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Introduction 

Since the early I970s, most geodynamic models 
proposed for the Eastern Mediterranean con
sider that the initiation of extension in the Ae
gean, during the late Middle Miocene or later, 
was a direct consequence of the westward ex
trusion of Anatolia away from the Arabia-Eur
asia collision front. More recently, however, the 
analysis of deformation within the various Al
pine metamorphic complexes of the Aegean 
has revealed that regional-scale extension, with 
a stretching orientations pattern similar to that 
of the Pliocene-Pleistocene extension, was al
ready strongly active in this area before the on
set of Arabian indentation into Eurasia (Lower 
Miocene vs. Middle or Upper Miocene). This. 
implies that the initiation of Aegean extension 
did not result from the lateral extrusion of Ana
tolia. Rather, southward spreading of the Ae
gean lithosphere, which had previously been 
thickened during Alpine collision, may have 
triggered extension. 

Available paleomagnetic data from western 
Greece and Albania indicate that before the 
Upper Pliocene, the northwestern tip of the 
Aegean frontal arc was lying in northern Alba
nia, i.e. much farther north than it is at present, 
around the Ionian Islands. As a result, until the 
Upper Pliocene, the Rhodope metamorphic 
massif was lying into the back-arc realm of the 
Aegean. One might therefore deduce that the 
massif was involved in the pattern of divergent 
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extension recognized throughout the Aegean. 
However, the origin of ductile fabrics re

mains controversial over much of the Rhodope. 
In its southwestern part, two major shear zones 
with opposite dips have been recognized, with a 
thick marble unit (Pangaeon) in their footwall. 
To the southwest, the Strymon Valley fault 
zone, initially reported as a thrust, has recently 
been reinterpreted as a SW -dipping extensional 
detachment. Our investigations confirm the lat
ter view. To the northeast, the NE-dipping Nes
tos shear zone superposes rocks of the Sidiron
eron unit, including orthogneisses and amphib
olites, onto marbles of the Pangaeon unit. Be
tween the two shear zones, the Pangaeon mar
bles lie subhorizontally for a distance as great 
as 80 km. The mean horizontal attitude of the 
foliation is slightly disturbed on a I 0 km scale 
by a series of gently sloping, elongated domes 
trending NE-SW. In the literature, the Nestos 
shear zone is invariably interpreted as a syn
metamorphic thrust, on account of I) the su
perposition of basement rocks onto marbles, 
2) the inverted metamorphic gradient, from 
greenschist facies to the anatexis of pelitic 
gneisses, reported from across the shear zone, 
and 3) its top-to-SW (upslip) kinematics. 

Analysis of the Nestos shear zone 

Our study of the Nestos shear zone documents 
the followin~r points: 



i) A significant part of the inverted metamor
phic gradient across the Sidironeron unit is, in 
fact, brought about by progressive localization 
of strain toward the contact with the Pangaeon 
marbles during top-to-SW shearing deforma
tion and accompanying retrograde metamor
phism. This localization ended with the devel
opment of greenschist facies mylonites and ul
tramylonites several metres thick, in which flat
tened lenses of coarse-grained orthogneiss and 
amphibolite still display the high temperature 
shear fabric. Nevertheless, inverted metamor
phism is suggested by the fact that some 
metapelites which probably belong to the top of 
the Pangaeon unit never experienced tempera
tures greater than about 570 oc, whereas pelitic 
gneisses higher in the metamorphic pile have 
experienced partial melting at temperatures 
greater than 630 oc (Mposkos, Krohe, 2000). In 
a P-T diagram, this temperature difference is 
maintained along the exhumation path of the 
Pangaeon and Sidironeron units down to pres
sures as low as about 4 kbars. However, part of 
the apparent inverted metamorphism may also 
result from focused heating during the intru
sion of the huge Skaloti-Echinos granitic plu
(on and its associated widespread dyke swarm 
in the northern (i.e. higher) part of the pile. 

