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Abstract--ln the Hellenic Alps, continental crust of the leading edge of the Apulian plate was subducted beneath 
the European plate during Late Cretaceous-Early Tertiary closure of Tethyan ocean basin(s). Carbonate rocks 
of the external Hellenides are exposed in the Mt. Olympos tectonic window, overthrust by several thin ( -0 .2-4  
km thick) thrust sheets of granitic basement derived from the internal Hellenides. Field mapping and structural 
data from the Mt. Olympos region reported here establish the geometry, kinematics and strain history of the 
continental basement before, during and after continental collision and subduction. Seven deformational events 
document the change from ductile conditions obtained at depth in the early stages of deformation, to lower 
temperature ductile and semi-ductile shortening-related fabrics, to brittle extensional features related to 
exhumation of the metamorphic rocks. D1-D 4 occurred during subduction of basement nappes and are marked 
by thrust faulting and folding under blueschist facies conditions; Ds-D7 are related to unroofing of blueschist 
facies metamorphic rocks and are associated with extension. Each of the major shortening phases (D rD3)  verges 
toward the foreland (southwest). Oppositely-directed Ds-D7 extension occurred behind the active thrust belt 
during continued regional shortening. Normal faults have strongly modified the original thrust-related geometry 
in the Mt. Olympos region and elsewhere in the internal Hellenides. 

INTRODUCTION 

THE phenomenon of continental subduction (A-type 
subduction, Bally 1975) during collisional orogeny was 
recognized by early workers in the Eastern Alps (Amp- 
ferer 1906), and later throughout the Alpine- 
Carpathian-Balkan chain (e.g. Bernoulli & Laubscher 
1972, Burchfiel 1980, Bally 1981). The structural evol- 
ution of subducted continental basement is poorly 
understood because where such terrains are exposed at 
the surface, (e.g. the Western Alps, Chopin 1984), 
direct observation of collision-related structures is com- 
monly complicated by late- or post-collisional defor- 
mation and metamorphism. In the Mt. Olympos region 
of the Hellenides, temperatures decreased with time 
during deformation, leading to preservation of early, 
subduction- and collision-related high-pressure meta- 
morphic assemblages and structures despite post- 
collisional tectonism (Schermer et al. 1990). In this 
region then, a detailed analysis of the structures formed 
during continental subduction is possible. 

The Alpine orogeny in Greece was the result of the 
convergence and collision of the Apulian and European 
plates during the closure of western Tethys. Ophiolite 
obduction began in latest Jurassic time (Mercier et al. 
1975); however, final closure of the ocean basin may not 
have occurred until latest Cretaceous-Paleocene time 
(Smith 1971, Bernoulli & Laubscher 1972, Zimmerman 
& Ross 1976, 1979, ~engOr & Yilmaz 1981). Defor- 
mation progressed westward from the internal (eastern) 
Hellenides (Fig. 1), where regional metamorphism and 
basement-involved thrust faulting occurred during the 
early stages of the Alpine orogeny, towards the external 
Hellenides, a thin-skinned fold and thrust belt of Eocene 
and younger age. Shortening of the Apulian margin has 
been estimated at 135 km (Zimmerman & Ross 1979) to 

several hundred kilometers (Bernoulli & Laubscher 
1972, Burchfiel 1980). 

In the Mt. Olympos region, a cross-section through 
the transition from the internal to external Hellenides is 
exposed. The more internal (and structurally higher) 
nappes record deformation that began in Early Creta- 
ceous time; successively lower and more external 
nappes, exposed in the Olympos tectonic window (God- 
friaux 1968), record Eocene and younger events. The 
Olympos region is somewhat unusual in that it contains 
continental basement rocks that were subducted, meta- 
morphosed at high pressure-low temperature con- 
ditions and subsequently exhumed (Godfriaux et al. 
1988, Schermer 1990). Through a detailed study of the 
geometry and kinematics of structures in the nappe 
sequence, we can better understand the deformational 
processes involved in continental collision, subduction, 
and the uplift and preservation of subducted rocks. 

Geologic setting and previous work 

The geology of Greece is dominated by NW-trending 
tectonic belts that formed during the Alpine orogeny 
(e.g. Aubouin 1959). The Vardar zone, the main ocea- 
nic terrane of the Dinaric-Hellenic Alps, contains Mid- 
dle Jurassic oceanic rocks thought to represent the 
suture between the Eurasian plate and the Apulian plate 
(Fig. 1) (Bernoulli & Laubscher 1972, Zimmerman 
1972, Mercier et al. 1975). Along the western margin of 
the Vardar zone, ophiolite nappes overthrust the Pela- 
gonian zone (Fig. 1), a metamorphic belt of Paleozoic 
continental basement rocks overlain by Triassic- 
Jurassic marble. To the west, Pelagonian rocks over- 
thrust unmetamorphosed Mesozoic and Tertiary car- 
bonates and flysch of the external Hellenides. 

The structural sequence in the Mt. Olympos region of 
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Fig. 1. Generalized geologic map of the Mt. Olympos region, showing principal structural units and the location of Mt. 
Olympos within the Hellenides (inset). Location of maps in Figs. 3, 4 and 9 indicated by boxes. A-A '  and B-B '  are cross- 
sections in Fig. 5. Area labelled 'Flysch' indicates location of Eocene flysch of Olympos unit; 'Triassic' indicates location of 
Triassic carbonate rocks as mapped by Schmitt (1983). Inset: V: Vardar zone; P: Pelagonian zone; MH: Mesohellenic 
molasse basin; E: External Hellenides. Internal Hellenides are indicated by dot pattern; black areas indicate ophiolites. 

the Pelagonian zone, from top to bottom, comprises 
(Fig. 1; terminology modified from Schmitt 1983): (A) 
the ophiolite unit, consisting of ophiolitic igneous rocks, 
in coherent thrust sheets and serpentinite-matrix 
melange, overlain by limestone; (B) the Infrapierien 
unit, gneiss and schist overlain by metasedimentary and 
metavolcanic rocks and Triassic-Jurassic neritic carbon- 
ate rocks; (C) the Pierien unit, Paleozoic granitic gneiss 
overlain by a thin metaclastic sequence and Triassic- 
Jurassic neritic carbonate rocks; (D) the Ambelakia 
unit, continental margin carbonate and quartzo- 
feldspathic sedimentary rocks, and basic to intermediate 
volcanic rocks of uncertain age; and (E) the Olympos 
unit, Triassic and Lower Cretaceous to Eocene neritic 
carbonate rocks overlain by Eocene flysch (Godfriaux 
1968, Schmitt 1983). 

The ophiolite unit is thought to represent Middle to 
Late Jurassic oceanic crust that was obducted from one 
or more Tethyan ocean basins in latest Jurassic to Early 
Cretaceous time (Hynes et al. 1972, Mercier et al. 1975, 
Smith et al. 1975, Zimmerman & Ross 1976). 

The Infrapierien and Pierien units are interpreted to 
be parts of the pre-Alpine continental basement and 
cover sequence, and are referred to by previous workers 
(e.g. Godfriaux 1968, Papanikolaou 1984a,b) and in this 
study as the Flambouron unit where they are not sub- 
divided. Detailed work in the Olympos region allows 
internal subdivision of the Pierien and Infrapierien 
nappes (Fig. 1) (Schmitt 1983, modified by Schermer 
1989). Pierien thrust sheets occur above Infrapierien in 

the Pieria Mountains and below Infrapierien units on the 
flanks of Mt. Olympos (Fig. 1). Yarwood & Aftalion 
(1976), Yarwood & Dixon (1977) and Nance (1981) 
documented the character and age of Cretaceous meta- 
morphism and deformation in the Flambouron unit in 
the Livadi region and in the Pieria mountains (Fig. 1). 

The Olympos unit, undeformed prior to mid-Eocene 
time, is thought to be a part of the external Hellenides 
(Godfriaux 1968, Fleury & Godfriaux 1974), and thus 
the direction of overthrusting of the ophiolite and base- 
ment nappes above the Olympos carbonate platform has 
important implications for the paleogeographic and 
structural evolution of the Hellenides. Uncertainty 
about whether the Pelagonian basement was separated 
from the external Hellenides by an ocean basin or 
whether it formed the leading edge of the Apulian plate 
has resulted from controversy over thrust emplacement 
directions (see Robertson & Dixon 1984, for a review). 
Stratigraphic correlation suggests SW-directed thrusting 
(D~rycke & Godfriaux 1976, Godfriaux 1977, God- 
friaux & Pichon 1980). Detailed structural studies of 
limited portions of the region have been used to postu- 
late NE- (Barton 1975, 1976, Yarwood & Dixon 1977), 
SE- (Schmitt 1983) and SW- (Verg61y 1984, Verg61y & 
Mercier 1990) vergence. The present work attempts to 
reconcile these conflicting interpretations by consider- 
ing the thrust system in its regional and temporal con- 
text, and by direct examination of kinematic data from 
thrust-related mylonites. 

