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Abstract—The Aladag region of eastern Taurides, Turkey, is characterized by an imbricated thrust structure
developed during late stage emplacement of the Pozanti-Karsanti ophiolite onto the Menderes—Taurus block in
the late Cretaceous. The mid to late Cretaceous dynamothermal metamorphic sole and the underlying
unmetamorphosed mélange, here named the Aladag accretionary complex, were accreted to the base of the
Pozanti-Karsanti ophiolite during intra-oceanic subduction, transport and final obduction of the ophiolite onto
the Menderes—Taurus block.

In the dynamothermal metamorphic sole, intensity of deformation and degree of metamorphism increase from
the base to the top, and at least three episodes of foliation, lineation and fold development are recognized. The
asymmetry of quartz c-axis fabrics, tightness and asymmetry of folds of the same generation, and curvature of
fold hinge lines increase from base to top, indicating that non-coaxial progressive deformation prevailed during
the development of the metamorphic sole. The mélange is divided into three major thrust fault-bounded tectonic
slivers, each of which is characterized by distinctive types of matrix and block lithologies, structures and
deformation style. Kinematic analyses of the dynamothermal metamorphic sole and the mélange reveal that the
tectonic transport direction of the Pozanti—Karsanti ophiolite during its emplacement was from north-northwest
to south-southeast, suggesting that the Pozanti-Karsanti ophiolite was derived from a Neo-Tethyan ocean to the

north of the Menderes-Taurus block.

INTRODUCTION

Ophiolite complexes contain a distinct assemblage of
mafic to ultramafic rocks and are believed to represent
fragments of oceanic lithosphere (Coleman 1977, Nico-
las 1989). Plate convergence episodes, which generally
culminate in continental collisions, may be recorded in
ophiolites and related rocks. The emplacement of
ophiolites has been described by many authors in terms
of plate tectonics (Coleman 1971, Dewey & Bird 1971,
Dewey 1976, Moores 1982, Casey & Dewey 1984, Searle
& Stevens 1984, Sengor 1990a). However, why, how and
where the detachment of oceanic lithosphere begins,
and mechanisms by which ophiolites are emplaced onto
less dense continental margins, are still poorly under-
stood. Moores (1982) divided ophiolites into two
groups: Tethyan and Cordilleran. Most Tethyan-type
ophiolites contain a poly-deformed dynamothermal
metamorphic sole, with an inverted metamorphic gradi-
ent ranging from amphibolite facies at the top to green-
schist facies at the bottom, and are the highest thrust
nappes resting on structurally lower sedimentary nappes
and passive continental margin sequences (e.g. Semail,
Kizildag, Baér-Bassit, and Pozanti-Karsanti ophio-
lites). These ophiolites are considered obducted because
they originated as upper plate fore-arc massifs (Moores
1982, Hacker 1990). Cordilleran-type ophiolites, on the
other hand, are smaller and often occur as trapped
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fragments within accretionary wedges; they are con-
sidered subducted since they involve transfer of oceanic
crust from the subducting oceanic lithosphere to the
overriding plate (e.g. Knight Island ophiolite—Alaska).

The emplacement events and mechanism of emplace-
ment (e.g. kinematics) are best recorded by deformation
and associated metamorphism within the ophiolites
themselves and in appended dynamothermal metamor-
phic soles and underlying mélanges (Williams & Smyth
1973, Searle & Stevens 1984, Jamieson 1986, Robertson
et al. 1990). Therefore, determination of the structural
evolution of dynamothermal metamorphic soles and
mélanges will provide critical insight into emplacement
histories of ophiolites (Spray 1984, Shackleton et al.
1990).

In this study, the dynamothermal metamorphic sole
and the underlying mélange beneath the Pozanti-
Karsanti (P-K) ophiolite are defined as high and low
temperature divisions, respectively, of an obduction-
related Neo-Tethyan accretionary complex. The struc-
tural fabrics in the dynamothermal metamorphic sole
and mélange are not only excellent kinematic indicators,
but also provide significant information on the types of
deformation mechanisms and change in the strain rates
during their formation. The purpose of this paper is to
study the kinematic history of emplacement of the P-K
ophiolite onto the Menderes—Taurus (M-T) continental
block by using macroscopic, mesoscopic and micro-
scopic structures of the dynamothermal metamorphic
sole and the Aladag mélange, and to re-examine the
geological history of the region.
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GEOLOGICAL SETTING

