukouvelas & Pe-piper (1991) have also suggested that major N-S extension has taken place in the 

northern Aegean domain since the middle Miocene and they believe this to be responsible for continued 

subsidence of the Komotini Basin and the deposition of 1.2-2km of sediments in this basin since the middle 

Miocene (Lalechos & Savoyat, 1979). According to Kyriakidis et al. (1989), the DEP borehole near Komotini 

penetrated 800m of middle - late Miocene sediments and 370m of Pliocene - Pleistocene sediments. 

Recent studies in the western Rhodope region have led two independent groups of authors (Dinter & 

Royden, 1993; Sokoutis et al., 1993) to suggest that much of the Neogene extension in the northern Aegean 

domain was accomplished by large-scale normal displacements on low-angle detachment faults similar to 

those which have been recognised in southern Aegean domain (Buick, 1991; Lister et al., 1984). 

Sokoutis et al. (1993) have identified a gently WSW-dipping detachment on the island of Thasos, which 

can be traced northwards along the eastern margin of the Strimon Basin as far as the Bulgarian border. They 

argue that extension along the Kavala-Thasos segment of this detachment can be assigned a Miocene age. 

This argument hinges on the fact that sediments which overlie late Miocene - Pleistocene marbles on the 

island of Thasos, show evidence for syn-sedimentary NE-SW extension, whilst marbles and granites in the 

vicinity of Kavala display a flat-lying foliation with a prominent NE-SW stretching lineation and top-to-the-

southwest shear sense indicators, which have been assigned a Miocene age of 14-18Ma on the basis of K-Ar 

data (Kyriakopoulos et al., 1989). Therefore, Sokoutis et al. (1993) have remarked that "the overall consistency 

of kinematic indicators argues for a co-genetic relationship between the brittle and ductile deformations in 
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the study area". They have also argued that the occurrence of middle Oligocene extensional mylonites in the 

Vrondou area, to the north of the Strimon Basin (Kolocotroni & Dixon, 1991), suggests that extension on 

parts of the detachment may have been initiated as early as the middle Oligocene. 

Dinter & Royden (1993) have also identified this Oligo-Miocene detachment and have called it the 

"Strimon Valley detachment". However, they have also argued that several younger extensional detachments, 

which display an opposite polarity to the Strimon Valley detachment, delineate the western margins of the 

Vardar-Thermaikos, Strimon and Drama (or Phillipi) basins. They have suggested that these detachments 

ori^ated in the late Pliocene and are connected at depth to form a unified kinematic system %iiich is linked 

to the North Aegean Trough and is responsible for all of the modem depocentres in the north Aegean 

region. If this theory is correct, then it has important implications for the development of the Komotini Basin 

and the other Tertiary basins of the central and eastern Rhodope regions. However, since no extensional 

detachments or cogenetic relationships between brittle and ductile deformation have been recognised in this 

region, it is difficult to visualise how the Tertiary basins of this region fit in with the tectonic model of Dinter 

& Royden (1993). 

Finally, Dinter & Royden (1993) have suggested that "there was no middle Miocene compressional 

event in the north Aegean region; rather the entire period from at least 18Ma to the present was 

characterised by extensional deformation." This may be correct but there can be no doubt that the north 

Aegean regon experienced a compressional event at some stage after the late Oligocene. 

1A2. The causes of Oligocene volcanism 

The Oligocene volcanism of northern Greece and Bulgaria is too far north of the Hellenic arc to be 

directly related to the present subduction regime. Therefore, the traditional interpretation of this volcanism 

is that it is related to northward subduction in the central Aegean during the Oligocene (Bocaletti et al, 1974; 

Fytikas et al., 1984; Innocent! et al., 1984; Papavassiliou & Sideris, 1982). Bocaletti et al. (1974) have suggested 

that the southward shift in the location of magmatism in middle Miocene was related to a shift in the locus 

of subduction to its present location south of Crete. Although Shanov et al. (1992) have shown that 

teleseismic studies and earthquake fault plane solutions point to the existence of a palaeosubduction zone 

beneath the Rhodope Massif, Jones et al. (1992) have argued that if the Tertiary granitoids of northern 

Greece are related to active subduction in the central Aegean, then subduction in this region must have 

continued until the middle Miocene. However, Jones et al. (1992) have observed that "there is no evidence 

for recent collision or a linked suture zone near the southern part of the Rhodope". 

