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ABSTRACT 

Analyses of detrital blue amphiboles from Paleocene flysch deposits of the western Othrys Mountain show 
a narrow compositional variability and are comparable with published analyses from the Cycladic Islands. In 
contrast, analyses from Pelagonian blueschists (Olympos, Ossa, Ambelakia) show a wide compositional varia
tion that is rather due to the lithological variability of their parental rocks and incomplete overprinting by 
blueschist facies metamorphism. Combined with published evidence, the above features exclude the Pelagonian 
rocks from being the potential source of the detrital blue amphiboles. The latter were derived from a source 
with "Cycladic" affinities that (1) presently is not exposed, but may have been covered tectonically during the 
Tertiary and (2) has been already exposed to erosion in response to subduction at the Pindos oceanic realm at 
the active external Pelagonian margin during Maastrichtian/Paleocene times. The data demonstrate that blueschist 
facies metamorphism in the Hellenides started at Pre-Tertiary times. 

KEY WORDS: Hellenides, Pelagonian Zone, Othrys Mountain, Paleocene, flysch deposits, detrital blue 
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1. INTRODUCTION 

Blueschist facies metamorphic (HP/LT) rocks occur in many tectono-metamorphic units of the Hellenides 
(the internal Peri-Rhodopian zone, the Paikon unit of the Vardar-Axios zone and Pelagonian zone; the Cycladic 
Blueschist Belt; the external Phyllite-Quartzite Series). Widespread blueschist occurrences are restricted, how
ever, to the Olympos and Ossa tectonic windows, the Pilion peninsula, southern Evia, the Cycladic islands and 
Samos island, and the Phyllite-Quartzite Series in Peloponess and Crete. 

Despite of pre-Tertiary ages that have been suggested long time ago (Maluski et al., 1981), radiometric 
determinations from Cycladic rocks (59-35 Ma; see Avigad & Garfunkel 1991) and from the external Hellenides 
(35-16 Ma; Seidel et al. 1982) have coined the idea in the last two decades that blueschist facies metamorphism 
in the Hellenides was of Tertiary age. 

However, support for a pre-Tertiary onset of HP/LT metamorphism based on tectonostratigraphic and/or 
radiometric dating has been reported for the Paikon unit (Baroz et al., 1987), Evia (Bavay et al., 1980; Maluski 
et al., 1981), the Pilion peninsula (Jacobshagen & Wallbrecher 1984), the Olympos and Ossa tectonic windows 
(Schermer et al., 1990), Ambelakia unit (Lips et al., 1998), the Peri-Rhodopian Zone (Michard et al., 1994), 
and, recently, Syros and Tinos islands (Brcpcker & Enders, 1999). These results demonstrate clearly, that HP/LT 
metamorphism was accompanied by intense tectonic activity within the Hellenides during the Cretaceous. 

A pre-Tertiary age for the onset of HP/LT metamorphism is also supported by the occurrence of detrital 
blue amphiboles in Early Tertiary flysch formations in the Ionian and Pindos zones and in the western Othrys 
Mountain (Faupl et al., 1996, 1999). In the latter case, detrital blue amphiboles were found within Paleocene 
flysch deposits that lie over karstified, occasionally strongly eroded Upper Maastrichtian limestones (Richter et 
al., 1996a). This observation indicates that at Paleocene times some blueschist terrains were already exposed to 
erosion. 

The present work tries to reveal the potential provenance of the detrital blue amphiboles in the Paleocene 
flysch deposits of the western Othrys Mountain by comparison of their chemistry with published amphibole analy
ses from blueschist terrains of the Hellenides. Palaeogeographic and palaeotectonic implications are discussed. 
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2. GEOLOGICAL FRAMEWORK AND SAMPLING 

The Pelagonian Zone s. 1. has been subdivided into an unmetamorphosed western (Subpelagonian Zone) 
and a metamorphosed eastern part (Pelagonian Zone s.S.). The western and central Othrys Mountain belongs to 
the Subpelagonian Zone. Palaeogeographically, the Pelagonian Zone is considered to have been a micro-conti
nental fragment bounded at its internal and external margins by the Vardar and Pindos oceans, respectively. It 
exhibits a complex nappe structure due to repeated thrusting and ophiolite obduction from both oceanic realms 
during Mid-Jurassic to early Tertiary times. This tectonic activity took place in response to subduction and 
ocean closure at either active side of the Pelagonian Zone that was accompanied by the formation of ophiolites, 
blueschist belts and final flysch deposition. 