Northeastward translation of Africa towards Eurasia
due to the opening of the South Atlantic in the early
Cretaceous resulted in detachment of several Neo-
Tethyan ophiolites (e.g. Oman, Kizildag, Baér-Bassit
and P-K ophiolites) in the eastern Mediterranean region
either at spreading ridges or transform plate boundaries,
and obduction of these ophiolites onto passive continen-
tal margins of the Arabian and Anatolide-Tauride plat-
forms in the Late Cretaceous (Robertson & Dixon 1984,
Dercourt et al. 1986, Dewey 1988, Hacker 1990). The P-
K ophiolite represents one of the largest fragments of
oceanic lithosphere in Turkey. It islocated in the Aladag
region, in the eastern Taurus mountains of southern
Turkey, between the left-lateral Ecemis strike-slip fault
to the west, and the Bitlis suture zone and left-lateral
east Anatolian strike-slip fault to the east (Fig. 1).

The rocks in the region preserve the record of the
opening and closure of a Neo-Tethyan ocean, termed
‘the inner-Tauride Ocean’ (Sengdr & Yilmaz 1981, Sen-
gor 1990b), that existed in the Mesozoic between the M-
T and Kirsehir continental blocks. Sengér (1990b)
suggested that the separation of the M-T continental
block from the Kirsehir block had taken place by the
Early Triassic as the inner-Tauride ocean started to
open, possibly as a back arc basin behind the Podatak-
sasi zone (Fig. 2). The M-T block had formed a part of
northern Gondwanaland until Middle Triassic times. Its
rifting from the Arabian platform is marked by extensive
volcanism of mainly Carnian age (Sengér & Yilmaz
1981, Delaloye & Wager 1984, Robertson & Dixon
1984, Whitechurch ez al. 1984). The inner-Tauride ocean
was consumed by the pre-terminal collision (prior to the
closure of the inner-Tauride ocean) between the forearc
P-K ophiolite and the M-T block in the Late Creta-
ceous, and the following terminal continent—continent

collision between the Kirsehir block and the M-T block

along the intra-Tauride suture zone during the late
Palacocene-early Eocene (Sengér & Yilmaz 1981,
Goriir et al. 1984).

TECTONOSTRATIGRAPHY

An imbricated stack of thrust sheets resting upon the
eastern Taurus autochthon is exposed in the Aladag
region (Fig. 3; Blumenthal 1947, Tekeli et al. 1983). The
upper thrust sheets are composed of allochthonous units
consisting of the early to mid Cretaceous P-K ophiolitic
complex with a Turonian-Santonian dynamothermal
metamorphic sole, and the underlying late Campanian
to Maastrichtian Aladag mélange (Fig. 3; Tekeli 1983,
Tekeli et al. 1983). The lower thrust sheets are composed
of para-autochthonous units, including platform-type
carbonates of late Devonian through early Cretaceous
age, which formed at sites more proximal to the M-T
margin (Tekeli et al. 1983).

The presently exposed P-K ophiolite extends more
than 100 km from the left-lateral Ecemis strike-slip fault
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in the southwest, to Burhaniye in the northeast, and is
up to 30 km wide (Fig. 1). The ophiolite is primarily
composed of dunite, harzburgite and gabbro, and this
crustal section (sheeted dyke complex and pillow lava
sequence) was eroded during and after its emplacement
onto the M-T block (Whitechurch et al. 1984). Discon-
tinuous or continuous sequences of dynamothermal
metamorphic sole and ophiolitic mélange are exposed
beneath the P-K ophiolite as are typically found in
association with other Tethyan-type ophiolites. The
dynamothermal metamorphic sole is the thrust zone at
the base of the ophiolite, comprising upper amphibolite
facies at the top and greenschist facies rocks at the base.
The mélange is composed of a variety of igneous, meta-
morphic and sedimentary blocks structurally dispersed
in a serpentinitic to pelitic matrix. The style of defor-
mation in the mélange varies from ductile at the top to
brittle at the base. The nature of the contact between the
mélange and underlying para-autochthonous carbon-
ates was interpreted as a depositional contact by Tekeli
(1981) and Tekeli et al. (1983). This interpretation,
however, is not supported by the field relationships and
geological history of the region as discussed in the
following sections.