ii) North of Sminthi village, along the 
Xanthi-Echinos section, higher levels of the 
Sidironeron unit display a distinct W-E to 
WNW-ESE stretching lineation, associated 
with top-to-WNW shear sense criteria, across a 
6 km-thick pile of gneisses intruded by numer
ous syn- to late-kinematic granitic dykes. At the 
top of the pile, northwest of Echinos, lower 
grade mylonites with a similarly oriented fabric 
are capped by thick cataclasites and breccias, 
suggesting the presence of a WNW-dipping ex
tensional detachment fault. The fault is largely 
obscured by the Skaloti-Echinos pluton and 
Oligocene sediments of the Dipotama basin. 
South of Sminthi, lower levels of the Sidironer
on unit display the more intense top-to-SW 
shear fabric, across a thickness of about 5 km, 
down to the top of the Pangaeon marbles. 

iii) About 5 km west of Xanthi, rocks under
lying the Pangaeon marbles are exposed in an 
elongated window. These rocks include metab
asites, which display amphibolite facies assem
blages, as well as evidence of partial melting, 
associated with a shear fabric kinematically 
similar to that observed above the marbles. The 
ca. 1.5 km-thick coarse-grained marble layer is 
itself highly sheared, with a sharp zone near its 
top where strain becomes localized, at the con
tact with the greenschist facies mylonites. Thus, 

14 Geologica Balcanica, 1-2/2001 

deformation in the uppermost few km of the 
Pangaeon unit is of higher grade than it is along 
the contact with the Sidironeron unit. This in
dicates that if the Nestos shear zone is a thrust, 
it has been active at least twice, initially as a 
thick high grade shear zone and subsequently 
as a thinner zone of greenschist-facies reactiva
tion. 

iv) 40Ar/39Ar laser probe dating of single 
muscovite grains from mylonitic orthogneisses 
indicates almost identical ages for rocks above 
and below the Pangaeon marbles (36-35 Ma 
and 34-31 Ma, respectively), showing that the 
whole sequence experienced similar conditions 
after cooling below ca. 350°-400 oc. This sug
gests that no major slip occurred along the 
Nestos shear zone after ca. 30 Ma, as substanti
ated by the scarcity of brittle deformation along 
the contact. About 35 km further southwest, 
both on Thassos Island and on the mainland, 
available radiometric data on mylonitic gneiss
es below the marbles record high temperature 
top-to-SW ductile shearing at 26 to 18 Ma, with 
further cooling during exhumation in the foot
wall of the Strymon Valley detachment. This 
indicates that ductile shearing along the mar
bles came to an end earlier to the northeast, 
basically reflecting earlier exhumation there. 

Two contrasting models 

Two contrasting models can account for the 
above observations. In model I, synmetamor
phic top-to-SW shearing across the Nestos 
shear zone results from thrusting. Initially ac
tive at high temperature conditions, the thrust 
has been reactivated under greenschist facies 
conditions, at around 36-31 Ma. Syn-thickening 
WNW-ESE extension at higher levels of the 
Sidironeron unit may account for fast exhuma
tion of the thrust zone and its intermittent reac
tivation at shallower depths. The ultimate reac
tivation of the thrust zone under greenschist fa
cies conditions provides a simple explanation 
for the superposition of higher onto lower 
grade rocks dating from the early development 
of the shear zone, without requiring an inverted 
geotherm at any stage of its evolution. Upper 
Eocene (38-32 Ma?) sedimentation in the 
Xanthi and Avdhira basins may have taken 
place during syn-thickening WNW-ESE exten
sion. From the Upper Eocene and until about 
18 Ma, the Pangaeon marbles in the areas of the 
Strymon Valley and Thassos Island were lying 
at greater depths than they were along the Nes
tos shear zone, as indicated by the southwest-
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ward younging of cooling ages. This implies 
that after burial along a major SW-verging 
thrust, the Pangaean marbles were once tilted 
from a northeast to a southwest dip. Then, at 
around 26 Ma, ductile top-to-SW extensional 
shearing started along the southwestern (i.e. 
deeper) segment of the marble layer. 