Therefore, Jones et al. (1992) have suggested that the Tertiary granitoids of northern Greece may have 

inherited their geochemical characteristics from a subduction event in the late Mesozoic - early Tertiary, 

whilst their emplacement was related to extensional collapse following the Alpine orogeny. According to their 

model, active subduction beneath the Rhodope Massif during the late Mesozoic - early Tertiary would have 
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resulted in the cooling of the mantle wedge immediately above the subducted slab and this would have 

enabled the growth of hydrous minerals such as hornblende and phlogopite in the mantle wedge. Crustal 

thickening during the Alpine orogeny may then have resulted in the generation of anatectic granites in the 

lower crust which would have been exhumed by rapid uplift in response to the convective erosion of the 

thermal boundary layer at the base of the continental lithosphere (Dewey, 1988; England & Housmann, 

1989). At the same time, extensional collapse of the over-thickened crust would have resulted in the rapid 

subsidence of regions immediately adjacent to zones of major uplift. This would, not only have enabled the 

adiabatic melting of pre-enriched sub-continental lithosphere, but would also have provided conduits for 

magma escape. Jones et al. (1992) have also suggested that melting may have been aided by the restoration 

of normal geothermal gradients after the cessation of subduction. Finally, Latin & White (1990) have shown 

that crustal extension by pure shear (McKenzie, 1978) enables larger volumes of melt to be generated than 

crustal extension by simple shear (Wernicke & Burchfiel, 1982). Therefore, it is possible that the Oligocene 

volcanics of northern Greece may have resulted from adiabatic melting due to Oligocene extension and basin 

evolution, rather than active subduction in the Aegean region. 

7.6. CONCLUSIONS 

Over the last few decades, the tectonic evolution of southern Aegean region has been the subject of 

extensive geological research, whilst the tectonic evolution northern Aegean region has largely been neglected. 

In recent years, however, there has been a rise in interest in the geology of the northern Aegean region and 

the Rhodope massif. This thesis has attempted to investigate the structural and volcanic evolution of Tertiary 

basins flanking the southern margin of the Rhodope Massif in northeastern Greece. Three major tectonic 

events have been recognised. These include NE-SW directed Palaeogene extension, NW-SE directed middle 

Tertiary compression and N-S directed Neogene extension. Although, the kinematics and relative chronology 

of these events has been reasonably well constrained, their precise timing is still uncertain. In order to resolve 

this problem, a detailed chronostratigraphy needs to be established. This may be achieved by using 

dinoflagellates from the Palaeogene flysch sequences, foraminifera from the Lutetian limestones and K-Ar 

data from various volcanic sequences. This was outside the scope of this thesis but provides much scope for 

future research. The Tertiary volcanism of this region also provides much scope for future research. For 

example, rare earth element data and detailed isotopic studies would provide invaluable information regarding 

the petrogenesis of the volcanics. 

Unfortunately, a major obstacle to any geological research in this area is the availability of geological 

maps. Many of the 1:50,000 scale maps are either incomplete or are not readily available from IGME for 

reasons of national security. Until such restrictions can be overcome any productive research in the area is 

severely limited. 
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APPENDIX 1: SAMPLE LIST 

The following tables provide a record of the sample localities and their use in petrologjcal, geochemical and 

geochronolopcal studies. 

Sample Grid reference Litholc^cal 
group 

Thin 
section 

XRF K-Ar 

PG-1 25°36.1'E 4(r53.TN X X 

PG-2 25°36.5'E 40°53.4'N X X 

PG-3 2537.7E 40»41.8'N X 

PG-4 25'36.0'E 40°52.0'N Petrota X X 

PG-5 25°36.0'E 40'"52.0N 
Gabbro 

X 

PG-6 25'36.0'E 40«52.0'N 
Gabbro 

X 

PG-7 25'36.0'E 40°52.0'N Complex X 

PG-8 25'35.6'E 40''52.1'N X 

PG-9 25°36.1'E 40°52.0'N X 

PG-10 2536.0'E 40''52.0'N X 

PL-1 25°37.3'E 40''51.8'N Lutetian 
limestones 

X 

CT-1 25'37.4'E 40°53.5'N Calcareous tuffs X 

PT-1 25°36.4'E 40°54.1'N Petrota tuffs X 

PR-1 25°35.0'E 40"5Z1'N Esochi rhyolites X 

PAl-1 25'36.7'E 40°55.5'N X X 

PAl-2 2536.4'E 40°55.3'N X X 

PAl-3 25°37.2'E 4(f56.2'N X X 

PAl-4 25'37.3'E 40°55.9'N X X 

PAl-5 25°35.9'E 40"5S.6'N X X 

PAl-6 2536.1'E 40"55.0'N X X 

PAl-7 25°36.5'E 40°56.4'N X 

PAl-8 25'36.2'E 4(f55.4'N 
Vrakos 

X 

PAl-9 25'36.5'E 40'56.1'N 
Vrakos 

X 

PAl-10 2536.6'E 4(r55.2'N andesites X 

PAl-11 2537.0'E 4(r56.4'N X X 

PAl-12 2537.0'E 40°563'N X X X 

PAl-13 25'36.1'E 4(r553'N X 

PAl-14 25'36.4'E 40°55.4'N X 

PAM5 25°37.0'E 40''56.4'N X 

PAl-16 25'36.8'E 40"56.4'N X 
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Appendix J 