In this paper I present mapping and structural data 
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from the Mt. Olympos region which, in conjunction with 
metamorphic assemblages and radiometric dates 
reported previously establish the geometry, kinematics 
and strain history of the continental basement during the 
Alpine orogeny. The timing of deformation, con- 
strained by cross-cutting relations observed in the field 
and by absolute age constraints, will be summarized. 
Microstructural evidence for P-Tconditions interpreted 
from deformation mechanisms will be compared with 
constraints from metamorphic assemblages and Ar/Ar 
systematics (Godfriaux et al. 1988, Schermer 1990, 
Schermer et al. 1990). All geochronological results and 
metamorphic constraints discussed herein, except where 
noted otherwise, are from Schermer (1989, 1990) and 
Schermer et al. (1990). 

GEOMETRY AND KINEMATICS OF 
DEFORMATION 

Successive deformational events document the 
change from ductile conditions in the early stages of 
shortening, to lower temperature ductile and semi- 
ductile shortening-related structures, to brittle exten- 
sional features. In this section I describe the geometry 
and kinematics of seven deformational events (D1-D7; 
Table 1 and and Fig. 2). Throughout the Pelagonian 
zone there is evidence for pre-Alpine (pre-Triassic) 
deformation and amphibolite facies metamorphism 
(Mercier 1968, Papanikolaou & Zambetakis-Lekkas 
1980, Katsikatsos et al. 1982, Mountrakis et al. 1983), 
but these events are only locally preserved in the study 
area (previously called Do, Schermer et al. 1990). The 
geometry, kinematics, timing and P-T conditions of the 
deformation, combined with regional considerations, 
suggest that D1-D7 are related to convergence between 
the Apulian and European plates during the Alpine 
orogeny; D r D 4  record shortening associated with con- 
tinental collision and subduction and Ds-D7 are related 
to extension associated with exhumation of the meta- 
morphic rocks from mid-crustal depths (Fig. 5 inset). 

The distinction between structures of different defor- 
mational events is based on cross-cutting relationships at 
map to thin section scale, and on the consistency of syn- 
kinematic metamorphic mineral assemblages related to 
a given structure or event (Table 1) in cases where style 
and orientation are not distinctive. Folds and thrusts of 
D1, D2 and D3 are of similar style and orientation, and 
all produce penetrative fabrics, as described below. 
Nevertheless, cross-cutting fabrics and detailed geo- 
chronology of minerals formed during the different 
events, require the presence of three major thrusting 
events. Moreover, each event D1-D 3 involves success- 
ively younger strata; consideration of the protolith age 
typically rules out one or more events when assigning 
relative ages to structures in outcrop (e.g. folds in 
Eocene flysch cannot be D1, dated at -100 Ma). D4-D7 
did not produce penetrative fabrics, and are dis- 
tinguished on the basis of structural style and orien- 
tation. 

DI: basement-involved thrusting and folding 

Continental units. The most important distinguish- 
ing features of D1 structures in the field are their associa- 
ion with penetrative moderately high-temperature 
metamorphic fabrics, the absence of such structures in 
units younger than the Jurassic marble, and cross- 
cutting relationships with dated younger structures (e.g. 
Fig. 3, location 1 shows a D2 thrust cutting a D 1 thrust). 
The interpretation that D1 fabrics formed at 
greenschist-amphibolite facies at high structural levels 
and blueschist-greenschist transition facies at lower 
structural levels derives from extensive petrographic 
study (which indicates overprinting by two generations 
of blueschist facies assemblages). Radiometric dating of 
synkinematic minerals associated with D1 structures 
(Fig. 2a) indicates Lower Cretaceous deformation in the 
Paleambela, Livadi and Thoma nappes (Table 1) and in 
the Livadi-Pieria region (Yarwood & Dixon 1977). 

Characteristics of D1 deformation include isoclinal 
folding and imbrication of thin thrust sheets of Pierien 
and Infrapierien basement granitic gneisses and cover 
marbles (Table 1, Fig. 2). Thrust sheets range from 
-250 to -4000 m thick (e.g. Thoma nappe, Figs. 1, 3 
and 5, C-C'), consist of upper crustal basement rocks 
(e.g. amphibolite facies pre-Alpine assemblages), and 
the cover of Mesozoic marbles is typically attached (Fig. 
5, B-B', C-C'). Pierien and Infrapierien units contain a 
well-developed gneissic layering that is axial planar to F1 
isoclinal folds. F1 folds are characterized by extreme 
thinning of the limbs, and hinges are only locally pre- 
served. Fold axes trend NE, parallel to mineral linea- 
tions defined by amphiboles and elongate feldspar 
porphyroclasts. Kilometer-scale recumbent isoclines 
with axial-planar white micas dated as DI occur in the 
Paleambela nappe (Figs. 1, 2a and 5, A-A') ;  meso- 
scopic F1 folds are scattered due to later deformation 
(Fig. 6). Poor exposure and overprinting by younger 
structures makes it difficult to determine the vergence of 
the large-scale isoclines; small-scale folds verge both 
northwest and southeast and may be parasitic folds on 
larger structures. 

Along D1 thrust faults, the $1 mylonitic fabric is axial 
planar to large-scale isoclinal folds that fold the thrust 
fault (e.g. Trohalos ridge, Figs. 1 and 2; Fig. 3, location 
2; Fig. 5, C-C'). A well-developed quartz and feldspar 
elongation lineation within $1 trends $45-65W, sub- 
parallel to the isoclinal fold axes (Fig. 6). The metamor- 
phic assemblages and radiometric dating indicate both 
the thrust and folds are D1 in age. 

In the Pieria mountains Yarwood & Dixon (1977) 
attribute ENE- to E-trending mineral lineations and 
mylonitic foliation to an early deformation phase within 
the Pierien unit. Later E-trending folds and intersection 
lineations in underlying Infrapierien amphibolitic and 
quartzo-feldspathic schists are thought to be related to 
southward thrusting of the Pierien unit over the Infra- 
pierien unit and the Livadi ophiolite complex (Fig. 1) 
(Nance 1981, Yarwood & Dixon 1977). Both phases 
appear to be broadly associated with D] (see below). 

15:315-U 
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Fig. 2. Tectonic maps of the Olympos region showing folds and faults for events D]-D7; all faults are shown by solid lines 
and all depositional contacts are shown by dashed lines. See Fig. I for lithologic unit designations, Table 1 for descriptions, 
and Figs. 3, 4 and 5 for detailed structural data. In (a), (b) and (c), only the structures for designated deformational events 
are indicated by heavy lines. (a) Structures developed during DI and D 2. (b) Structures developed during D 3 and D4. (c) 

Structures developed during D5, D6 and D 7. 
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Deformation and emplacement(?) of the ophiolite 
unit. Previous workers in the Olympos region have 
interpreted all contacts at the base of the ophiolite unit 
as early (i.e. D1) thrusts related to ophiolite emplace- 
ment (e.g. Katsikatsos et al. 1982, Schmitt 1983). More 

detailed study (Nance 1981, this study) suggests that 
only the Livadi ophiolite complex (Fig. 1) contains 
structures that, on the basis of similar style, orientation, 
and grade of associated metamorphism, appear to be 
spatially and temporally associated with Dt structures in 
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the underlying Flambouron units. Probable D 1 struc- 
tures in the ophiolite unit include epidote-amphibolite 
facies me tamorph ic  assemblages associated with a 
var iably-developed $1 foliation, amphibole  mineral  
l ineation, and isoclinal folds (Table 1). Nance  (1981) 
described amphibol i te  facies me tamorph i sm and defor-  
mat ion of  the the Livadi complex  that  p roduced  N E - S W  
lineation and isoclinal fold axes during initial emplace-  
ment  above  the Infrapier ien gneisses. Subsequent  defor-  
mat ion  p roduced  N E - S W  lineations, thrusting within 
the F l ambouron  units and Livadi complex,  and retro- 

gression to greenschist  facies. Similar structures in o ther  
ophioli te f ragments  th roughou t  the s tudy area may  be 
D1 in age, but  the subsequent  history differs f rom that  of  
under lying continental  units, and the present  contacts  
below these ophiolit ic rocks are brittle s tructures related 
to much younger  deformat ion  (see Ds). Thus  the paleo-  
geographic  posit ion and timing of  D1 in the ophioli te 
unit is uncertain.  