The Pelagonian Zone consists of a pre-Mid-Carboniferous metamorphic basement that is unconformably 
overlain by clastic Late Carboniferous-Permian sediments. The latter are transgressively overlain by a Lower 
Triassic volcano-sedimentary formation and a thick succession of Middle Triassic-Jurassic platform and intra-
platform and marginal carbonate successions. During the Late Jurassic and Early Cretaceous, higher tectonic 
units, such as the Maliac nappes (basal units of the Othrys Ophiolite Complex that form the western and some 
parts of the central Othrys) and the Eohellenic Ophiolitic Nappe were thrust over the Pelagonian successions. 
After a period of extensive erosion, shallow-water limestones were deposited during the Upper Cretaceous. 
Generally, these limestones passed gradually into pelagic limestones and flysch sediments. However, in the 
western Othrys region Early Paleocene flysch deposition took place over karstified Upper Cretaceous lime
stones. 

The heavy mineral sample was taken in a section along the road from Thavmakos to Domokos at position Ν 
39° 08' 16", E 022° 16' 35" (Faupl et al. 1999). It belongs to the Paleocene flysch sediments of the western 
Othrys. There, the heavy mineral fraction is garnet-dominated (>70%), containing less than 10% of the zircon-
tourmaline-rutile-apatite association as well as very minor amounts of ophiolite-derived chrome spinel. Minor 
amounts (<10%) of blue amphiboles were observed frequently. 

3. ANALYTICAL AND CALCULATION PROCEDURES 

Thirty-three detrital amphibole grains were analysed with a Cameca SX100 at the Institute of Petrology, 
University of Vienna. As analytical uncertainty is periodically checked to be better than 0.5% (Is) for major and 
minor oxides, the observed overall uncertainty (Tab. 1) is rather due to grain inhomogeneity (e.g. zoning) and 
varying bulk composition of the parent rocks. 

Table 1: Compositional variability of detrital blue amphiboles from the Paleocene flysch deposits of the western 
Othrys Mountain. 
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For a successful discrimination of the source of the detrital blue amphiboles, measured and published analy
ses (a) were checked to fulfil the quality criteria for amphiboles described by Schumacher in Leake et al. (1997) 
and (b) were plotted into many diagrams like that of Fig. 1 by using the same model for formula recalculation. 
"Passed" analyses did not violate stoichiometric constrains for the maximum Fe3+-models "Sum of cations-Ca-
Na-K=13" or "Sum of cations-K=15". 

Factors controlling the chemical composition of blue amphiboles are P, T, XFluid, fQ2 and bulk rock composi
tion XR. Fluids were excluded from consideration because ordinary microprobe analysis lacks fluid components. 
Regional differences in P-T-fQ2 and XR are reflected in the amount of glaucophane, riebeckite, edenite and 
various Tschermaks-type substitutions. Various plots using the amounts of these exchange components may be 
useful for depicting the possible provenance of the detrital blue amphiboles. -

Figure 1 shows two representative plots that depict the variation of exchange components among published 
analyses and measured analyses of the detrital grains. For each potential blue amphibole source as well as for 
the detrital blue amphiboles unique metamorphic conditions are assumed. Therefore, the variation shown for 
each potential source as well as for the detrital grains reflects the combined effects of analytical uncertainty, 
variation of bulk rock composition (i.e., different samples from the same source-region) and degree of chemical 
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inhomogeneity. The latter is due to crystal zoning (that is not always explicitly documented in the literature) and 
incomplete overprinting relations (see below). We assume also that for all analyses treated here the analytical 
uncertainty is equally low and constant and corresponding to typical values assigned to microprobe analysis 
techniques. The combined effect of all these factors is difficult to estimate quantitatively. Nevertheless, Fig. 1 
shows a rather clear positive or negative affinity of the detrital blue amphiboles towards certain potential sources. 

