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ABSTRACT

We present field evidence and kinematic indicators collected along a traverse through Serbomacedonian
and Rhodope massifs, emphasizing more to the nature of deformation along their contact. Based primarily
on overprinting structural criteria we have distinguished three principal deformation phases.

Ductile syn-metamorphic deformation phase D, is accompanied by a regional foliation S, and a
mineral-stretching lineation L, defined by streaks of high-grade minerals. This L, shows a regional
scale pattern with a dominant ENE- to ESE-orientation. Local deviations to a general N-S orientation are
observed close to the major thrust contacts. Associated sense-of-shear criteria demonstrate a general
top-to-the W-SW ductile shearing. The second phase D, is mainly characterized by outcrop scale close
to tight folds that formed under semi-ductile conditions. These folds overprint the S, and their axes are
dispersed around a NE-orientation. They generally exhibit vergence towards NW and are commonly
associated with an axial planar cleavage.

The deformational phase D, has produced well developed meso- to map scale structures which formed
under semi-brittle to brittle conditions. Deformation is accommodated by NNW-trending oblique thrust
faults indicating a general NE movement direction. A similar sense of movement is supported by asymmet-
ric kink-folds, which are also associated with a dense WSW-dipping cleavage. In map scale the contact
between the lower parts of the Serbomacedonian (Kerdilia sequence) and Rhodope massifs (Pangeo unit)
is considered to be a major W-dipping, low-angle D, thrust. The fautt core of the thrust consists of a 15 m
thick ultracataclasite and a zone of tectonic breccia with a thickness of ca. 50 m. Kinematic indicators
within the fault zone demonstrate a clear top-to-the east D, shearing along this contact. In the footwall of this
thrust, the marbles of Pangeo unit display a 50 m thick zone of intense mylonitic foliation.

1. INTRODUCTION

Despite numerous studies published the last
four decades, the kinematics and the tectonic
significance of the ‘Strimalinie’ defining the con-
tact between the Serbomacedonian (SRM) and
the Rhodope (RHM) massifs in Central Macedonia
(Kocke! and Walther 1965) are still a matter of
debate (Fig. 1). The ‘Strimolinie’ originally de-
scribed and interpreted by Kockel and Walther
(1965) as a major west-dipping thrust fault
(Strymon overthrust) carrying the SRM to the west
over RHM to the east. More recently, a series of
sound publications (e.g. Dinter and Royden 1993;
Kilias et al. 1999) considered the ‘Strimolinie’ to

be a huge shallow-dipping extensional detach-
ment zone which caused the progressive unroof-
ing of the RHM units during Oligocene-Miocene.
Moreover, based on similarities in metamorphic
grade and structural style between SRM and the
RHM some authors (e.g. Burg et al. 1995) dis-
puted the significance of this tectonic line and
viewed it as a single tectonic element. In this
study we provide new structural data for the ki-
nematic characteristics of the controversial
‘Strimolinie’ as well as the deformation history of
both the SRM and the RHM, focusing especially
on the geometry and kinematics of its late-stage
deformation.
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Fig. 1 Simplified geological map showing the main isopic zones in Greece, as well as the exposures of pre-Alpine
basement rocks. The “Strimonlinie” is also shown on map with a thick black line separating Rhodope from

Serbomacedonia massifs.

2. GEOLOGICAL SETTING

Both the SRM and the RHM lie between the
Vardar and Strandja suture zones (Fig. 1), which
are interpreted as Mid-Late Mesozoic oceanic su-
tures between Apulia and the SE-European margin.

The SRM of northern Greece is a complex zone
comprising heterogeneous metamorphic
lithological units of Palaeozoic or older age, in-
truded by Mesozoic and Cenozoic granitoids
(Kockel etal. 1971; 1977; Jacobshagen et al. 1978;
Papadopoulos and Kilias 1985). It has been di-
vided into two major tectonic sequences (e.g. Kilias
etal. 1999): the structurally lower Kerdilia sequence
to the east and the upper Vertiskos sequence to
the west (Fig. 2). The Kerdilia sequence comprises
mainly biotite gneisses with minor marble inter-