Sample Grid reference litholc^cal 
group 

Thin 
section 

XRF K-Ar 1 

PAl-17 25"38.0'E 40"553'N Vrakos X 

PAl-18 25-38.012 40»553'N andesites 
X 

PA2-1 25*34.1'E 40"54.TN X 

PA2-2 25''34.2'E 40'54.9'N X X X 

PA2-3 25"35.1'E 40"55.1'N X X 

PA2-4 25"352'E 40»55.0'N X X 

PA2-5 25"34.TE 40"54.7N X X 

PA2-6 25°345'E 40"54.6'N Askite X 

PA2-7 25"35.5'E 40-555'N 
Askite 

X 

PA2-8 25"35.9'E 40"553'N andesites X 

PA2-9 25"35.2'E 40"54.6'N X 

PA2-10 2535.5'E WM.TN X 

PA2-11 25"553'E 40'54.6'N X 

PA2-12 25"34.9'E 40"55.1'N X 

PD-1 25"35.2'E 40"54.6'N X X 

PD-2 25'35.1'E 40'54.5'N X X 

PD-3 25"34.TE 40"563'N X X 

PD-4 25'34.2'E 40"55.TN X X X 

PD-5 25"34.2'E 40"55.TN X 

PD-6 25"34.4'E 40»55.4'N X X 

PD-7 25"34.5'E 40'55.6'N Askite X 

PD-8 25"34.0'E 40"54.3'N 
dacites 

X 

PD-9 25"34.8'E 40"55.5'N 
dacites 

X 

PD-10 25''34.8'E 40''55.TN X 

PD-11 25''33.5'E 40"55.5'N X 

PD-12 25"33.9'E 40'54.6'N X 

PD-13 2535.0'E 40"56.6'N X 

PD-14 25"33.9'E 40" 54.3,N X 

PD-15 25''343'E 40"543'N X 

MM-1 25"33.4'E 40"51.TN Maronia X X X 

MM-2 25"33.TE 40''51.TN monzodiorite X X 

CRS-1 25'26.8'E 4 r i l .2 'N X 

CRS-2 25'26.9'E 41" 11.2'N X 

CRS-3 25"34.3'E 41"135'N 
Ocotrdl 

Rhodope X 

CRS-4 25"26.9'E 4 n i . l ' N sub-group X 

CRS-5 I S ' n S E 41"11.4'N X 
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Appendix 1 

Sample Grid reference Litbolo^cal 
group 

Thin 
section 

XRF K-Ar 

ERS-1 25"34.9'E 41*12.4'N X 

ERS-2 25"39.0'E 41"09.TN Eastern 
RhodoDe 

X 

ERS-3 25'38.8'E 41'10.4'N sub-group X 

D-1 25"38.4'E 41"103'N X 

D-2 25'383'E 41-103'N X 

D-3 25*38J'E 41'103'N X 

D-4 25-38^'E 41«103'N X 

D-5 25*38.9'E 4 1 " m ' N 
Drosia 

X 

D-6 25'38.6'E4ri0.2'N 
Drosia 

X 

D-7 25"383'E 4r09.4'N Unit X 

D-8 25"38.3'E 41"095'N X 

D-9 25'38.8'E 41"09.4'N X 

D-10 25'38.5'E 41"09.TN X 

F-1 25'38.2'E 41"08.4'N X 

F-2 25''38.2'E 4r08.5'N X 

F-3 25"38.2'E 4r08.6'N X 

F-4 25"38.2'E 41"08.rN FiUira X 

F-5 25''38.9'E 41"08.8'N 
Unit 

X 

F-6 25"38.2'E 4r08.6'N 
Unit 

X 

F-7 25"37.4'E 41"08.TN X 

F-8 25'36.9'E 41"08.9'N X 

F-9 25'39.9'E 41"08.TN X 

F-10 25"37^'E 41''08.6'N X 

PC-1 25"38.2'E 41"09.0'N X 

PC-2 25''38.2'E 41''09.0'N X 

PC-3 25"31.4'E 4 r i 0 . r N Eocene- X 

PC-4 25"31.4'E 41"10.1'N X 

PC-5 25"30.rE 41"10.TN Oiigocene X 

PC-6 25"313'E 41*09.4'N Flysch X 

PC-7 25"31.8'E 41"10.5'N 
Flysch 

X 

PC-8 25"31.8'E 41"10.5'N X 

PC-9 25"45.8'E 41"{)6.1'N X 

KV-1 25"31.9'E 41"08.9'N X X 

KV-2 25"32.2'E 41"08.9'N Gratini X X 

KV-3 25-32.2'E 41"09.0'N volcanics X X 

KV-4 25'323'E 41'08.9'N X X X 
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Appendix I 