D1 kinematics. Owing to the localized preservat ion of  
Dt  structures in the s tudy area,  it is difficult to  place 
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Fig. 6. Map and lower-hemisphere equal-area stereographic projections of kinematic indicators along major faults. (a) 
Map showing location of oriented samples used to determine sense of shear. Direction of arrow shows direction of 
movement of the upper plate, inferred from direction of mylonitic stretching lineation and kinematic indicators in outcrop 
and oriented thin sections. If more than one sample was collected from an outcrop and all gave the same sense of shear, the 
average direction is plotted on the map. (b) Stereonet plot of L 1 mylonitic lineations adjacent to thrust faults (open squares) 
and mineral and stretching tineations (closed circles). (c) Rose diagram showing sense of shear as determined from 
microstructural analyses (see text for explanation). Of 18 samples that contain probable D1 fabrics, five have poorly- 
developed or ambiguous fabrics, two show northeast shear sense, two show southeast shear sense, and nine show SW- 
directed shear. (d) Steronet plot of L2 and L3 mylonitic lineations (squares) and mineral lineations (circles). (e) Rose 
diagram indicating the shear sense for D2 and D 3 mylonites where it could be determined (27 out of 42 samples). 
(f) Stereonet plot of F2 (circles) and F3 (squares) fold axes from the northwest, west and southwest flanks of Mt. Olympos. 

(g) Stereonet plot of/74 fold axes. 
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independent constraints on the kinematics of this event. 
Stretching and mineral lineations in oriented samples 
from mylonitic rocks along D1 thrusts generally trend 
NE-SW. The sense of shear, as determined by S-C 
fabrics, asymmetric augen and pressure shadows, and 
deformation lamellae in quartz (Simpson & Schmid 
1983, Lister & Snoke 1984), shows moderately consist- 
ent SW-vergence (Figs. 6 and 7a). Oriented samples 
from the base of the Livadi ophiolite nappe yielded an 
ambiguous sense of shear, in part because the serpenti- 
nites in the upper plate contain a variable lineation and 
foliation direction, and the quartzo-feldspathic rocks of 
the lower plate are not well exposed adjacent to the 
contact. The parallelism between F1 isoclines and 
mineral lineations, and the inconsistent vergence of F1 
folds, suggests that the folds may have formed or been 
rotated parallel to the transport direction (Escher & 
Watterson 1974), consistent with northeast or southwest 
transport. Although D1 kinematic data do not conclusi- 
vely demonstrate thrust vergence, it will be argued 
below that a combination of tectonostratigraphic and 
geochronologic data constrain D~ thrust faults to have 
movement directions similar to D2 and D3. 

Metamorphic and microstructural evidence for P-T 
conditions. In the Pieria Mountains (Fig. 1), where 
younger events are less penetrative, D1 structures in 
Flambouron rocks are associated with greenschist and 
amphibolite facies metamorphic assemblages (Yarwood 
& Dixon 1977, Nance 1981, Schmitt 1983, Godfriaux et 
al. 1988). At Mt. Olympos, greenschist facies D1 assem- 
blages are preserved at high structural levels (Paleam- 
bela, Livadi nappes; Schermer 1990). 

In mylonite zones along Dl thrust faults, ribbon 
quartz and moderately well-developed dynamically re- 
crystallized subgrains and new grains in tails of feldspar 
augen (Fig. 7a) suggest T - 400-500°C (Simpson & 
DePaor 1991), in agreement with estimates from meta- 
morphic assemblages. 

D1 timing. I correlate structures formed during green- 
schist and higher grade metamorphism in the Pierien 
and Infrapierien units with D1 structures that are recog- 
nized by previous workers north and west of Mt. Olym- 
pos (Yarwood & Dixon 1977, Nance 1981, Schmitt 
1983). Because the Triassic-Jurassic marbles are affec- 
ted by D1 structures, deformation must be post-Jurassic. 
The similarity in metamorphic grade of D1 structures in 
the Livadi ophiolite complex (Nance 1981) and the 
Infrapierien (Livadi) unit, suggests these units were 
juxtaposed during D1. Other exposures of the ophiolite 
unit, however, may not have been emplaced until much 
later, as discussed above. 

interpreted the younger age as a maximum and postu- 
lated two distinct events, the first in Early Cretaceous 
time, and the second in post-Late Cretaceous time. 
Barton (1976) obtained mica-whole rock ages of 124 + 4 
and 123 _+ 11 Ma from mylonitic Pierien granites near 
Karia, southern Olympos (Fig. 1). Ar/Ar isochron ages 
of white micas from the Infrapierien (Livadi and 
Paleambela) unit are 98 + 2 and 100 + 2 Ma, and 
Paleozoic white micas in the Thoma nappe appear to 
have been reset during mid-late Cretaceous time, sup- 
porting occurrence of one or more Cretaceous events 
(Schermer et al. 1990). 

De and D3: basement-involved thrusting under 
blueschist facies conditions 

D2 and D3 are characterized by shortening during 
basement-involved folding and thrust faulting that 
occurred at relatively high pressure-low temperature 
conditions (Table 1; Figs. 2a & b). Blueschist facies 
mineral assemblages characteristic of D2-D 3 are ob- 
served to overprint greenschist facies assemblages and 
help to distinguish these events from D1. The structural 
style and orientation of D2 and D3 are similar and 
distinguishing the two events is difficult, so I describe 
them together in this section. Except where F3 folds are 
observed to fold the $2 fabric (Fig. 7c), $3 cannot be 
distinguished from $2 in the basement gneisses, so they 
are not given separate symbols in Figs. 3 and 4. How- 
ever, because protolith ages and Ar/Ar ages of synkine- 
matic minerals require two events (Table 1), the 
structures are separated where possible (Figs. 2a & b) 
based on the following criteria: locally, small-scale struc- 
tures from all of events D1-D3 are visible in thin section 
or outcrop (Fig. 7b). Structures that involve the Olym- 
pos unit are, by definition, D3 or younger, structures 
younger than D3, however, are much less penetrative 
and not associated with metamorphic fabrics. I assign to 
D2 the Sparmou thrust and all structures adjacent to and 
clearly geometrically and kinematically associated with 
that thrust. The thrust is easily traceable in the field as 
the sheared boundary between Ambelakia unit below 
and other units above (Fig. 7d). The relative age desig- 
nation is assigned because (1) deformed Ambelakia unit 
clastic rocks are considered to be as young as Paleocene 
in areas south of Olympos (D~rycke & Godfriaux 1978) 
and therefore cannot contain Cretaceous D1 structures, 
and (2) Ar/Ar ages of mylonitic white micas from several 
locations along the Sparmou thrust are early Eocene, 
and thus clearly older than D3 structures which involve 
middle Eocene rocks of the Olympos unit. 

Continental units. 

Radiometric age constraints 
Yarwood & Dixon (1977) obtained Rb-Sr internal 

isochron ages of 119 + 3 and 116 + 5 Ma on deformed 
granitic rocks of the Pierien unit in the Pieria mountains 
and an Rb-Sr internal isochron age of 101 + 2 Ma on 
augen schists from the Infrapierien (Livadi) unit. They 

Infrapierien unit 
D 2 and D3 structures are irregularly developed in the 

Infrapierien unit. The mylonitic fabric and SW-plunging 
isoclinal folds associated with the thrust between the 
Livadi nappe and Pierien marbles on Trohalos ridge cut 
the D1 thrust, and fold and transpose S~. These struc- 
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Fig. 7. Photographs of structures developed during D1-D3. (a) Photomicrograph of coarse K-feldspar augen in a mylonite 
from adjacent to the D1 thrust on Trohalos ridge (Fig. 1), showing dynamic recrystallization of feldspar. Center of grain 
shows grain-boundary migration recrystallization and subgrains while edges are surrounded by very fine-grained neoblasts. 
Crossed nicols, scale bar 1 mm. Similar textures are seen in K-feldspars in mylonites adjacent to D2 thrusts. (b) F2 and F3 
folds fold alternating granitic-amphibolitic layers ($1) in Infrapierien (Livadi) gneiss. F2 axial trace shown by solid line, F3 
shown by dashed lines. Hammer handle is 30 cm long. (c) Photomicrograph of $2 fabric in Pierien unit defined by phengite + 
ricbeckite + acmite folded about Fs folds; $3 axial-planar cleavage contains the same mineral assemblage. Riebeckite = r; 
acmite = a. Plane light, scale bar 1 mm. (d) View of Olympos (OT, arrows) and Sparmou (ST, arrows) thrusts from the 
southern margin of Olympos window, near Monastery Sparmou. View toward the northwest; thrusts dip to the southwest. In 
this area the Olympos thrust is located in a strongly mylonitic zone between flysch of the Olympos unit and calcareous 
graywacke of the Ambelakia unit (overlain by the marble which forms the ridge in the center of the photograph). Limestone 
of the Olympos unit forms the light grey hillslope in the upper right corner. The Sparmou thrust is defined by the contact 
between mylonitic gneiss of the Pierien unit above (dark rocks on left), and marble of the Ambelakia unit below. (e & f) 
Sense of shear indicators along the Sparmou thrust. Southwest is to the right; sense of shear is top-to-the-southwest. Outcrop 
view (e) shows asymmetric augen and S-C fabric; photomicrograph (f) shows inclined deformation bands in a quartz ribbon. 