In model II, synmetamorphic top-to-SW 
shearing across the Nestos shear zone results 
from extension. Following the superposition of 
the Sidironeron unit onto the Pangaean unit, 
pervasive top-to-SW extensional shearing and 
associated rapid exhumation started, before 36 
Ma, at high temperature conditions. At this 
stage, the extensional shear zone encompassed 
the Pangaean marbles and as much as 5 km of 
rocks above them. WNW-ESE stretching at 
higher levels of the Sidironeron unit represents 
an earlier episode of syn-thickening extension. 
The lower boundary of the SW-dipping shear 
zone is not known as the deeper horizon of 
rocks exposed beneath the marbles, within the 
window west of Xanthi, or farther southwest on 
Thassos, still belong to the shear zone. With 
ongoing extension and exhumation, strain lo
calized toward the top of the Pangaean mar
bles, which served as a weak decollement layer. 
This localization accounts for the development 
of the greenschist facies mylonites along the 
contact between the Pangaean and Sidironeron 
units, at around 36-31 Ma. The Xanthi and Av
dhira basins may have opened at about that 
time, under NE-SW extension. Soon after, in 
the area of Xanthi and along strike toward 
Kato Nevrokopi, a ramp emerged from the de
collement, along which the footwall has been 
further exhumed and back-rotated, resulting in 
the present northeast dip of the Nestos shear 
zone. Then, extensional shearing migrated 
southwestwards according to a 'rolling hinge' 
mechanism, enabling progressive unroofing of 
the marbles, and was finally confined within the 
Strymon Valley detachment. 

We emphasize that even in the case of model 
II, the superposition of the Sidironeron unit 
onto the Pangaean unit originates from large 
scale thrusting, despite the interpretation of the 
observed top-to-SW shearing deformation as 
due to later extension. The argument for early 
thrusting mainly arises from the difference in 
peak pressure reached by the two units. Current 
estimates of peak pressures are around 12 kbars 
for the Pangaean unit and in the range of 16-19 
kbars for the Sidironeron unit. In the field, this 
difference is highlighted by the presence of gar
net-free fine-grained amphibolites below the 
Pangaean marbles, west of Xanthi, and garnet-
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rich coarse-grained amphibolites just above the 
marbles. However, the difference in peak pres
sure between the two units is now accentuated 
to an even greater degree by the discovery by 
one of us (D.K., in collaboration with E. Mpos
kos) of ultrahigh-pressure indicator minerals in 
rocks of the Sidironeron unit. These include 
coesite in garnet amphibolites from the base of 
the unit, about 500 m above the Pangaean mar
bles, and diamond in garnet-kyanite-biotite 
gneisses from ca. 1.6 km higher in the meta
morphic pile. Aside from its obvious ramifica
tions, this discovery strengthens the hypothesis 
for a major thrust between the Sidironeron and 
Pangaean units. 

Evaluation of the models 

The main difficulty with model I is the lack of 
an appropriate mechanism to account for the 
tilting of the Pangaean marbles from a north
east to a southwest dip in the time interval be
tween thrusting and extension. The tilt must in
volve both a large area, with a present-day 
length of 80 km in the direction of dip, and a 
section of crust at least 22 km thick, as inferred 
from available estimates of the P-T conditions 
that prevailed during ductile top-to-SW exten
sional shearing on Thassos Island. One possible 
explanation could be the development of a 
deep duplex fault cutting through the Pangae
an unit during its underthrusting below the Sid
ironeron unit. Eventually, owing to coeval 
WNW-ESE extension at higher levels, the 
hangingwall would be uplifted and bent into a 
large ramp anticline. The frontal limb of this 
anticline would dip to the southwest, oriented 
in such a way that it could be reactivated later 
in extension. The present-day Nestos shear 
zone would approximately correspond to the 
crest of the anticline, and the greenschist facies 
reactivation of the thrust at around 36-31 Ma 
could be synchronous with the development of 
the anticline. 