4. RESULTS AND DISCUSSION 

A careful inspection of the plots in Fig. 1 reveals the following: (1) Blue amphiboles from Pelagonian rocks 
of the Olympos and Ossa areas show a very wide variation. (2) Blue amphibole analyses from the Ampelakia 
unit show a narrow variation that does not coincide either with that of the detrital grains or of Cycladic sources. 
(3) Most Cycladic sources show a narrow compositional variation that generally coincides with that of the detri
tal blue amphiboles. Analyses of blue amphiboles from Pelagonian rocks of the Ossa and Olympos areas were 
derived from strikingly different rocks reflecting the wide lithologie range of the Pelagonian stratigraphie col
umn. For example, blue amphiboles have been observed in many different rocks of the Ossa area (Tsangalidis, 
1990). Notably, in most of them, blue amphiboles overgrew green amphiboles. Complex overgrowths of amphiboles 
trending from actinolite to barroisite and glaucophane/crossite yielding strongly varying, obviously disequilibium, 
compositions of the latter have been confirmed recently for various Pelagonian rocks from the Ossa region by 
M. Perraki (pers. comm.).Similarly, Schermer et al. (1990) argued that HP/LT metamorphism in the Pelagonian 
Zone and Ambelakia unit evolved through several tectono-metamorphic events 100 Ma ago by overprinting 

A (23 O; Cation sum -Ca-Na-K = 13) 

* A a 

Δ 
Ο 

Π* 
A D 

>.ννΔ Δ Δ 

-OD **-
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 

Mg/(Mg+Fe2+) 

1.50 · 

1.00 • 

0.50 • 

0.00 · 

Β (23 Ο; 

•: 

Cation 

» τ 

Ο 
s u m - K = 1 5 ) 

Α 
<Α Α : : 

Ο θ 
. . Α Α 

Η Λ 
% Α 

Ο * : :Α 

0 m, Λ Π ψ 

* ΔαΟ ν* 

ΚΑ 

D 

Χ 

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 

Akri island, Dodecannesos 
(Franz & Okrusch, 1992) 

Ambelakia unit 
(Tsangalidis, 1990) 

Peri-Rhodopian Zone 
(Michard et al., 1994) 

Menderes 
(Candanetal, 1997) 

NW-Turkev 
(Okay & Kelley, 1994) 

•• Pelagonian Zone. Olvmpos 
(Migiros, 1983) 

_|_ Pilion peninsula 

(Davis & Jung, 1979) 

A Pelagonian zone, Ossa 
(Tsangalidis, 1990) 

™ Phyllite-Quartzite Series 
(Theye & Seidel, 1991) 

» Samos island 
(Mposkos & Perdikatsis, 1984) 

Sifnos island 
(Avigad et al, 1992) 

Sifnos island 
(Schliestedt, 1986) 

Sikinos island 
(Davis & Dietrich, 1986) 

Syros island 
(Ridley & Dixon, 1984) 

Syros island 
(Ridley, 1984) 

Tinos island 
(Bröcker, 1990) 

This work 

Al 
|T| J'M ICI 

Na1"1 -2 ΤΓ ' (Tsch) 

Figure 1: Representative plots showing the relation of the detrital blue amphiboles with blue amphiboles from 
blueschist terrains of the H eilen id es and adjacent areas. A: Plotted analyses are recalculated on the basis of 23 

oxygens and "Sum_of_cations-K = 15". B: Plotted analyses are recalculated on the basis of 23 oxygens and 
"Sum_of_cations-Ca-Na-K = 13". Abbreviations: [A], [T], [C] = crystallographic sites in the amphibole 

structure; Rie = riebeckite component; Tsch = Tschermak's molecule. 
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early greenschist fades assemblages that still persist as relics in blue amphiboles. Such incomplete overprinting 
relations are indicated also for glaucophanites of the Ambelakia unit that often contain porphyroclasts of (mag-
matic?) perthites and relics of calcic clinopyroxenes replaced partly by crossite (Tsangalidis, 1990). The Samos 
blue amphibole analyses were derived from variably overprinted metagabbros that may still contain magmatic 
relics. These observations suggest that the HP/LT overprint was rather incomplete for each rock and/or for each 
amphibole grain. Thus, the large variability shown in the plots of Fig. 1 for Pelagonian rocks of the Olympos and 
Ossa blue amphiboles is best explained by (a) the widely varying bulk composition of the Pelagonian rocks and 
(b) their incomplete overprinting relations. 

In contrast to this "Pelagonian" behaviour, the narrow variation of the detrital blue amphiboles suggests 
that the source rocks were rather more similar in terms of bulk composition; they were also better equilibrated 
and not strongly affected by retrograde processes and/or incomplete overprinting of earlier greenschist facies 
assemblages. In accordance with the references given in Fig. 1, these attributes may be assigned also to the 
Cycladic potential sources. Notably, the detrital blue amphiboles overlap with Cycladic potential sources; they 
do not overlap with blue amphiboles of the Ambelakia unit, which, in contrast to the Pelagonian sources, show 
a narrow compositional variation. 