C planes defined by phengite are parallel to the long dimension of the photograph. Crossed polars, scale bar 1 ram. 
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tures are attributed to D2 because they apparently do 
not affect the Olympos unit (Figs. 1 and 2b; Fig. 3, 
locations 1 and 3; Fig. 5, C-C'). Gneiss, schist and 
marble contain a NE-trending mineral lineation parallel 
to the axes of tight-to-isoclinal F2 folds; $2 axial-planar 
foliation is variably developed and folded by micro- 
scopic to mesoscopic close to isoclinal F3 folds (e.g. Fig. 
7b). Near Karfia Ridge (Fig. 1), NW-verging tight to 
isoclinal folds with meter to tens of meters wavelengths 
involve the Ziliana, Ambelakia and Olympos units 
together and thus are interpreted as F3 (Fig. 4, location 
1; Fig. 5, D-D') .  

Pierien unit 
The Pierien unit exhibits well-developed D2 micro- 

structures along the Sparmou thrust, but the lithologi- 
cally homogeneous nature of the unit precludes 
recognition of large-scale structures except where mar- 
bles are involved. A strong mylonitic fabric is present in 
the granitic gneisses and mica schists along the western 
flank of Mt. Olympos (Figs. 1, 3 and 7e & f). The So/S 1 
compositional layering in Pierien gneiss and marble is 
transposed into parallelism with the Sparmou thrust 
(Fig. 3, location 5). The SW-plunging mineral lineation 
defined by sodic amphibole and pyroxene is parallel to 
the stretching lineation defined by elongate quartz and 
feldspar grains and also subparallel to the fold axes of 
(F3) isoclinal microfolds that fold the $2 fabric (Fig. 7c). 
Although the entire Pierien thrust sheet was not exam- 
ined in this study, a transect through higher portions of 
the thrust sheet south of Mt. Olympos revealed the 
presence of similar SW-plunging lineations and thin 
mylonite zones more than 3 km structurally above the 
Sparmou thrust, suggesting that the Pierien unit in this 
area may be internally imbricated (although the relative 
age of the shear zones is uncertain). 

Ambelakia unit 
In the Ambelakia unit a greenschist to blueschist- 

greenschist transition facies metamorphic foliation 
occurs as mesoscopic to microscopic floating fold hinges 
within the marbles and schists. The foliation is over- 
printed by $2 and associated blueschist facies minerals, 
but it is unclear whether the earlier fabric is part of D2 or 
a distinct event, D1, that might have affected only part of 
the Ambelakia unit (Table 1). 

The So ($1?) fabric, outlined by cherty, dolomitic, and 
phyllitic layers in the marbles, and by the marble-schist 
compositional layering, is isoclinally folded about axes 
that trend NE and are attributed to F2 where they are 
associated with the Sparmou thrust or affect only the 
Ambelakia unit (Fig. 2a; Fig. 4, location 2; Fig. 6). The 
lineation, defined by mineral elongation in the schists 
and a calcite shape fabric in the marbles, is subparallel to 
fold axes (Fig. 6). 

F3 folds in the Ambelakia metasediments typically 
have NE-trending axes (Fig. 6) and extremely thinned 
limbs; $3 is well developed (Fig. 8a). Clasts within local 
pebbly layers in the calcareous rocks exhibit a strong 
flattening perpendicular to the $3 foliation and 

elongation parallel to the mineral lineation. Inter- 
ference of F2 and F3 isoclines forms type 3 (Ramsay 
1967, p.530) interference patterns. 

Olympos unit 
D3 is the first event to affect the Olympos unit, where 

it is expressed as a well developed $3 cleavage associated 
with a variety of fold styles (Table 1). The cleavage is 
axial planar to isoclinal folds locally visible in thin 
section and outcrop as refolded or floating hinges. $3 is 
also folded by small-scale tight to isoclinal folds that 
typically plunge northeast or southwest and have steeply 
NW-dipping axial planes. Mesoscopic folds occur as 
parasitic folds to the map-scale overturned syncline in 
the flysch northeast of Kokkinopilos (Figs. I and 2b; Fig. 
3, location 6; Fig. 5, C-C'). Locally, F3 folds are cut by 
the Olympos thrust, but the thrust is also folded by tight 
subparallel folds interpreted as late-stage F3 (Fig. 3, 
location 7; Fig. 4, location 1; Fig. 5, C-C', D-D').  
Although D3 includes pre-thrust folds, syn-thrust folds 
and post-thrust folds, the timing relative to earlier (D2) 
and later (D4) events is the same, and the kinematics of 
folding and faulting is apparently the same (see below). 
Thus I interpret the folds and the Olympos thrust to be 
D3 structures. D3 is easily distinguished from D4 by 
orientation, style (Table 1) and penetrative axial-planar 
foliation. 

The Sparmou thrust 
The D 2 fault between the Pierien and Ambelakia units 

is exposed along the western to southern flanks of Mt. 
Olympos. This thrust fault is here named the Sparmou 
thrust after the excellent exposures near Monastery 
Sparmou (Figs. 1, 2 and 7d). The Sparmou thrust is 
marked by a well-developed mylonite zone that ranges 
in thickness from -50  to 300 m, but strongly sheared 
rocks are present in thin parallel bands up to 1000 m 
above the thrust. Structures formed by non-coaxial 
shear parallel to the well-developed mylonitic lineation 
are present in outcrop and thin sections (Figs. 7e & f). In 
the Kokkinopilos area, the thrust occurs as a zone of 
steeply W-dipping imbricate faults (Fig. 3, location 8; 
Fig. 5, A-A') .  Isoclinal folds are both cut by and fold the 
Sparmou thrust in several locations (e.g. east of Spar- 
mou, Fig. 2a; Fig. 3, location 4); S1 is pervasively 
transposed into $2 and the underlying Olympos unit is 
unaffected, suggesting the folds are F2. 

The Olympos thrust 
The D30 lympos  thrust is defined by the well- 

developed mylonite zone which separates the Olympos 
unit from the Ambelakia unit. It is commonly difficult to 
distinguish the Ambelakia unit from the Olympos unit in 
the thrust zone, however, the contact typically occurs 
between Olympos unit metaclastic rocks (flysch) and 
Ambelakia unit cherty and/or platy marbles, so in the 
absence of a visible mylonite zone, the thrust is mapped 
along this contact. However, in many areas the thrust is 
located where the strongest mylonitic fabric occurs 
within a zone of metaclastic rocks or between two 
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marble horizons (e.g. Fig. 3, location 9; Fig. 7d). West of 
Kallipevki the Olympos thrust cuts out the Ambelakia 
unit and the Sparmou thrust, juxtaposing the Olympos 
and Pierien units (Figs. 1, 2b, 4 and 5, B-B').  

Well developed L-S mylonites occur along the Olym- 
pos thrust. In the Ambelakia unit of the hanging wall, 
the $3 mylonitic foliation is parallel to the axial planes of 
refolded F2 isoclinal folds and the stretching lineation 
trends NE, parallel to a crossite mineral lineation. For 
>800 m structurally below the thrust, a stretching linea- 
tion formed by quartz and feldspar in the flysch and by a 
calcite shape fabric in the limestones is oriented -N50E,  
sub-parallel to the fold axes (Figs. 3 and 6). The thin 
sliver of mylonitic flysch along the western to the 
southern margin of the window contains asymmetric 
augen and pressure shadows; locally S-C fabrics are 
developed. There is strong flattening perpendicular to 
the schistosity and elongation parallel to the inferred 
transport direction. 