In the case of model II there are two prob
lems. Firstly, there is no clear indication of the 
kinematics associated with initial thrusting of 
the Sidironeron onto the Pangaean unit. To 
avoid the problem of tilting the whole sequence 
from a northeast to a southwest dip before ex
tension, a simple alternative would be to infer 
SW-dipping NE-verging thrusting. However, 
there is no indication of a top-to-NE shearing 
event predating the top-to-SW one in the Sid
ironeron and Pangaeon units. On the other 
hand, the penetrative character and intensity of 



the high temperature ductile deformation in 
both units make it possible that traces of an 
earlier event have been fully erased. Crustal
scale NE-verging thrusting within the Rhodope 
would be synthetic with shallower thrusting in 
the Balkanides, suggesting a possible connec
tion between the two systems. Alternatively, we 
may invoke burial of the Pangaeon unit along 
an initial SW-verging thrust fault that included 
an almost flat-lying segment. This segment 
would have been reactivated later as an hori
zontal extensional decollement. The present
day geometry of the Pangaeon marble layer 
suggests that the initial dip of the flat segment 
should have been less than 1 oo for a minimum 
distance of 40 km (assuming that later exten
sional shearing included a component of coax
ial strain with a horizontal stretching factor of 
two, at the most). It is worth noting here that 
the incorporation of a nat segment in the initial 
geometry of the thrust does not help to solve 
the problem of tilting in model I, as it still re
quires a mechanism to account for the exhuma
tion of the Nestos shear zone at shallow depths 
before extension starts. 

Secondly, the inverted metamorphism ob
served across the Nestos shear zone needs to be 
explained. Since in model II the late greenschist 
facies mylonites are related to strain localiza
tion during normal-sense shearing, the super
position of higher onto lower grade rocks must 
originate from earlier thrusting. We suggest 
that rapid underthrusting of the Pangaeon unit 
resulted in a transient inverted geothermal gra
dient across the thrust zone. Top-to-SW exten
sional shearing started immediately after, pre
venting the erasing of inverted metamorphism 
through rapid exhumation and cooling. Since 
the temperature contrast between the Pangaeon 
and Sidironeron units has apparently been 
maintained during exhumation until both units 
were at low pressures, the return to a 'normal' 
geotherm must have occurred at a late stage 
during extension. Implicit to model II therefore 
is the initiation of NE-SW extension immedi-

ately after crustal-scale thrusting, a condition 
which may be thought difficult to occur. 

It is generally accepted that, in the Bal
kanides, a switchover from strong compression
al to weak compressional I extensional condi
tions occurred at about the transition from the 
Middle to the Upper Eocene. At the top of the 
metamorphic pile in the Bulgarian part of the 
Rhodope, detritic and volcano-detritic sedi
ments started to accumulate in Upper Eocene 
times within a series of basins generally consid
ered as having opened during extension. Pre
liminary field work carried out by two of us 
(R.M., P.G.) in this part of the Rhodope further 
suggests that the Upper Eocene-Lower Oli
gocene Mesta and Smoljan basins formed in the 
hangingwall of two major ductile to brittle ex
tensional detachments with top-to-SW (Mesta) 
and top-to-SSW (Smoljan) kinematics. Thus, 
regional extension seems to have started rather 
abruptly during the Upper Eocene (37-34 Ma). 
The timing of underthrusting of the Pangaeon 
unit being unconstrained so far, this leaves the 
possibility of a sudden switchover from crustal
scale thrusting (burial of the Pangaeon unit) to 
regional extension at the end of the Middle 
Eocene. Moreover, Upper Eocene extension in 
the northern Rhodope appears to be broadly 
synchronous with the development of green
schist facies mylonites along the Nestos shear 
zone (ca. 36-31 Ma). This, and the synchronous 
development of top-to-SW extensional detach
ment zones in the northern Rhodope (as sug
gested by our preliminary field work in Bulgar
ia), seem to better fit model II than model I. 
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