The para-autochthonous units can be divided into six
imbricated thrust sheets (Tekeli et al. 1983). These
thrust sheets, from structurally lowest to structurally
highest, are: (1) the Yahyali thrust sheet, which in-
cludes intensively deformed and metamorphosed, at low
grades, Upper Palaeozoic-Mesozoic sequences; (2) the
Siyah (Black) Aladag thrust sheet, which is composed of
Upper Palaeozoic-Middle Triassic sequences; (3) the
Minaretepeler thrust sheet, which consists of Upper
Triassic-Lower Jurassic sequences; (4) the Cataloturan
thrust sheet, which includes Upper Palaeozoic-Lower
Mesozoic sequences; (5) the Beyaz (White) Aladag
thrust sheet, which contains a thick dolomitic limestone
sequence of Middle Triassic-Lower Cretaceous age; and
(6) the Divrik Dagi thrust sheet, which is characterized
by Upper Jurassic-Lower Cretaceous carbonates (Fig.
3). There is no obvious relationship between the age of
the rocks in the thrust sheets and imbrication order,
suggesting that the present thrust sequence resulted
from a complicated out-of-sequence thrusting event
which took place during final emplacement of the ophio-
lite. The overthrusting direction is recorded by south—
southeast facing overturned folds and associated thrust
faults within both the allochthonous and para-
autochthonous sheets.

DYNAMOTHERMAL METAMORPHIC SOLE

The dynamothermal metamorphic sole is composed
of amphibolite facies rocks at the top and greenschist
facies rocks at the base, and has a tectonostratigraphic
thickness of about 460 m in the northern Ulupinar valley
(Fig. 4). The amphibolite facies is predominantly meta-
volcanic rocks, whereas the greenschist facies is com-
posed of both metavolcanic and metasedimentary rocks.
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Fig. 1. Regional geological map of the study area. The Aladag region is located on the intra-Tauride suture (ITS) zone
which developed during the Neo-Tethyan evolution of Turkey (modified after Tekeli et al., 1983).
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Fig. 2. Simplified Palaeogeographlc map of the eastern Mediterranean region for early Triassic time, showing the opemng
of the ‘Inner-Tauride ocean’ between the Kirsehir and Menderes-Taurus continental blocks behind ‘the Podataksasi zone’
(modified after Sengér 1990a).

Geochemical investigation of the dynamothermal meta-
morphic sole suggests that the majority of volcanic rocks
in the amphibolite facies were derived from an alkali
ocean island basalt (OIB) protolith, whereas metavolca-
nic sequences within the greenschist facies were derived
from ‘normal’ mid-ocean ridge basalt (N-MORB).
Metasedimentary rocks of the greenschist facies, which
are dominantly metapelites and metacherts, were de-
rived from abyssal plain pelagic sedimentary protoliths
(Polat 1992).

The dynamothermal metamorphic sole and the ophio-
lite are crosscut by 0.5-3 m thick dykes of mafic to
intermediate composition, which postdate the metamor-
phism. Their mineralogy is dominated by quartz, horn-
blende and plagioclase. These dykes yield an age of 70~
75 Ma, whereas amphibolite facies rocks of the sole yield
an age of 90-94 Ma (K-Ar method; Thuizat et al. 1981).

The dynamothermal metamorphic sole tectonically
underlies the residual mantle section of the P-K ophio-
lite and is tectonically underlain by the Aladag mélange.
The contact between the metamorphic sole and the
overlying ophiolite is defined by a 3-6 m thick serpenti-
nitic mantle tectonite, which represents the intra-
oceanic decoupling surface; it is well exposed in the
vicinity of northern Ulupinar and southern Caglalik
villages (Fig. 5). The schistosity in the serpentinized
mantle tectonites is sub-parallel to the contact and to the
schistosity in the amphibolite and greenschist facies
rocks. The lithologic variation and mineral paragenesis
of the dynamothermal metamorphic sole are shown in
Fig. 4.

STRUCTURES OF THE DYNAMOTHERMAL
METAMORPHIC SOLE

Foliation

The entire dynamothermal metamorphic sole has
experienced a history of foliation development both at

the mesoscopic and microscopic scales. Two types of
planar structures, such as metamorphic compositional
layering and cleavage, characterize the foliation in the
dynamothermal metamorphic sole. Intensity and degree
of development of these structures vary from facies to
facies, as well as from lithology to lithology in the same
facies. In general, foliation development is more pro-
nounced in greenschist facies rocks than in amphibolite
facies rocks. In the greenschist facies rocks, the intensity
and number of foliation systems tend to increase from
base to top, whereas in the amphibolite facies rocks this
vertical gradient of fabric intensity is not clear.

A widely spaced, SE-dipping metamorphic compos-
itional layering, with a thickness ranging from a few mm
to several cm, is the only foliation that can be defined at
the base of the section. Towards the top, the foliation
becomes more closely spaced and new foliation systems
begin to appear.