Ophiolite unit. Variably-oriented tight to isoclinal 
folds that fold the $I foliation and contain a well- 
developed axial-planar cleavage occur in greenschist 
facies calcareous schist and marble enclosed within the 
serpentinite-matrix melange of Lizadiko ridge (Table 1, 
Figs. 1 and 9, unit Mzml). The folds have wavelengths 
from a few centimeters to several meters and are discor- 
dant to the foliation and folds in the surrounding ultra- 
mafic rocks. Igneous rocks of the ophiolite unit are 
typically foliated, but the intensity of fabric develop- 
ment and the orientation of the foliation vary widely 
over short distances, so it is difficult to determine the 
large-scale geometry of this deformation. Gabbroic and 
basaltic rocks locally contain two foliations interpreted 
as $1 and $2; both foliations apparently formed under 
greenschist facies conditions. The second foliation is 
axial planar to tight folds. 

The variable orientation and lack of blueschist facies 
metamorphism in post-D~ structures in the ophiolite 
unit make it difficult to correlate these structures with 
D2/D 3 or younger structures in adjacent units. The 
structures are tentatively assigned a D2 relative age, but 
it is possible that the deformation occurred while the 
ophiolite unit was widely separated from the nappes of 
the Olympos region and is unrelated to D2 in the 
continental units. 

although many samples contained ambiguous evidence 
for the shear direction (either no indicators or both up- 
and down-plunge senses, shown as double-headed 
arrows in Fig. 6). The variation in trend from S30W to 
S70W is the result of later folding. Several samples were 
cut perpendicular to the lineation (y-z sections) in order 
to confirm that the displacement direction was parallel 
to the lineation. In all cases, no dominant shear sense 
could be determined from the y-z  sections. This obser- 
vation suggests that the NE-trending isoclinal folds do 
not reflect transport of thrust sheets perpendicular to the 
fold axes, as interpreted by Schmitt (1983), but instead 
reflect either rotation of the fold axes into the transport 
direction or initiation of the folds in this direction (e.g. 
Escher & Watterson 1974). 

Independent data for the shear direction along the D3 
Olympos thrust, while sparse, come from the Olympos 
flysch and the base of the Ambelakia unit (Fig. 6a), and 
support the SW-vergence interpreted for the Sparmou 
thrust. Geometric and stratigraphic arguments provide 
additional support for SW-vergence of the Olympos 
thrust: the Sparmou thrust and the Olympos thrust are 
sub-parallel, and D2 and D3 lineations and isoclinal fold 
axes are parallel (Figs. 6d & f). The Olympos thrust is 
always in a lower structural position, and movement 
along it must post-date movement along the Sparmou 
thrust. This geometry suggests that the Sparmou thrust 
was carried 'piggy-back' in the hanging wall of the 
Olympos thrust. In the study area, the Olympos thrust 
always contains the Olympos unit in the footwall and 
either the Ambelakia or Pierien unit immediately above 
the thrust; if the Sparmou thrust were SW-directed and 
the Olympos thrust were NE-directed, the Ambelakia 
unit should overthrust the Pierien unit, and this is not 
observed. The Olympos thrust ramps up from Triassic 
rocks in the eastern portion of the window to Cretaceous 
and Tertiary rocks on the western margin (Fig. 1) 
(Schermer 1989, 1990, Verg61y & Mercier 1990), con- 
sistent with the observation that thrust faults ramp up 
(not down) in the direction of transport (Royse et al. 
1975). 

Microfolds in carbonates and flysch of the Olympos 
unit studied by Verg61y & Mercier (1990) are also 
interpreted to reflect SW vergence of the first defor- 
mation experienced by this unit and associated move- 
ment along the Olympos thrust. 

D2 and D 3 kinematics. The mylonites along the Spar- 
mou and Olympos thrusts contain variably developed 
shear-sense indicators, including S-C fabrics, asymmet- 
ric feldspar augen and pressure shadows, and oblique 
elongate recrystallized quartz grains and subgrains 
(Figs. 7e & f). Because the Ambelakia unit is so thin and 
mylonitic throughout, it is difficult to distinguish D 3 
from D2 shear fabrics. Outcrops of mylonitic Olympos 
flysch are generally poor and commonly have variable 
attitudes due to small-scale folding, thus only a few 
oriented samples were suitable for kinematic analysis. 

The majority of samples of the Pierien and Ambelakia 
units show a SW-directed sense of shear (Fig. 6), 

Metamorphic and microstructural evidence for P-T  
conditions. Blueschist facies mineral assemblages are 
widely developed throughout the Pierien and Ambe- 
lakia units at Mt. Olympos. M2 conditions have been 
estimated at T < 350°C, P - 5-8 kb; M3 temperatures 
were likely somewhat lower (<250°C; Godfriaux et al. 
1988, Schermer 1990). $2 mylonites are associated with 
blueschist facies mineral assemblages in Pierien and 
Ambelakia units adjacent to the Sparmou thrust and at 
higher structural levels in the Pierien nappe (Fig. 7c). 
Sodic amphibole and pyroxene form mineral lineations 
parallel to the stretching lineation, suggesting contem- 
poraneous metamorphism and deformation. Blueschist 
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facies minerals occur parallel to Sz and $3 in the Ambe- 
lakia unit. The Olympos unit, although not strongly 
recrystallized, contains crossite, lawsonite and phengite 
parallel to $3 in the Olympos flysch (Schermer 1990). 
The metamorphic evidence is consistent with Ar/Ar 
data which show that D1 and older white micas were not 
reset during later events, suggesting temperatures 
remained below 350°C. Calcite-dolomite geothermo- 
metry in Olympos unit limestones adjacent to the thrust 
suggest T - 400°C and an inverted thermal gradient that 
is interpreted to be the result of shear heating along the 
thrust (Barton & England 1979). 

Deformation mechanisms in mylonites along the 
Sparmou and Olympos thrusts, however, suggest higher 
temperatures for the mylonitization. Quartz exhibits 
various degrees of dynamic recrystallization, including 
undulatory extinction, incipient and well-developed 
subgrains, ribbons and aggregates of neoblasts (Fig. 7f). 
Domains of strongly oriented crystallographic fabric in 
quartz are observed. Feldspars are commonly broken 
and cracked; however, in some samples, subgrains occur 
within the augen, and dynamically recrystallized grains 
occur along the perimeter of the augen, indicating duc- 
tile behavior in feldspars during mylonitization. These 
deformation mechanisms suggest temperatures 
approaching 450°C (Simpson & De Paor 1991), 100- 
200°C higher than that inferred from the metamorphic 
assemblages. Possible reasons for this discrepancy will 
be discussed below. 

D2 and D3 timing. 

Continental units 
Constraints provided by stratigraphic and radiometric 

data suggest that D 2 and D3 were the result of two 
distinct events that occurred under similar P-T con- 
ditions. Ar/Ar ages suggest the D 2 Sparmou thrust is 
early Eocene (>53 Ma, Table 1), although blueschist 
metamorphism and deformation may have begun during 
Paleocene time ( -61  Ma). The presence of Lutetian 
fossils in the Olympos flysch (Godfriaux 1968) indicates 
that D3 must be younger than 50-42 Ma (Harland et al. 
1990), and Ar/Ar data suggest it is 36-42 Ma. It is 
possible that D2 and D3 represent a broadly continuous 
period of deformation from -60  to 40 Ma. 

Ophiolite unit 
The principal difference between possible D2 struc- 

tures in the ophiolite unit and those affecting other units 
is that the former were clearly not formed under blue- 
schist facies conditions. Because the geometric and 
kinematic characteristics of D 2 structures in the ophio- 
lite unit have been obscured by later melange formation 
(Ds?), it is impossible to correlate the structures. The 
deformation and greenschist facies metamorphism 
affects Maestrichtian(?) carbonate rocks that appear to 
locally depositionally overlie the ophiolite (Godfriaux & 
Pichon 1980), thus the metamorphism and associated 
structures described above as D 2 must have occurred in 

latest Cretaceous or Tertiary time. The absolute age is 
unknown, however, and it is uncertain whether this 
deformation event in the ophiolite unit is regionally 
correlative with De or younger events. 

D4: NW-SE folding 

D 4 is manifested by map scale and outcrop scale 
NW-trending folds (Figs. 2b and 6; Fig. 4, locations 5, 
and 6) that reflect continued shortening following D2 
and D3 thrusting. In addition to its distinct orientation, 
D4 is distinguished from earlier events by its typically 
weak penetrative fabric and lack of metamorphism, 
although prehnite-pumpellyite facies assemblages may 
be late-to post-kinematic with respect to D4 (Schermer 
1990). 