Sample Grid reference Lithological 
group 

Thin 
section 

XRF K-Ar 

NSV-1 25''48.0'E 41"053'N X 

NSV-2 25*47.4'E 41*05.1'N X 

NSV-3 25'46.2'E 41'053'N X X 

NSV^ 25'463'E 41*05.1'N X X 

NSV-5 25'465'E 41'053'N X 

NSV-6 25"45.9'E 41"05.4'N 
Nea Santa 

X 

NSV-7 25"462'E 41'06^'N volcanics X 

NSV-8 25"45^'E 4r06.0'N X X 

NSV-9 25'46.8'E 41"062'N X X X 

NSV-10 25"48^E 41'053'N X X 

NSV-11 25"46.8'E 41"06.8'N X 

NSV-12 25"433'E 41"06.9'N X X 

NSV-13 2S"433'E 41-072'N X X 

NSV-14 25"45.9'E 4r05.2'N X 

NSV-15 25'48.3'E 41"05.6'N X 

SV-1 25"47^'E 41"00.9'N X 

SV-2 25"48.5'E 41" OWN X X 

SV-3 25'46.TE 41"00.TN X X 

SV-4 25"46.9'E 41"01.0'N Sapes X X 

SV-5 25"45.TE 4r02.4'N 
volcanics 

X 

SV-6 25''46.3'E 41''00.8'N 
volcanics 

X X 

SV-7 25"45.8'E 41"03.5'N X 

KEV-1 25"55.TE 40"59.TN X X 

KEV-2 25"49.3'E 4(r59.5'N X X 

KEV-3 25''55.6'E 41"00.1'N X 

KEV-4 25"553'E 40"593'N X X 

KEV-5 25°55.3'E 40"59.3'N X 

KEV-6 25'55.8'E 41''005'N X X 

KEV-7 25"54.8'E 40'59.TN Kirki-Essimi X X 

KEV-8 25"54.TE 41"00.0'N 
volcanics 

X X 

KEV-9 25"543'E 41"00.2'N 
volcanics 

X 

KEV-10 25"54.1'E 41"00.1'N X X 

KEV-11 25"54.0'E 40"59.1'N X X 

KEV-12 25" 5 3 ^ 41"003'N X X 

KEV-13 25'54.9'E 40'59.6'N X 

KEV-14 25"493'E 4r00.5'N X X 
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APPENDIX 2: METHODOLOGY AND RESULTS OF X-RAY 

FLUORESCENCE 

Sample preparation for XRF involved firstly pulverising the samples into rock fragments of up to 5cm in size, 

using a jaw crusher made of hardened chromium steel The samples were then ground to fine powders in 

tungsten carbide barrels in a TBMA gyratory mill Tim resulted in a degree of Ta, W and Co contamination 

which was not considered to be problematical in this study. The crushed powders were then used to make 

pressed powder briquettes for trace element analysis and fusion beads for major element analysis. 

In order to make the powder briquettes, a small amount of an aqueous binder, composed of a solution 

of 7% polyvinyl alcohol in water, was mixed with approximately 10 grams of the powdered sample and 

compressed under a pressure appronmately 12 tonnes. 

The preparation of fusion beads involved firstly drying the powdered samples in an oven at 110°C and 

then transferring them to a desiccator to cool. Approximately 5 grams of each sample were then accurately 

weighed into silica crucibles of known weight, and placed in a furnace at 1000° for 1-2 hours. The crucibles 

were then removed from the furnace and returned to the desiccator where they were allowed to cool for 5 

minutes before being re-weighed. This procedure enables the volatile content of each sample to be 

determined and expressed in terms of the loss on ignition (LOI) which is given by. 

IQj . (^ight before ignition - weight after tgmriowl ^ 
V weight before ignition j 

1 gram of each ignited sample was then mixed with 5 grams of a cooled pre-ignited flux, composed of 

4 parts lithium tetraborate and 1 part lithium metaborate. This mixture was placed in a platinum crucible 

which was then placed in a furnace at IISO'C and was periodically swirled, using platinum-tipped tongs, to 

produce a compositionally homogeneous melt. After 5-10 minutes, the melt was poured into a pre-heated 

platinum casting-dish which was removed from the furnace and cooled over a jet of air to produce a glass 

fusion bead. 

The following tables provide a record of the results of the XRF analysis for a range of major and trace 

elements. The major elements are expressed in terms of the weight percent (wt.%) of the cfmstituent oxides, 

which include SiO ,̂ AlgOg, TiOj, FeO*, MnO, MgO, CaO, NajO, K^O, and SO,. FeO* represents the 

total Fe-content, including both FeO and Fe^Oj, since the ratio of Fe^*/Fc^* cannot be determined by XRF. 

The weight loss on ignition (LOI) has been incorporated into the whole rock data and the resultant totals 

have been summed to 100%. The trace elements include Sr, K, Rb, Ba, Th, Mb, Ce, F, Zr, Ti, Y, Mo, Sn, 

Bi, Sb, W, Cr, V, Fb, La, Zn, As, Ni, U and Ga. Their concentrations are expressed in parts per million 

(ppm). MORBh refers to the N-MORB of Hoffmann (1988). 
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APPENDIX 3: METHODOLOGY AND RESULTS OF K-AR 

GEOCHRONOLOGY 

Introducdon 

This appendix provides a discussion of the methodology and results of the K-Ar analysis iK ûch was 

carried out at the NERC Geosdence Laboratory (NIGL) at Keyworth in Nottinghamshire. 7 samples were 

analysed in triplicate to enhance the accuracy of the final age calculations. These 7 samples were as follows: 

(a) PAl-12: Whole rock samples from the Vrakos andesites. 