At least three distinctive cleavage systems are recog-
nized in outcrops of the Ulupinar and Caglalik regions
(Fig. 5). A moderately SE-dipping, NE-striking §;
cleavage, which is typically associated with metamor-
phic compositional layering both in the greenschist and
amphibolite facies rocks, is the most readily recogniz-
able foliation throughout much of the dynamothermal
metamorphic sole (Fig. 6). It tends to be well-developed
within the metapelites and metavolcanic rocks, and is
poorly developed within the metacherts. In the metape-
lites of greenschist facies, metamorphic compositional
layering is characterized by domains rich in phyllosili-
cates such as muscovite and chlorite (P-domains) and by
domains rich in quartz (Q-domains). In the uppermost
greenschist division, the Q-domains have undergone
boudinage, forming pinch and swell structures (Fig. 6).
In the metavolcanic rocks of the greenschist facies, S;
cleavage is more closely spaced than in the metapelites,
and metamorphic compositional layering is defined by
domains rich in chlorite and epidote and domains rich in
feldspar and quartz.
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Fig. 3. Tectonostratigraphy of the Aladag region, indicating that the

area is characterized by thrust structures developed during the late

stage emplacement of the Pozanti-Karsanti ophiolite onto the
Menderes-Taurus block in the late Cretaceous.

Metamorphic compositional layering and associated
S; cleavage are the dominant foliations within the
amphibolite facies rocks. In the amphibolites, compos-
itional layering is characterized by hornblende and
plagioclase domains, whereas in the gneisses compos-
itional layering is defined by domains rich in quartz and
feldspar and domains rich in muscovite.

Steeply NW-dipping, NE-striking S, crenulation
cleavage, which generally tends to occur as an axial
planar cleavage to F; folds, occurs throughout the meta-
morphic sole, but it is more pronounced within green-
schist facies rocks.

Steeply SW-NE-dipping, NW-striking S; cleavage,
which crenulates both the S; and S, fabrics, is mainly
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restricted to the greenschist facies, and appears to have
resulted from microscopic- and mesoscopic-folding and
fracturing (cf. Rajlich 1991). The S5 cleavage is less
closely spaced compared with S; and §; cleavages.

Lineation

The entire dynamothermal metamorphic sole has a
well-developed mineral stretching lineation trending
predominantly NW-SE. During the development of
foliations, hornblende and plagioclase in the amphibo-
lites, muscovites in the gneisses of the amphibolite facies
rocks, and chlorite and muscovite in the greenschist
facies rocks, were oriented in the foliation planes to
form stretching lineations. In the greenschist facies
rocks, stretching mineral lineations, L, L, and L3, lie in
the 1, S, and S; foliation pianes, and tend to be oriented
perpendicular to the fold axes. It is not clear, however,
whether the L, and Lj; stretching lineations were devel-
oped by the mechanical rotation of the L; stretching
lineation or grew independently during post-S; meta-
morphism and deformation.

The dominant mineral stretching lineation through-
out much of the amphibolite facies is L; and it is
generally associated with S; foliation; it tends to parallel
the fold axial planes at high angles to the fold axis. It is
difficult to distinguish L, and L; lineations from L,
lineation in the amphibolites. This is probably partly due
to recrystallization of hornblende in the same orien-
tation during the subsequent deformation and metamor-
phism, or partly due to absence of weli-developed S, and
S5 foliations in these rocks.

Folding

Complex folding is the most striking manifestation of
multiphase deformation in the dynamothermal meta-
morphic sole. At least three episodes of folding have
been recognized both in the greenschist and amphibolite
facies (Fig. 7). Their amplitude ranges from a micro-
scopic scale to several metres, and their tightness ranges
from open to isoclinal. In the greenschist facies rocks,
non-cylindrical F; folds are close to isoclinal, usually
asymmetric and overturned to the SE, with NW-dipping
axial planes and horizontal to gently NE-plunging fold
hinge lines. These folds are commonly accompanied by
well-developed S, axial planar cleavage. Towards the
top of the greenschist facies rocks, the magnitude of the
interlimb angles of the F, folds decreases, whereas the
degree of their asymmetry increases. The SE-plunging,
noncylindrical recumbent F| folds within amphibolite
facies rocks are predominantly isoclinal. Their axial
planes are paraliel to the $; metamorphic compositional
layering, and fold hinge lines are curved into an arc
shape, resembling sheath folds.