D4 folds are best developed along the southwestern to 
western margin of the Olympos window, where the 
Sparmou and Olympos thrusts are folded into an upright 
antiform-synform pair (Figs. 1,2b and 4; Fig. 5, B-B').  
Locally, the F4 folds are associated with a spaced cleav- 
age that is best developed in calcareous schists and 
sandstones of the Ambelakia unit and the flysch of the 
Olympos unit (Fig. 8a). The intersection of $4 and $3 and 
shear on the limbs of F4 folds produces a NE-vergent 
mesoscopic shear fabric on the southwest limb of the 
fold west of Karia (Fig. 8a). The trends of F4 folds vary 
from -N75W to N40W, with moderate plunge to both 
northwest and southeast (Figs. 2b and 6). Bedding 
within the Olympos window also appears to have been 
folded about F4; the distribution of F3 and L3 suggests 
the F4 axis is oriented -N45W (Fig. 6). 

D4 kinematics, P-T conditions and timing. Small-scale 
F4 folds verge both northeast and southwest (Fig. 3; Fig. 
4, east of location 5). Map-scale F4 folds are typically not 
strongly asymmetric. On the southwestern margin of the 
Olympos window, however, the map-scale folds are NE 
vergent; these folds may be parasitic folds on the south- 
west limb of a broad antiform whose east limb has been 
faulted out along the eastern margin of the Olympos 
window (see D7) , and thus would reflect the expected 
sense of shear for that limb (e.g. Fig. 4, location 3; Fig. 5, 
B-B';  Fig. 6a). Because the folds are relatively open, 
they probably do not represent folds parallel to trans- 
port direction as do F2 and F3, but are perpendicular to 
late stages of the NE-SW shortening that was respon- 
sible for D2 and D3. The lack of associated metamor- 
phism and less-penetrative nature of D 4 structures 
indicates that deformation occurred at a shallower level 
and at lower temperatures than D 2 and D3. The broad F4 
fold that affects the Olympos window and surrounding 
rocks (Fig. 2b) may be interpreted as a ramp anticline on 
a thrust below the Olympos unit. The presence of a 
lower thrust is consistent with evidence for contempora- 
neous thrusting in the external Hellenides if these 
thrusts are rooted beneath the Olympos unit (e.g. Ber- 
noulli & Laubscher 1972, Jacobshagen et al. 1978). 

F4 folds were interpreted by Barton (1976) to indicate 
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NE-vergent thrusting of the Flambouron unit over the 
Olympos unit. Using the Hansen (1966) technique to 
analyze folds within the Olympos unit as well as in the 
overthrust gneisses in the Sparmou area, Barton deter- 
mined that the gneisses were transported towards 
- N 4 5 E  above the Olympos thrust. The data presented 
herein indicate that both large- and small-scale NW- 
trending folds fold the mylonitic fabric in hanging wall 
and footwall of the Olympos thrust and that map-scale 
folds fold the thrust. Thus the northeast transport direc- 
tion determined by Barton (1976) is associated with 
post-thrusting (i.e. D4) shortening rather than with 
movement along the Olympos thrust (i.e. D3). Similar 
conclusions were reached by Verg61y & Mercier (1990). 

The double plunge of the/ '4 map-scale folds in Karia 
and Kallipevki areas suggests that they are refolded 
about younger (F6) axes (Fig. 2b; Fig. 4, location 6). 
Ar/Ar data do not directly date D4, but constrain it to be 
post-36 Ma and pre-16-23 Ma (Table 1). 

D~: low-angle normal faults 

Brittle low-angle faults formed during Ds cut D1-D 4 
structures and juxtaposed rocks of the ophiolite unit 
against all structurally lower nappes. The cross-cutting 
relationship between D5 faults and older thrusts is best 
observed at the southwest end of Lizadiko ridge (Figs. 1 
and 9). Southwest of the intersection of the Lizadiko 
Ridge and Keri Ridge faults with the Olympos and 
Sparmou thrusts, the entire thrust succession is intact, 
from the Olympos unit to the Infrapierien and ophiolite 
unit (Livadi complex), whereas to the northeast, the 
fault below the ophiolite and Infrapierien (Paleambela) 
units cuts across the entire thrust stack. Gouge or fault 
breccia is commonly present along the faults and cata- 
elastic fabrics overprint earlier ductile (mylonitic) fea- 
tures (Fig. 8b). Cataclastic and semi-ductile shear 
fabrics are present in the footwalls up to a few meters 
below the fault surfaces and hanging wall rocks are 
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intensely faulted. Locally (e.g. the west end of Lizadiko 
ridge), where the ophiolite unit forms the hanging wall, 
the rocks are mixed in a thick (>250 m) zone of 
serpentinite-matrix melange (Fig. 9). The Kallipevki 
fault cuts F4 folds (Fig. 4, location 3); D5 faults on the 
northern flank of Mt. Olympos neither cut nor are 
folded by F4. 

The major D5 faults appear to have a listric geometry. 
The southern parts of the Lizadiko Ridge and Keri 
Ridge faults are fairly high-angle (-60°C), yet the faults 
curve to low angles toward the northern segments (Figs. 
2c and 9). It is unlikely that the apparent listric geometry 
is the result of two fault systems (an early low-angle one 
and a later high-angle one) because rocks in the foot- 
walls of the low-angle faults are not cut by major high- 
angle faults (Figs. 1 and 9). The Kallipevki fault is 
'scoop'-shaped, opening in a northeastward direction 
(Fig. 4; Fig. 5, D-D') .  High-angle normal faults with a 
total of -500 m of down-to-the-northeast vertical dis- 
placement offset the Kallipevki fault (Fig. 2c; Fig. 4, 
location 4; Fig. 5, B-B') .  

D5 kinematics. Although all low-angle faults were 
interpreted by previous workers as thrust faults (God- 
friaux 1968, Schmitt 1983, Migiros 1985, Vergrly & 
Mercier 1990), I interpret the Lizadiko Ridge and Keri 
Ridge faults and the Kallipevki fault system (Figs. 1, 4 
and 9) to be normal faults based on the following 
evidence. (1) The map pattern of the faults indicates that 
they are discordant to the earlier thrust-related struc- 
tural succession and consistently place the highest struc- 
tural levels against the lowest structural levels on faults 
which omit section. (2) The low-angle faults are not 
associated with folds as are typically observed adjacent 
to the D r D  3 thrust faults. (3) Local kinematic indi- 
cators such as semi-ductile shear fabrics, drag folds and 
small-scale faults associated with the major faults (Fig. 
8b) suggest normal-sense displacement. Although Ver- 
grly & Mercier (1990) have proposed a period of 'open- 
ing' of the window by erosion, followed by thrusting, to 
explain the missing structural section between the 
ophiolite unit and underlying units, they present neither 
stratigraphic and sedimentologic evidence for such ero- 
sion nor structural evidence for the sense of movement 
along the young low-angle faults. 

Direct kinematic evidence from D 5 fault surfaces has 
not been found due to poor exposure. In the Lizadiko 
Ridge area, south-southwest tilting of fault blocks in the 
hanging wall suggests displacement of the hanging wall 
to the north-northeast (Fig. 9). The NW orientation of 
the ramp in the Keri Ridge normal fault (Fig. 5, A-A' )  
also is consistent with a northeast displacement direc- 
tion, although it is possible that the entire normal fault 
system has been rotated during later deformation. 
Sparse semi-ductile shear fabrics observed in thin sec- 
tions from the low-angle segment of the Kallipevki fault 
suggest top-to-the-northeast (normal) sense of shear 
(Fig. 6a, open arrows). 

D5 timing. In addition to the cross-cutting relation- 
ships described above, constraints on the relative age of 
the D5 faults at the base of the ophiolite are provided by 
the metamorphic history. The ophiolite unit contains 
only greenschist facies rocks, whereas the footwall units 
contain blueschist facies rocks. Ar/Ar data suggest the 
age of the blueschist metamorphism (D2-D3) is latest 
Cretaceous to middle Eocene, yet the age of ophiolite 
obduction is considered by most workers (Mercier et al. 
1975, Vergrly 1976, Katsikatsos et al. 1982, Schmitt 
1983) to be latest Jurassic to Early Cretaceous. If the 
ophiolite had been emplaced by thrust faulting prior to 
Eocene time, it should contain evidence of blueschist 
facies metamorphism. The absence of this metamorphic 
event supports the interpretation that the emplacement 
of the ophiolite in the Mt. Olympos region was the result 
of post-D3 deformation. 