(b) PA2-2: Biotite concentrates from the Askite andesites. 

(c) PD-4: Biotite concentrates from the Askite dadtes. 

(d) KEV-14: Whole rock samples from the Kirki-Essimi volcanics. 

(e) NSV-9: Whole rock samples from the Nea Santa volcanics. 

(f) KV-4; Whole rock samples from the Gratini volcanics. 

(g) MM-1: Biotite concentrates from the Maronia monzodiorite. 

The principles of K-Ar analysis 

The K-Ar technique of dating is based on the decay of radiogenic ^ to its stable daughter product 

^Ar. Potassium has three naturally occurring isotopes with the following abundances: ̂  = 93258 ± 0.003%, 

= 0.01167 ± 0.00004% and = 6.730 ± 0.003%. Similarly, the isotopic composition of argon in the 

terrestrial atmosphere is: ^Ar = 99.60%, ^Ar = 0.063% and ^Ar = 0337%. Naturally occurring 

undergoes branched decay to stable ^Ar and ^Ca. 88.8% of the ^ atoms decay to stable *Ca by negatron 

emission, whilst only about 11.2% of the decays to ^Ar by electron capture and positron emission. The 

total decay constant of is the sum of the decay constants of the two alternative branches of the decay of 

to ^Ar (X. = 0.581 x 10"y"') and to ̂ Ca (Xg = 4.962 x 10 '"/') and is pven as X = 5343 x lO^'V (Steiger 

and Jager, 1977). This corresponds to a half-life of 1250 x lO'y. The growth of radiogenic ̂ Ar in a K-bearing 

rock or mineral, which is dosed to potassium and argon, is given by: 

Ar*^' = (e*'-l) 

This equation can be rearranged to give: 

l b 
f \ / \ 

Ar'^' X Ar'^' 
+ 1 

I K*' \ 

220 



Appendix 3 

Therefore, by measuring the K content and the amount of radiogenic *Ar present in a rock or mineral, its 

age can be calculated providing the following assumptions are made: 

(a) No *Ar was present in the rock or mineral at the time of its formation. 

(b) There has been no addition or loss of K or *Ar throughout the lifetime of the rock or mineral This 

is an important assumption dnce, as a noble gas, argon does not form bonds wth (Aher atoms in a 

crystal lattice and as a result many minerals may be susceptible to argon loss during processes such as 

partial or complete melting and recrystallisation, metamorphism, hydrothermal alteration, dissolution 

of water-soluble minerals and the mechanical breakdown of minerals, which may even result from 

excessive grinding during sample preparation. The Ar retentivity varies according to the mineral. 

Feldspars, for example, are extremely susceptible to argon loss whilst Wotites and particularly 

hornblendes are more retentive and therefore provide a more reliable estimate of the age if 

concentrated mineral separates can be obtained. 

(c) The isotopic composition of K is normal and has not been altered by fractionation or other processes 

other than the decay of ^K. 
(d) The decay constants of are known accurately and have not changed through time. 

Sample PreparaHan 

Sample preparation for K-Ar analysis required the samples to be crushed and where possible 

concentrates of spedfic K-bearing minerals with good Ar retentivities and a high resistance to weathering and 

alteration (e.g. biotite and hornblende in igneous rocks of intermediate composition) were obtained by a 

series of separation techniques. 

Each sample was broken down in size using a tungsten carbide jaw crusher and then ground into 

smaller fragments using a disc mill with rotating metal plates. The samples were then divided into four size 

fractions (<125n, 125-250^1, 250-500|i and >500^) using a vibrating sieving apparatus. This ensured that a 

specific size fraction could be chosen such that the minerals used in the final analysis, were no longer 

attached to other minerals. In addition, this enabled a homogeneous size fraction to be diosen for the final 

analysis, reducing the probability of obtaining anomalous results from heterogeneous size fracti(Mis. Finally, 

the 125-250H and 250-500n size fractions were washed in de-ionised water to remove any dust and left to dry 

before mineral separations were carried out. The following apparatus were used to separate specific minerals 

from the whole rock samples: 

(a) A Mozefy shaking table 

This technique is generally used to separate minerals of different density but is most effective if the 

density contrast is large. However, it proved particularly useful in separating micas which, despite having a 

higher density than feldspars, glide easily towards the end of the table due to their planar habit. Relatively 
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good concentrates of the biotites in samples PD-4 and MM-1 were obtained using this technique. 