The NE-trending, non-cylindrical F, folds in the
greenschist facies rocks are close to tight, and are typical
of Z and § asymmetric folds occurring on the limbs of the
F, folds (Fig. 7). In the amphibolite facies rocks, non-
cylindrical F; folds are close to isoclinal, with horizontal
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Fig. 4. Measured tectonostratigraphic section of the dynamothermal metamorphic sole in the northern Ulupinar valley.
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to gently SE-dipping axial planes, and have larger ampli-
tudes compared with the F; folds. The F; folds of the
greenschist facies rocks are generally open with horizon-
tal to gently SE-dipping axial planes and horizontal to
gently NE-plunging hinge lines. The F; folds in the
amphibolite facies rocks are open to close, with steeply

NW-SE-dipping axial planes and horizontal to gently
plunging, NE-SW-trending hinge lines (Fig. 7).
Because the intensity of folding decreased during the
development of the dynamothermal metamorphic sole,
the main character of the early folds is not obscured
significantly by superimposed folds; thus, it is possible to
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investigation areas of (b) the Camlica-Caglalik, (c) Northern Ulupinar and (d) Divrik Dagi regions.

trace the relative chronology of folding. The asymmetry
of the folds, and curvature of hinge lines, suggest that
the axial planes and hinge lines rotated during progress-
ive dextral shearing.

An upward decrease of interlimb angles, and an
increase in the degree of asymmetry of a given gener-
ation of folds, suggest that the present configuration of
the folds has probably resulted from a single progressive
deformation (D), rather than a series of discrete, tem-
porarily separated tectonic events. The development of
the S;, S, and S5 cleavages, stretching mineral lineations
and F,, F, and F; folds within the dynamothermal
metamorphic sole can be attributed to deformation
phases D;,, Dy, and Dy, respectively. There is no
significant change in the metamorphic mineral assem-
blage between the three phases; thus, Dy,, D1 and D,

probably do not represent independent deformation
phases, but rather continuous structural events. Because
the greenschist facies rocks were accreted to the base of
the overriding plate later than the amphibolite facies
rocks, the absolute timing of the deformation phases
Dy, D1y and Dy, in the former may not coincide with
that in amphibolite facies counterparts.

Microscopic kinematic indicators

Shear sense directions in the dynamothermal meta-
morphic sole were determined from the kinematic indi-
cators observed in oriented thin sections. Thin sections
were cut parallel to the mineral stretching lineation and
perpendicular to the principal foliation. In geographical
terms, all projections and thin section photomicrographs
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Fig. 6. Field sketch of the differentiated/metamorphic compositional

layering and boudin structures in upper greenschist facies metapelites.

The dark layers represent P-domains (ch), whereas the light layers

represent Q-domains (qtz). The S, cleavage is axial planar to F folds.

Cleavage refraction between two domains is shown in the enlarged
sketch. Pen is about 15 cm.

Nw SE

Amphibolite Facies
(Hornblende-plagioclase schist) |

~50 cm

Greenschist Facies
(metacherts)

Fig. 7. Schematic representation of F;, F, and F; folds within the
amphibolite and greenschist facies rocks of the metamorphic sole.

are viewed towards the northeast. In general, kinematic
indicators are less clear and abundant in amphibolite
facies rocks than greenschist facies rocks. Several kine-
matic indicators were recognized, and used to determine
the prevailing shear sense during the development of the
dynamothermal metamorphic sole, as follows:

Sense of fold overturning. In addition to mesoscopic
scale asymmetric folds, greenschist facies rocks, particu-
larly the metavolcanics and metapelites, are character-
ized by well-developed microscopic scale overturned
asymmetric folds, wherever metamorphic compos-
itional layering is readily seen. The degree of asymmetry
of the microscopic folds increases from the base to the
top in the greenschist facies as in the case of mesoscopic
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Fig. 8. Line drawing from microscopic observations of porphyroblas-

tic epidote (a) and plagioclase (b) grains within the greenschist facies

metavolcanics. Both diagrams indicate a dextral sense of shearing

from northwest to southeast (ep = epidote, ch = chlorite, qtz =
quartz, pl = plagioclase).

folds. Study of a large number of these folds indicates a
dextral shear sense, top to the south-southeast (Fig.
11a).

Asymmetrical porphyroblast/porphyroclast  struc-
tures. In the dynamothermal metamorphic sole, asym-
metric porphyroblast/porphyroclast structures are
dominantly of the o-type (see Passchier & Simpson
1986), and mostly occur in greenschist facies metavolca-
nics and amphibolite facies gneisses. These o-type
porphyroblast/porphyroclast structures are character-
ized by epidote and plagioclase grains with chlorite tails
in the greenschist facies metavolcanic rocks, and feld-
spar grains with muscovite tails in the amphibolite facies
gneisses (Fig. 8). Their monoclinic asymmetry suggests
that these porphyroblast/porphyroclast pressure sha-
dow structures were formed by non-coaxial, dextral
shearing (Fig. 8; see Passchier & Simpson 1986, Pass-
chier et al. 1990).