However, the compositional similarity of the detrital blue amphiboles with those from the Cycladic Islands 
does not necessarily imply that the former were derived directly from any of these islands. It suggests that the 
source rocks were "Cycladic" (i.e. exhibiting the paragenetic, textural and chemical features matching the rocks 
of Cycladic Islands), rather than Pelagonian. The exclusion of a Pelagonian source agrees well with numerous 
observations that the Pelagonian rocks in the Olympos-Ossa-Pilion region underwent incomplete recrystallization 
under HP/LT conditions as early as the Lutetian. Derycke & Godfrieux (1979) reported, for example, that 
Upper Cretaceous to Mid Eocene limestones and flysch successions in the Olympos region were affected by HP/ 
LT metamorphism. Wallbrecher (1983) noted that rocks of the transgressive Upper Cretaceous and of the 
overlying early Tertiary ophiolite nappes of the southern Pilion peninsula and Sporades islands contain blue 
amphiboles. Schermer et al. (1990) pointed out that thrusting of the stacked Pelagonian (Pierien and Infrapierien 
units) and Ambelakia units over the autochthonous Olympos carbonates took place under still prevailing HP/ 
LT conditions in late Eocene times (40-36 Ma). Obviously, these Pelagonian rocks could not have been provid
ing detrital blue amphiboles into the Paleocene flysch sediments of the western Othrys Mountain and, therefore, 
can be excluded as potential sources. 

The "Cycladic" source of the detrital blue amphiboles is presently not exposed in the neighbourhood of the 
Othrys Mountain. However, it cannot be excluded that the detrital blue amphiboles were transported over large 
distances along orogen-parallel structures into the Paleocene flysch basin of the western Othrys Mountain. 
Irrespective of its exact palaeogeographic position, we suggest that this "Cycladic" blueschist source was located 
near the external (currently western) Pelagonian margin. Its formation may be ascribed to the subduction of the 
Pindos Ocean (Faupl et al. 1999). The detrital blue amphiboles in question demonstrate that HP/LT metamor
phism was active at Pre-Tertiary times. This is consistent with the radiometric age determinations stated earlier. 

5. CONCLUSIONS 

As detrital blue amphiboles are frequent in the Paleocene flysch deposits of the western Othrys Mountain, 
but completely missing farther to the east of the Pelagonian Zone (Faupl et al. 1999), we suggest that the "Cycladic" 
blueschist source terrain was (1) located near the external (currently western) margin of the Pelagonian micro-
continent, (2) formed and then tectonically exhumed in response to subduction of the Pindos Ocean and (3) the 
Cycladic blueschists, their northward continuation (southern Evia, Pilion peninsula and blueschist in the Ossa 
and Olympos tectonic windows) and the "Cycladic" source of the detrital blue amphiboles were "extruded" 
slices of HP/LT rocks from one or more orogenic wedges that were active during the Cretaceous (Grasemann et 
al., 1998). The "Cycladic" source is currently not exposed in the neighbourhood of the western Othrys Mountain 
because it either has been completely eroded or, most probably, tectonically covered during Tertiary tectonic 
activity. Thus, the current western tectonic boundary of the Pelagonian Zone should not be confused with the 
active, external margin of the Pelagonian micro-continent during the Cretaceous and Paleocene. 

The occurrence of detrital blue amphiboles in the Paleocene flysch deposits of the western Othrys Mountain 
is consistent with the radiometric age determinations referred earlier; they demonstrates clearly, that HP/LT 
metamorphism in the "Cycladic" source terrain was active as late as the Maastrichtian. They also suggest that 
the earliest exhumation and erosion of "Cycladic" blueschists took place as late as the Maastrichtian/Paleocene. 
A lower age limit for exhumation and erosion of "Cycladic" blueschists is constrained by the absence of detrital 
blue amphiboles in the Turonian turbidites of the "First Pindos Flysch" (Faupl et al., 1998). 
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The detritai blue amphiboles in question, the Turonian turbidites of the "First Pindos Flysch" and the Lower 
Cretaceous and Turonian turbidites of the Beotian Trough (Richter et al., 1996b,c) demonstrate that during the 
Cretaceous the external margin of the Pelagonian micro-continent, as well as the adjacent external areas (Pindos 
and Beotian basins), were sites of "Cycladic"-type blueschist facies metamorphism, intense tectonic activity and 
blueschists exhumation in response to the subduction of the Pindos Ocean. 
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