(b) A Frantz maffietic separatw 

This separates minerals according to their magnetic properties and was used with a reasonable degree 

of success for refining the bic^te concentrates of samples PD-4 and MM-1. However, the biotites in sample 

PA2-2 had been aigmficantly altered to magnetite and it was therefore more practical to obtain biotite 

concentrates by simply using a hand magnet Sample NSV-9, on the other hand, %%ich contained hornblende 

also contained large quantities of finely disseminated magnetite within the groundmass making it impcKsible 

to obtain hornblende concentrates using the Frantz apparatus. 

Potasaum anafysis by flame photometry 

The concentration of potassium in each sample was determined using the technique of flame 

photometry. Sample preparation involved first weighing out a few hundred milligrams of the crushed material 

into a 25ml platinum crucible. This was dissolved in a mixture of approximately 2mls of concentrated 

perchloric acid and 8mls of 40% conc. hydrofluoric add. The mixture was then and then evaporated to 

dryness on an electric hot plate. The hydrofluoric add was used to break down the silicate lattices by forming 

silicon tetrafluoride gas, whilst the perchloric acid was used to convert insoluble fluorides to highly water-

soluble perchlorates. The excess perchloric add was then boiled off and the residue was dissolved in 

approximately lOmls hydrochloric acid (0.6mol) and transferred to a volumetric flask wiiere it was diluted 

up to a known volume with de-ionised water (in this case either 200 or 250ml). A 5ml aliquot of this solution 

was then mixed with 5ml of a standard solution containing ca. 200ppm lithium. The potassium concentration 

was then determined using flame photometry with a direct digital readout. 

For each analytical run the instrument was first calibrated with a standard potassium solution of known 

K-content (c.a. 25ppm) and a K-free "blank" solution composed of a mixture of 5mls de-ionised water and 

5mls lithium solution. This enabled matrix effects to be minimised by measuring the difference in signal 

between the Li and K emission. 

Tables A3.1 to A3J5 present the results of the potassium analysis. The K-content of a standard biotite 

concentrate (Mo40), with a known K-content of 7.064%, was measured at the start of each batch in order 

to monitor the accuracy and precision of the photometer. Each sample was then analysed in duplicate and 

the calibration of the photometer was checked after every three samples by referring back to the standard 

potassium solution and making any necessary adjustments to the reading. The K-content was calculated from 

the formula: 

K% = 2 X K-reading x Dilution factor 
Sample weight 

The average K-content was then calculated for each sample and used in the final age calculations. The error 
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Sample Size 
fraction (|i) 

Weight 
(g) 

Dilution 
factor (ml) 

K-reading K% Average 
K% 

Error 
(%) 

Mo40(bi) 250-500 0.0822 250 11.72 7.117 
7.126 1.0 

Mo40(bi) 250-500 0.1016 250 14.23 7.135 
7.126 1.0 

MM-la (hi) 250-500 0.1000 250 14.62 7310 
7328 1.0 

MM-la (bi) 250-500 0.0896 250 13.17 7346 
7328 1.0 

MM-lb (bi) 250-500 0.0995 250 14.64 7357 
7347 1.0 

MM-lb (bi) 250-500 0.0963 250 14.13 7336 
7347 1.0 

MM-lc (bi) 250-500 0.0986 250 14.27 7.236 
7.254 1.0 

MM-lc (bi) 250-500 0.1000 250 1435 1211 
7.254 1.0 

Table A3.1. Results of the potassium analysis from batch 1. 

Sample Size 
fraction (p) 

Weight 
(g) 

Dilution 
factor (ml) 

Average 
K-reading 

K% Average 
K% 

Error 
(%) 

Mo40(bi) 250-500 0.9600 250 13.69 7.128 
1.0 

Mo40 (bi) 250-500 0.1010 250 14.27 7.064 
7.096 1.0 

PD-4a (bi) 125-250 0.0979 250 11.09 5.661 
1.0 

PD-4a (bi) 125-250 0.0973 250 11.04 5.671 
5.666 1.0 

PD-4b (bi) 125-250 0.0960 250 11.04 5.750 
1.0 

PD-4b (bi) 125-250 0.0962 250 11.02 5.725 
5.738 1.0 

P D ^ (bi) 125-250 0.0988 250 13.28 6.721 
1.0 

PD-4C (bi) 125-250 0.0998 250 13.61 6.816 
6.769 1.0 

KEV-14a (wr) 250-500 03212 200 1237 1340 
1.0 

KEV-14a (wr) 250-500 03228 200 12.73 1377 
1359 1.0 

KEV-14b (wr) 250-500 0.2988 200 11.52 1341 
1.0 

KEV-14b (wr) 250-500 0.3051 200 11.63 1324 
1332 1.0 

Table A3.1. Results of the potassium analysis from batch 2. 
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Sample Size 
fraction (|i) 

weight 
(g) 

Dilution 
factor (ml) 