Book-shelf structures. In lower greenschist facies
metavolcanic rocks, relict igneous textures are pre-
served. Upward in the section, epidote becomes the
dominant mineral. It is found both as vein infill and a
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Fig. 9. Line drawing from microscopic observation of bookshelf

structures in greenschist metavolcanics. Epidote veins underwent

brittle deformation during which the veins were fractured, and the

fragments of the veins were displaced along antithetic shear planes.

The fractures are filled with quartz (ep = epidote, qtz = quartz, pl =
plagioclase, ch = chlorite).

porphyroblast mineral within a chloritic matrix. Geo-
metric relationships between the epidote veins and prin-
cipal foliation, S, suggest that the veins are oriented at
low angles to the shear plane (flow plane). In many
cases, the epidote veins are broken and displaced along
high angle antithetic shear planes, representing a book-
shelf structure (Fig. 9; see Simpson & Schmid 1983,
Passchier et al. 1990, Hanmer & Passchier 1991). The
clockwise rotation of the epidote vein fragments indi-
cates an overall dextral shear sense, from the top to the
south-southeast, which is consistent with the shear sense
deduced from epidote porphyroblast pressure shadow
structures in the same samples.

Extensional shear bands. Within greenschist metavol-
canic rocks, extensional shear bands tend to occur within
narrow shear zones, up to several cm wide. In these
shear zones, it appears that S, corresponds to extensio-
nal crenulation cleavage (Fig. 10; see Platt and Vissers
1980, White et al. 1980). The geometrical relationships

| Shear.__
Plane

Extensional
Shear Band~_

Fig. 10. Line drawing from microscopic observation of extensional
shear bands, corresponding to S,.
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between shear plane and S; and S, planar surfaces reveal
a dextral displacement from north-northwest to south-
southeast (see Hanmer & Passchier 1991).

Mica fish structures. Mica fish structures are com-
monly seen within the amphibolite facies gneisses (see
Lister & Snoke 1984, Hanmer & Passchier 1991, Barker
1990, Yamamoto 1994). They appear to have developed
where pre-existing large muscovite grains were de-
formed through a combination of brittle and ductile
processes. The sense of displacement in the mica fish
structures is consistent with those deduced from
porphyroblast/porphyroclasts and quartz c-axis fabrics
in these rocks, indicating a dextral shearing from north-
northwest to south-southeast (Fig. 11b).

Quartz c-axis fabrics. Out of nine quartz-rich samples,
only three show strongly preferred quartz c-axis orien-
tation and monoclinic asymmetry (Fig. 4, Fig. 11c & d;
AP31A, AP16, MS-54). Sample AP31A represents the
quartz—muscovite—feldspar gneisses of the amphibolite
facies rocks, and is characterized by a well-developed
recrystallization texture (Fig. 11c; see Urai et al. 1986).
Samples AP16 and MS-54, with dominant quartz ribbon
structures, represent mylonitic shear zones in green-
schist facies rocks (Fig. 11d). The grain size in the
ribbons increases from edges to centres with increasingly
strong preferred orientation (Fig. 11d). This grain size
increment may have been generated by incorporation of
several small grains into larger ones through dynamic
recovery (see Bauchez 1977, Schmid & Casey 1986).

The c-axis fabric skeletons of the three samples re-
semble the type-I crossed girdles of Lister & Hobbs
(1980). As shown in Fig. 4, there is progressively devel-
oped asymmetry of the quartz c-axis fabrics from the
lower greenschist facies to the upper amphibolite facies,
as represented by the samples AP16, MS-54, and
AP31A, respectively, suggesting non-coaxial progress-
ive deformation (see Boullier & Quenardel 1981, Evans
& White 1984, Law 1987, Klaper 1988, Sakakibara et al.
1992, Peterson & Robinson 1993).

In conclusion, the microscopic kinematic indicators
and quartz c-axis fabrics in the dynamothermal meta-
morphic sole beneath the P-K ophiolite are all consist-
ent with a NNW-=SSE tectonic transport direction of the
ophiolite during its intra-oceanic transport.

MELANGE

The Aladag mélange has been divided into three
tectono-stratigraphic units based upon: (1) the lithologi-
cal character and origin of the blocks and surrounding
matrix; (2) deformation style (i.e. ductile vs brittle); and
(3) field relationships. This sub-division reveals a
tectono-stratigraphic superposition of apparently chao-
tic masses and also provides an insight into accretionary
processes during the ophiolite emplacement (cf. Hsu
1968). Such sub-division, based upon this field study, is
also consistent with the geochemical signature of the
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different tectonic units (Polat 1992). The matrix of the
mélange ranges from serpentinitic at the top to pelitic at
the base. The blocks are predominantly exotic with
respect to the surrounding matrix, and range from
several tens of cm to several hundreds of m in size.
Structural data representing both the linear and planar
fabrics occurring in the three tectonic slices of the
mélange are displayed, according to their relative posi-
tion, in a measured tectonostratigraphic section (Fig.
13).