The melange structure within the ophiolite unit on 
Lizadiko ridge is of uncertain age; the foliation in the 
serpentine is variably oriented (Fig. 9); it is locally 
parallel to the boundaries of individual marble blocks 
within the melange, but has no relation to the folds 
within the marble and schist blocks. Thus the melange 
structure must post-date D1 and D2 folding and meta- 
morphism, yet is apparently unaffected by D3 and D4, 
and thus is tentatively assigned to Ds. 

Ar/Ar data on potassium feldspar from samples below 
the low-angle segment of the Kallipevki normal fault 
indicate cooling of the metamorphic rocks below 

150°C began in early to middle Miocene time (~16-23 
Ma). Schermer et al. (1990) interpret this cooling to 
indicate movement of the metamorphic rocks toward 
the surface and to be related to the beginning of exten- 
sion. 

D6: N E - S W  open folds 

The youngest folds are attributed to D 6. These include 
open, symmetric and upright -N40E-trending folds that 
affect all units (Fig. 2c). F6 folds are particularly well 
exposed on the east side of Karfia ridge south of Kalli- 
pevki village (Fig. 1; Fig. 4 east of location 5; Fig. 5, D-  
D'). In this region, the complicated outcrop pattern is 
the result of the superposition of F2, F3, F4 and F6 folds. 
The NE-trending elongate windows and klippen of 
Olympos flysch and Ambelakia marble are the result of 
F2 and F3 isoclinal folds; close to open F4 and F 6 folds 
produce an elongate dome-and-basin pattern of the 
interfolded Olympos and Ambelakia rocks. The sym- 
metric, upright F6 folds plunge -S40W and have a 
wavelength of 1-2.5 km. Folds of the same style and 
similar orientation but longer wavelength (4-5 km) 
affect the F4 folds west of Kallipevki (Fig. 4, location 6) 
and near Karia, and may also be partly responsible for 
the domal structure of the Olympos window (Fig. 2c). 
Northeast-plunging open, upright folds in the Paleam- 
bela nappe and Keri Ridge normal fault are attributed to 
F6 (Fig. 2c) due to the similarity of style, orientation and 
lack of cleavage. 
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D 6 kinematics and timing. The kinematic significance 
of D 6 structures is enigmatic. If F6 folds are related to 
shortening, the shortening direction would be perpen- 
dicular (NW-SE as opposed to NE-SW) to that 
recorded by DrD4. The difference in wavelength and 
tightness of the D 6 structures within the allochthonous 
rocks and the carbonate massif of the Olympos window 
may be due to the greater layer thickness and com- 
petence of the carbonate rocks relative to the flysch and 
thin thrust sheets of marble, schist and gneiss. 

While there are no tight absolute age constraints on 
the timing of D6, it is bracketed by the age of F3 
structures which are folded (36-40 Ma, Table 1), and 
Neogene conglomerates which are not folded. The 
effect of D 6 structures on F4 folds in the southern 
Olympos region constrains the relative timing of these 
fold phases. The relationship between D5 and D6, how- 
ever, is not as clear. The location of the structurally 
highest unit (the ophiolite) at topographically low posi- 
tions north-northwest and south-southwest of 3-km high 
rocks within the Olympos window and the interpretation 
of the Lizadiko ridge and Kallipevki faults as low-angle 
normal faults suggests that if these normal faults were 
once part of the same system, they may have been 
warped about F6 axes (Fig. 2c). The broadly similar 
geometries and apparent displacement directions may 
be indicative of the once contiguous nature of these two 
fault systems. The interpretation that D5 normal faults 
are warped about F6 folds cannot be proven because the 
D5 faults cannot be traced around the margin of the 
Olympos window. F6 folds in the Paleambela area are 
cut by the Keri Ridge normal fault (Fig. 2c), thus at least 
some movement on the Keri Ridge normal fault post- 
dates the formation of these folds and it is possible that 
D5 and D 6 are broadly coeval. 

The timing and apparently dissimilar kinematics of D6 
folds suggest that the broad domal structure of the 
window and the doubly-plunging F4 folds may not be the 
result of cross-folding, but instead are large-scale corru- 
gations of D5 low-angle normal faults and/or related to 
drag and uplift of the crust in the footwall of D5 and D7 
normal faults. Similar corrugations have been noted by 
workers in other areas of Greece (Dinter 1991) and in 
metamorphic core complexes of the U.S. Basin and 
Range province (e.g. John 1987). 

D7: high-angle normal faults 

The final phase of deformation consists of high-angle 
NE- and E-dipping normal faults. These faults juxtapose 
ophiolitic rocks against Triassic limestone of the Olym- 
pos unit on the eastern margin of the window (Figs. 1 
and 2c; Fig. 5, A-A').  In contrast to the D5 low-angle 
normal faults, brittle deformation related to D7 normal 
faults extends well into the footwall rocks (>100 m 
locally), and both hanging wall and footwall rocks are 
intensely brecciated (Fig. 8c). Locally, gouge zones are 
>10 m thick. Fault scarps within Neogene and Quatern- 
ary conglomerates occur along the northern flank of Mt. 
Olympos (Figs. 1,5 and 8d); the dips of 60 ° indicated for 

these faults on section A-A'  are probably minima be- 
cause the dips are measured on the fault scarps which 
have been eroded. In general there are no marker beds 
in the hanging walls and footwalls to constrain the 
amount of offset, but the scarps pictured in Fig. 8(d) 
range from 5 to 15 m high. Conglomerate in the hanging 
wall is locally tilted as much as 25°; variable back- 
rotation of hanging wall units may suggest the D 7 faults 
are listric. Reconnaissance investigations indicate that 
similar faults occur on the eastern flank of the Pieria 
mountains to the north. D7 faults appear to be part of an 
important network of very young (and locally active) 
high-angle normal faults that bound the eastern flank of 
the mountains from the Yugoslavia border, along the 
western margin of the Vardar basin, to southeast of the 
Olympos region, where they strike offshore and form 
the western boundary of the north Aegean. 

D7 kinematics. None of the D 7 faults examined in this 
study contained visible polished surfaces or slickenside 
lineations, so it is difficult to determine the displacement 
direction. Small-scale faults in the breccia zone along the 
eastern flank of Mt. Olympos (Fig. 8c) have a down-to- 
the-east dip-slip component. The geometry of offset 
units in cross-section requires some down-dip com- 
ponent of displacement. Schmitt (1983) however, 
characterized many of the high-angle faults in the Olym- 
pos region as strike-slip faults. Many of the strike-slip 
faults shown on her map must have some component of 
normal displacement as they juxtapose units from differ- 
ent structural levels even where the units are horizontal. 
I could not confirm the presence of a major strike-slip 
faulting event on the basis of either map-scale structures 
or minor folds and shear zones. 

The tectonostratigraphic throw on the normal faults 
along the eastern flank of Mt. Olympos, a cumulative 
displacement on D5 and D7 faults, may be as much as 6-8 
kin, the approximate thickness of the excised thrust 
sheets. It is important to note, however, that if these 
blueschist facies rocks were once at >20 km depth 
(Schermer 1990), a good deal more cover has been 
removed than is evident here (see below). 

D 7 timing. D7 faults cut D5 faults (Fig. 2c). The high- 
angle faults attributed to D7 are not folded by F 6 and 
thus must be younger. The conglomerates and marls 
designated as Quaternary and Neogene are not precisely 
dated, however, the fact that scarps remain visible on 
these faults even in the relatively poorly consolidated 
marly rocks indicates they may be recently active faults. 

DISCUSSION 

Structural characteristics of intracontinental subduction 

D1-D 4 deformation involved large-scale shortening 
and high pressure-low temperature metamorphism of 
the continental basement of the Pelagonian zone and its 
carbonate cover. Deformation progressed toward the 
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foreland (southwestward) and to lower structural levels 
with time. Units at high structural levels were only 
weakly deformed during later events (e.g. weakly devel- 
oped Dz-D3 in Infrapierien nappes) and are interpreted 
to have been carried 'piggyback' above lower thrusts. 
Within each major thrusting event there is an evolution 
of structures related to overall progressive simple shear, 
from (1) the formation of syn-metamorphic isoclinal 
folds and axial-planar schistosity to (2) thrusting associ- 
ated with the formation of mylonitic foliation and 
stretching lineation to (3) folding of the thrust. Each of 
these stages appears to record not only the same sense of 
shear, but also a similar NE-SW orientation, suggesting 
that early-formed structures probably have been rotated 
into parallelism during progressive strain. An estimate 
of minimum shortening during D1-D4 is provided by 
restoring the major thrusts across the Olympos window; 
the overlap requires >70 km shortening (-75%) with- 
out restoring small-scale folds or ductile strain. 