K-reading K% Average 
K% 

Error 1 

(%) 1 

Mo40(bi) 250-500 0.9710 250 13.76 7.085 
1J066 1.0 

Mo40(bi) 250-500 0.1011 250 1425 7.047 
1J066 1.0 

PA2-2a (bi) 125-250 0.1508 250 9.63 3.193 
3.175 1.0 

PA2-2a (bi) 125-250 0.1476 250 932 3.157 
3.175 1.0 

PA2-2b (bi) 125-250 0.1499 250 10.05 3351 
3363 1.0 

PA2-2b (bi) 125-250 0.1507 250 10.17 3374 
3363 1.0 

PA2-2C (bi) 125-250 0.1516 250 9.89 3262 
3278 1.0 

PA2-2C (bi) 125-250 0.1480 262 931 3.294 
3278 1.0 

Table A33. Result s of the potassi um analysis from batch 3 

Sample Size 
fraction (n) 

weight 
(g) 

Dilution 
factor (ml) 

K-reading K% Average 
K% 

Error 
(%) 

Mo40 (bi) 250-500 0.0995 250 13.93 7.000 
6.%6 1.0 

Mo40 (bi) 250-500 0.0971 250 1334 6.972 
6.%6 1.0 

KV-4a (wr) 250-500 0.2977 100 15.69 1.054 
1.053 1.0 

KV-4a (wr) 250-500 0.3008 100 15.81 1.051 
1.053 1.0 

KV-4b (wr) 250-500 0.3086 100 16.46 1.067 
1.065 1.0 

KV-4b (wr) 250-500 0.2990 100 15.88 1.062 
1.065 1.0 

KV-4C (wr) 250-500 0.3052 100 16.94 1.110 

1.116 1.0 

KV-4c (wr) 250-500 0.3172 100 17.80 1.122 
1.116 1.0 

PAl-12a (wr) 250-500 03144 222 1331 1.910 L887 
1.0 

PAl-12a (wr) 250-500 03074 222 12.89 1.864 
1.0 

PAM2b (wr) 250-500 03057 222 12.89 1.874 
1.888 1.0 

PAM2b (wr) 250-500 03183 222 13.63 1.902 
1.888 1.0 

PA1-12C (wr) 250-500 0.3261 200 14.78 1.838 

1.0 
PAM2C (wr) 250-500 0.2972 200 13.92 1.873 

1.856 1.0 

Table A3.4. Results of the potassium analysis from batch 4. 
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Sample Size 
fraction (n) 

weight 
(g) 

Dilution 
factor (ml) 

K-reading K% Average 
K% 

Error 
(%) 

Mo40 (hi) 250-500 0.1105 250 1530 7.014 
7J022 1.0 

Mo40(bi) 250-500 0.1003 250 14.10 7.029 
7J022 1.0 

NSV-9a (wr) 125-250 03254 200 11.41 1.405 
i:m 1.0 

NSV-9a (wr) 125-250 03044 200 1031 1381 
i:m 1.0 

NSV-9b (wr) 125-250 02967 200 1031 1.446 
1.429 1.0 

NSV-9b (wr) 125-250 03040 200 10.73 1.412 
1.429 1.0 

NSV-9C (wr) 125-250 0.2909 200 10.09 1387 
1379 1.0 

NSV-9C (wr) 125-250 03201 200 10.96 1370 
1379 1.0 

Table A3S. Results of the potassium analysis from batch 5. 

Argon analysis by mass spectrometry 

The quantity of radiogenic '"At present in each sample was determined by the technique of isotope 

dilution (Moore et al., 1973) using a mass spectrometer. This technique enabled the quantity of atmospheric 

•*°Ar present in the analysis to be calculated and subtracted from the quantity of radiogenic *°Ar produced 

by the decay of *®K in the sample. 

The procedure involved firstly weighing out a few hundred milligrams of the crushed mineral separate 

or whole rock sample into a molybdenum crucible which was then sealed in a glass furnace and left at a high 

vacuum to bake for 12 hours at 180°C in order to remove any atmospheric contaminants on the surface of 

the minerals. The argon extraction unit was tested to ensure that there were no leaks and the sample was 

then fused by placing an electric heating coil connected to an RF generator around the glass furnace. The 

gas extracted from the sample was mixed with an ®Ar enriched "spike" of known quantity and isotopic 

composition and the mixture was then purified by removing all the chemically reactive gases including H ,̂ 

COj, O; and N .̂ This was achieved by heating a second furnace containing Ti in a molybdenum crucible 

which extracted the active gases until they were frozen in a cold trap of liquid Nj,. This "dean-up" procedure 

should leave a residual mixture of noble gases at very low pressure. An appropriate ccsntnooation of valves 

was then selected to admit a small aliquot of the gaseous mixture from the argon extraction unit into the 

source of a mass spectrometer. 