Upper tectonic slice

The matrix of the upper tectonic slice of the mélange is
characterized by ductilely deformed serpentinitic mylo-
nite. The blocks are composed mainly of pillow lava,
gabbro, peridotite and metamorphosed rocks, volcanic
and sedimentary in origin. They are generally lenticular
in shape and variable in size, ranging from a few m to
several tens of m, and are separated by the curviplanar
ductile shear zones. The intensity of deformation in this
tectonic slice increases towards the overlying dynamo-
thermal metamorphic sole and ophiolite.

Well-developed penetrative cleavage, ranging from
rhombohedral to phacoidal (scaly), is the most striking
structural characteristic of the upper tectonic slice (Figs.
12a & b). With increasing intensity of deformation, the
rhombohedral cleavage grades into phacoidal cleavage.
The rhombohedral cleavage primarily occurs outside of
the shear zones, whereas the phacoidal cleavage is
closely associated with the shear zones. Within the shear
zones, the penetrative phacoidal cleavage wraps around
inequant, isolated, ellipsoidal or augen-shaped clasts of
gabbro and peridotite. Many foliation surfaces are
polished and exhibit well-developed striations. Ductile
shear zones occasionally exhibit S—-C composite planar
fabrics. Most of the augen-shaped clasts tend to have
asymmetric tails, and are associated with $—C planar
surfaces. Small veins of magnesite, whose thickness
ranges from several mm to several cm, are abundant in
peridotitic blocks, and generally tend to make angles of
70-90° with the surrounding shear planes.

Several types of consistently oriented planar and
linear structures were used to determine the tectonic
transport direction in this tectonic slice. The planar
structures include: S-C fabrics and NE-striking, SE-
NW-dipping curviplanar ductile shear zones (Figs. 12¢
and 13a; see Berthé et al. 1979). The linear structures
are: NW-SE-trending slickenside lineations (Fig. 13b),
long axis preferred shape orientation of the NW-SE-
trending and mostly SE-plunging pebble to cobble size
fragments (Figs. 12d and 13c), elongated amygdules and
vesicules in the pillow lava blocks, and asymmetric
augen structures (Fig. 12¢). These structures are well
exposed in the vicinity of Camlica and indicate that the
overriding plate moved from northwest to southeast
(Figs. 5 and 13).

Collectively, the presence of highly polished and
striated slickensides, strongly oriented clasts, S—C com-
posite planar fabrics and augen structures within a
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strongly foliated serpentinitic matrix are consistent with
a tectonic origin for the upper tectonic slice of the
Aladag mélange. The characteristics of the block and
matrix lithologies suggest that this tectonic slice of the
mélange may have formed in an oceanic environment
prior to the obduction of the ophiolite onto the continen-
tal margin.

Middle tectonic slice

In contrast to the upper tectonic slice, this slice is
characterized by a less-foliated matrix of turbidites, with
some recognizable Bouma sequences. The blocks are
composed of tectonic breccia, serpentinite, amphibolite
and greenschist facies metamorphic rocks, and carbon-
ates, suggesting an exotic origin of the blocks with
respect to the surrounding matrix.

The major structures in the middle tectonic slice are
characterized by a series of NE-trending, SE-verging
close to tight asymmetric folds and associated NW-
dipping, NE-striking thrust faults, suggesting a SE-
directed tectonic transport (Fig. 12f). The fold axes are
generally horizontal, with an average plunge of 2°
towards N38°E (Fig. 13e). Similarly, stylolites, devel-
oped as pressure solution cleavage in the limbs of the
folds, indicate that the main compressional direction
was NNW-SSE during folding. Thrust faults occur
mainly along the long limbs of asymmetric folds. Poles to
the axial planes and thrust surfaces are shown in Figs.
13(d) & (f).

Lower tectonic slice

The lower tectonic slice of the mélange complex is a
chaotic unit with dominantly brittle deformation. The
matrix is characterized by turbiditic shales and sand-
stones at the top, and locally exposed cataclasite at the
base. The blocks are composed of limestones, cherts,
and volcanic rocks, mainly oriented in a SW-NE direc-
tion. Petrographic analysis of the cataclastic matrix
reveals that it resulted from brittle disaggregation of
limestone, dolomite, chert and volcanic blocks.