Thrust sheets of the Paleozoic basement rock are thin 
(-250 m locally), and must have been detached from the 
lower crust. That upper parts of the basement were 
underthrust to depths >20 km and metamorphosed at 
high pressure-low temperature conditions suggests that 
continental crust was subducted. The exposed basement 
nappes were decompressed during thrusting above car- 
bonate rocks of the Olympos and lower units (D3-D4), 
and exhumed by the removal of tectonic overburden by 
D5-D7 normal faulting and erosion. Because the lower 
crustal portions of the Flambouron nappes are not 
exposed, and the crust here is only moderately thick (45- 
50 km; Makris 1977, Giese etal. 1982), the lower parts of 
the continental crust may have been subducted into the 
mantle. Although it is generally assumed that continen- 
tal crust is too buoyant to be subducted into the asthe- 
nosphere, calculations by Molnar & Gray (1979) 
indicate that if the upper crust is detached from the 
lower crust, and if the continent is attached to subduct- 
ing oceanic lithosphere, the gravitational body forces 
are sufficient to cause subduction of tens to hundreds of 
kilometers of the continental crust. Thus the estimate of 
>70 km shortening and ->20 km depth reached by parts 
of the Pelagonian crust is not unreasonable. In many 
collisional orogens, several hundred kilometers of crus- 
tal shortening are inferred from geologic relations and 
require subduction of significant amounts of lower crust 
(e.g. Bally 1975, Burchfiel 1980, Hodges et al. 1982). 

Shortening began during middle Cretaceous time and 
continued until after middle Eocene time. Some 
workers (e.g. Mercier 1968) interpret stratigraphic, 
structural and metamorphic evidence for ophiolite 
obduction and deformation in latest Jurassic-Early Cre- 
taceous time to suggest that the Vardar ocean closed 
before Late Cretaceous time. Others (e.g. Bernoulli & 
Laubscher 1972, Zimmerman & Ross 1979, ~eng6r & 
Yilmaz 1981) interpret evidence for Cretaceous shallow 
marine deposition in the Vardar zone and Paleocene- 
Eocene deformation to indicate a later age of ocean 
closure. If the latter age is correct, D1 basement imbrica- 
tion began prior to final closure of the Vardar ocean 

basin. Whatever the age of continental collision, blue- 
schist facies metamorphism and deformation of conti- 
nental crust occurred from -60  until <40 Ma in the 
Olympos region and temperatures decreased with time 
as lower structural levels were deformed. Even though 
temperatures were low (<250-350°C), both the crystal- 
line basement rocks and carbonates behaved ductilely. 
Microstructural evidence suggests higher temperatures 
of deformation than do metamorphic mineral assem- 
blages. Ductility may have been enhanced by shear 
heating along the thrust surface, where temperatures 
appear to have reached 400°C (Barton & England 1979) 
or by the presence of fluids. 

Paleogeographic implications 

Deformation in the Mt. Olympos region took place in 
the context of overall convergence between the Apulian 
and European plates and the closing of Tethyan Ocean 
basins from Late Jurassic to Tertiary time. Detailed 
discussion of the controversy and implications of various 
paleogeographic configurations is beyond the scope of 
this paper, nevertheless, it is important to note that the 
SW-vergence of thrusting of the nappes at Mt. Olympos 
documented here suggests that the ophiolite nappes 
were rooted in the Vardar ocean basin to the northeast 
(Bernoulli & Laubscher 1972, Zimmerman 1972, Mer- 
cier et al. 1975). This, together with the observation that 
nappes between the Olympos unit and ophiolite unit are 
all continental in origin, suggests that the Pelagonian 
zone formed the leading edge of the Apulian plate and 
was not separated from the external Hellenides by an 
ocean basin (e.g. Hynes et al. 1972; see summary in 
Robertson & Dixon 1984). 

Significance of D5 and D7 normal faulting 

There is a discrepancy between the amount of exten- 
sion recorded by D5 and D7 and the amount necessary to 
exhume the blueschist facies rocks from >20 km depth. 
The blueschists may have been moved upward by under- 
plating of more external thrust sheets (e.g. D4), but low- 
angle and high-angle normal faults have played an 
important role in decompression and unroofing. The 
maximum apparent displacement on D5 and D7 normal 
faults is -6 -8  km, the approximate thickness of the 
exposed thrust sheets between the ophiolite unit and the 
Olympos unit. An unknown thickness could have been 
removed by erosion as clasts of Pelagonian metamorphic 
rocks are abundant in the Mesohellenic molasse basin 
west of the Oiympos region (Fig. 1). However, there 
appears to be an insufficient volume of Pelagonian- 
derived sediment to account for the apparent -15 km 
discrepancy (Brunn 1956, Papanikolaou et al. 1988) and 
it is likely there are additional, presently unrecognized 
normal faults west of the Olympos region. 

The identification of low-angle normal faults at the 
base of the ophiolite unit in the Mt. Olympos region has 
important implications. Low-angle faults are commonly 
mapped as thrust faults in the absence of good kinematic 



590 E .R .  SCHERMER 

indicators. The early Miocene extensional event identi- 
fied in the Olympos region may be more widespread and 
regionally important than previously recognized. The 
Mesohellenic basin developed during extension that 
occurred in the upper part of the Eocene-Oligocene 
thrust belt and east of contemporaneous (Oligo- 
Miocene) thrusting in the external Hellenides (Papanik- 
olaou et al. 1988). It seems likely that low-angle normal 
faults with significant displacement may occur through- 
out the Pelagonian zone and perhaps throughout the 
Hellenides (e.g. Dinter 1991). Only after quantitative 
estimates of Miocene and younger extension across the 
Pelagonian zone are made, will meaningful estimates of 
regional shortening be possible. The 'palinspastic prob- 
lem' of requiring thrusts with several hundred kil- 
ometers of displacement to explain the position of 
ophiolites in the Hellenides (Bernoulli & Laubscher 
1972, Barton 1979) may be resolved with recognition of 
significant amounts of extension in continental Greece. 

Normal faults similar to D7 faults extend along the 
western margin of the Vardar zone and bound the 
mountains of the eastern Pelagonian zone for several 
hundred kilometers along strike in Yugoslavia and 
Greece. This extensional deformation uplifted the 
mountains by at least 3 km (the height of Mt. Olympos) 
with respect to the adjacent north Aegean basin. Other 
Quaternary basins subparallel to the Vardar basin occur 
west of the Olympos region (Schermer 1990). 

We are just beginning to realize the significance and 
characteristics of extension within convergent regimes; 
this is a long-standing problem in Mediterranean tec- 
tonics. Normal faulting closely followed thrust faulting 
in the Olympos region. In a regional context, Ds--D7 
extension occurred during contemporaneous shortening 
and progression of deformation toward the foreland 
documented by the progressive younging of flysch and 
the age of the youngest rocks deformed in the thrust 
sheets of the external Hellenides (e.g. Jacobshagen et al. 
1978). The geometric and kinematic data presented here 
do not directly constrain whether such extension is the 
result of the collapse of over-thickened crust (Dal- 
mayrac & Molnar 1981, Royden & Burchfiel 1987) or a 
result of forces at the plate boundary (e.g. trench roll- 
back; Royden 1987, Royden & Burchfiel 1989). The 
present-day Hellenic arc and trench system was initiated 
at -12  Ma (Le Pichon & Angelier 1979), -10  Ma later 
than the beginning of extension in the Mt. Olympos 
region. The age of early extensional events and the close 
association in time and space following major crustal 
shortening suggests that the initiation of extension may 
have been driven by an overthickened crust. Younger 
and ongoing extension is more likely related to the 
modern plate margin regime and may be driven by slab 
retreat. 

CONCLUSIONS 

Detailed study of the geometry and kinematics of 
deformation in the Mt. Olympos region provides the 
following constraints on the structural evolution of sub- 

ducted continental crust. (1) Deformation of the leading 
edge of the Apulian plate (Pelagonian zone) included 
basement-involved thrusting and continental subduc- 
tion that may have begun before collision of the Apulian 
and European plates. (2) Basement gneisses and cover 
sedimentary rocks were detached in thin (250 m--4 kin), 
complexly folded nappes during foreland-vergent 
(southwest) thrusting. (3) Extension began shortly after 
thrusting, excised much of the original nappe stack, and 
occurred above and east of contemporaneous thrusting 
in the western Hellenides. (4) The present-day geometry 
of the nappes is largely controlled by extensional faults, 
which were partly (but not solely) responsible for exhu- 
mation of the blueschist facies rocks. 
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