At NIGL a Micromass 1200 spectrometer was used. This has a source sensitivity in the region of 3 x 

lO"" Amps/Torr and is specifically designed for static vacuum operation (i.e. the mass spectrometer pump 

valve is closed when the gases are admitted). This enables the isotope ratios of small samples of inert gases 

to be determined. 
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The gas molecules are ionised by bombardment with electrons and the resulting highly charged ions 

are accelerated by a high voltage through a magnetic field ^ c h deflects the ions into circular paths whose 

radii are proportional to the isotopic mass of the ions. The resolved ion beams then pass through the analyser 

tube and are focused into the collector. This is eqmpped with an ion detector composed of a gold-lined 

Faraday bucket positioned behind a slit plate, which enables the spectrometer to detect the ion beams 

corresponding to ^Ar, "Ar and ^Ar alternately. On entering the ion detector each ion beam is neutralised 

by electrons wtich flow from ground to the detector through a reastor. The voltage difference across its 

terminals is proportional to the relative abundance of each isotope. 

30 analyses were made every 30 seconds in order to average out any fluctuations in beam intensity and 

anomalous results that might result from isotopic fractionation. Graphs were then plotted representing the 

variation of the isotopic ratios C^Ar/^Ar and ^Ai/^Ax) over time, and the initial isotopic ratios at the time 

of sample admission to the mass spectrometer was determined by extrapolating a straight line back through 

the array of points to time, t = 0. 

The measured value of the ^Ar/^Ar ratio was used to calculate the proportion of atmospheric argon 

of known isotopic composition which was present in the analysis. The amount of radic^enic ̂ Ar present was 

then calculated from the measured ^Ar/^Ar ratio using the known quantity and isotopic composition of spike 

argon that was added. The relevant equation for calculating the proportion of radiogenic ^Ar is given in 

Dalrymple and Lanphere (1969) 

Once the analysis was completed the residual gases were pumped out of the mass spectrometer and 

the active gases in the argon extraction unit were liberated by warming up the cold trap, reheating the 

titanium and outgassing the system through a diffusion pump until the vacuum had returned to a minimum. 

The system was then ready for the next sample. 

The results of the argon analyses and the final age calculations are presented in Table A3.6. 
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Sample K% Error Weight Atmos. f A r Rad-^Ar Age Average 
Age 

% g % dI nl/g Error 
% 

Ma Ma 

PD-4a (bi) 5.67 1.0 02058 31.57 0.61 6392 1.12 28.8 ± 0.9 
29.0 
± 0.9 PD-4b (bi) 5.74 1.0 02040 25.88 0.46 6.478 1.07 28.8 ± 0.8 
29.0 
± 0.9 

PD-4C (bi) 6.77 1.0 02014 36.64 0.91 7.817 1.16 29.5 ± 0.9 

PA2-2a (bi) 3.18 1.0 02534 73.67 263 3.707 3.02 29.8 ± L9 
29.8 
± 1.4 PA2-2b (bi) 336 1.0 0.2551 55.11 124 3.944 1.61 29.9 ± LI 
29.8 
± 1.4 

PA2-2C (bi) 3.28 1.0 0.2571 6236 1.63 8.817 1.16 29.7 ± 13 

MM-la (bi) 733 1.0 0.1955 40.40 1.13 8.500 1.23 29.6 ± 0.9 
295 
± 1.0 MM-lb (bi) 735 1.0 0.1938 4332 1.23 8.307 128 28.9 ± 0.9 
295 
± 1.0 

MM-lc (bi) 125 1.0 0.2021 60.69 2.65 8.487 1.86 29.9 ± 12 

KEV-14a (wr) 1.56 1.0 0.5406 64.85 1.81 1.814 2.14 29.7 ± 1.4 29.7 

KEV-14b (wr) 1.53 1.0 0.4950 54.22 1.04 1.782 157 29.7 ± 1.1 
± 13 

NSV-9a (wr) 1.39 1.0 0.6423 43.48 0.73 1.473 1.28 27.0 ± 0.9 
292 
± 1.0 NSV-9b (wr) 1.43 1.0 0.6656 42.06 0.84 1.744 1.27 31.1 ± 1.0 
292 
± 1.0 

NSV-9C (wr) 1.38 1.0 0.7824 44.55 1.00 1.590 1.34 29.4 ± 1.0 

KV-4a (wr) 1.05 1.0 0.5134 71.96 1.60 1218 2.79 29 JS + 1.7 
30.0 
± 13 KV-4b (wr) 1.07 1.0 0.7381 46.34 0.98 1.281 135 30.7 ± 1.0 
30.0 
± 13 

KV-4c (wr) 1.12 1.0 0.5981 43.85 0.61 1304 1.49 29.8 ± 1.1 

PAl-12a (wr) 1.89 1.0 0.5092 45.90 0.96 2213 132 29.9 ± 1.0 
30.8 
± 12 PAl-12b (wr) 1.89 1.0 0.7380 63.97 2.20 2.370 2.06 32.0 ± L5 
30.8 
± 12 

PA1-12C (wr) 1.86 1.0 0.5486 41.99 0.88 2218 1.25 30.5 ± 1.0 

Table A3.6. Results of the argon analysis and flnai age calculations. 
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