Most of the blocks are lensoidal in shape and are
separated predominantly by NE-striking, moderately to
steeply SE-dipping, brittle shear zones (Fig. 13g). The
strongly polished surfaces of the chert blocks exhibit
well-developed NW-SE-trending slickenside lineations
(Fig. 13h). The number of carbonate blocks increases
towards the base and some of them are laterally transit-
ional into the underlying para-autochthonous nappes.
The shear zones separating the blocks are parallel to the
lower tectonic boundary. The en-échelon tension gashes
within the blocks and immediately underlying carbon-
ates reveal that shearing was top to the south-southeast.

CONCLUSIONS

The Aladag region of eastern Taurides, Turkey, rep-
resents one of the best areas in which to study the
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Fig. 12. Field photographs of the mélange. (a) Rhombohedral cleavage. (b) Phacoidal (scaly) cleavage. (c) A ductile shear

zone surrounding a gabbroic block. (d) Preferred long axis orientation of a peridotite fragment within the serpentinitic

matrix. (€) An augen structure, viewed towards the southwest. (f) Folding and fracturing in the micritic limestone also
viewed towards the southwest.
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lineations developed on the shear planes of serpentinitic matrix. (c) Preferred long-axis orientation of the pebble to cobble
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geological history of the emplacement of a Tethyan-type
ophiolite onto a passive continental margin by a pre-
terminal collisional event. Analyses of the attitudes of
the structural fabrics and kinematic indicators, both
within the dynamothermal metamorphic sole and the
underlying mélange beneath the P-K ophiolite, are
collectively consistent with SSE-directed tectonic trans-
port prevailing during the emplacement of the ophiolite
onto the M-T block in the Late Cretaceous (Fig. 14).
The emplacement history of the P-K ophiolite onto
the M~T continental block is recorded by metamor-
phism and associated deformation within the ophiolite
itself, and in the high to low temperature accreted thrust
units beneath the ophiolite. In the dynamothermal
metamorphic sole and Aladag mélange, the degree of
metamorphism and intensity of deformation progress-
ively decrease from top to base, suggesting that the
emplacement of the ophiolite was a relatively continu-
ous geodynamic event. This may have included: (1)
decoupling of relatively young oceanic lithosphere,
which is recorded by the several m of mantle tectonite
between the ophiolite and the dynamothermal meta-
morphic sole; (2) a period of intra-oceanic subduction

and transport of the overriding oceanic plate towards the
M-T continental margin, which is represented by the
dynamothermal metamorphic sole and upper tectonic
slice of the mélange; and finally (3) ‘obduction’ onto the
M-T continental block by a pre-terminal collision,
which is characterized by the formation of the lower
tectonic slice of the mélange and SSE-verging imbri-
cated thrust structure of the region. Decrease of meta-
morphic grade and intensity of deformation from top to
base in the dynamothermal metamorphic sole may have
resulted from cooling and structural thinning of the
overriding plate during its intra-oceanic transport (cf.
Casey & Dewey 1984). Variation of deformation style
from ductile at the top to brittle at the base in the Aladag
mélange likely stemmed from uplift of the overriding
oceanic lithosphere on top of relatively less dense and
more buoyant passive continental margin of the M-T
block when the latter attempted to subduct beneath the
denser P-K ophiolitic complex during the preterminal
collision. Development of the imbricated thrust struc-
tures can be attributed to gravity sliding of the uplifted
P—K ophiolite towards the centre of the M~T block (cf.
Dewey 1976).
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(a) Triassic rifting

(b) Cenomanian-Campanian intra-oceanic subduction and transport
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Fig. 14. (a) Schematic representation of the Triassic rifting and separation of the Menderes-Taurus block from the Kirsehir

block. (b) Schematic illustration of the formation of the dynamothermal metamorphic sole and mélange beneath the

Pozanti-Karsanti ophiolite during its intra-oceanic transport stage. (c) Simplified NW-SE cross-section of the study area,

showing the thrust structures developed during the last stage emplacement of the Pozanti—Karsanti ophiolite from the
northwest onto the Menderes~Taurus continental block in the late Cretaceous (Maastrichtian?).

The litho-tectonostratigraphy and geometry of the
structures in the Aladag region are strikingly similar to
those developed in other ophiolite obduction-related
orogenic belts, such as the Semail Ophiolite of Oman,
the Bay of Island ophiolite of western Newfoundland,
and Papua ophiolite of New Guinea (Dewey 1976,
Robertson et al. 1990, Searle et al. 1990, Jones &
Robertson 1991, Sengér 1990a). Results of this study
suggest that structural analyses in dynamothermal meta-
morphic soles and underlying mélanges beneath
Tethyan-type ophiolites can contribute to an under-
standing of the tectonic history of obduction-related
orogenic belts.
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