calations, hornblende gneisses and amphibalites.
Racks of this sequence locally show migmatitic
textures. The Kerdilia sequence is also correlated
with the lower terrane of RHM (Burg et al. 1996).
The overlying Vertiskos sequence is mainly com-
posed of biotite-muscovite gneisses and some
amphibolite intercalations. Lenses of an amphibo-
lite-metagabbro complex occur between the two
sequences, interpreted as an ophiolitic rock se-
quence within a quartzo-feldspathic schistose
matrix, showing a mylonitic fabric. The SRM has
been correlated with pre-Alpine continental base-
ment with Palaeozoic and locally Pre-Cambrian
rocks (Aleksic et al. 1986) that extend northwards
to the former Yugoslavia. Recently, this interpreta-
tion has been questioned by several authors
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(Godfriaux et al. 1996; Burg et al. 1996), who sug-
gesta correlation of the SRM with the RHM.

Further east, the RHM consists of a series of
distinct tectonic nappe units comprising both oce-
anic and cantinental metamorphic rocks (Kilias
and Mountrakis 1990). These units are intruded
and overlain by post-metamorphic plutonic and
volcanic rocks (Mposkos et al. 1989; Koukouvelas
and Doutsos 1990; Dinter 1998; Burg et al. 1996).
The RHM has been subdivided into two major units
(Papanikolaou and Panagopoulos 1981); an upper
unit (alse known as Sidironero unit) and a lower
ane (also known as Pangeo unit), separated by a
NE-dipping thrust fault (Fig. 2; Koukouvelas and
Doutsos 1990). An alternative subdivision sug-
gests two major thrust domains, a “lower terrane”
and an “upper terrane”, representing the crystal-
line footwall and hanging wall of a crustal-scale
duplex (Burg et al. 1995;1996). The upper unit is
also subdivided into several thrust nappes (from
base to top: Echinos, Siroko, Konstantini and Kidari
nappes; see Koukouvelas and Doutsos 1990 for
details). The upper unit comprises mainly bi-mica
gneisses, amphibolites and marbles. The lower
Pangeo unit comprises schists, marbles, para-
and orthogneisses with mica-schist and amphibo-
lites. The metamorphic grade is inverted, passing
from greenschist facies in the south to sillimanite-
bearing migmatites in the north (Mposkos et al.
1989). The thrust that bound the nappes strike
NW-SE and dip to the NE, indicating a regional
vergence toward the southwest. Rb-Sr isachrones
from the paragneisses and ortho- from the lowest
part of Falakron Mt. (Pangeo unit) and on Thassos
Island give late Palaeozoic ages (Del Moro et al.
1990; Wawrzenitz et al. 1994). These ages may
reflect regional Hercynian deformation and meta-
morphism that may be restricted to the lowest part
of the Falakron marble series. The marble series
are being metamorphosed in the greenschist-fa-
cies (Kronberg and Raith 1977), while metamor-
phic grade increases down section.

Both RHM and SRM crystalline rocks were in-
truded by late-Oligocene post kinematic granodior-
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ites of I-type (Christofidis 1977; Soldatos 1985)
that supplied extrusive calc-alcaline magma. Oli-
gocene plutons of the Rhodope zone, such as the
Xanthi and the NE-Vrondou are composite, pre-
dominantly granodiorite plutons with minor gab-
bra and manzonite. In addition the Early Miocene
Symvolon (or Kavala) pluton intruded the Pangeon
gneisses and emplaced at about 21 Ma, based on
U-Pb and "°Ar/*Ar dating (Dinter et al. 1995). This
plutonic body lies along the trend of the Kavala-
Komotini fault zone (Fig. 2).

3. STRUCTURAL ANALYSIS

Our structural survey in the area establishes
the bulk geometry of the tectonic contact between
the SRM and RHM and unravels the successive
deformation phases. Based primarily on overprint-
ing criteria observed in map to outcrop scales as
well as on microstructural data, we have distin-
guished three principal deformation phases (D,-
D,) to constrain the evolution of the thrust belt.

3.1 Ductile to semi-ductile deformational
phases (D, D,)

The ductile syn-metamorphic deformational
phase D, comprises a S, foliation and an ENE- to
ESE-trending mineral-stretching lineation L, which
is defined by the alignment of high-grade minerals
(Fig. 2, stereonets 1-4). The marbles in the study
area are fine to coarsely crystalline, well foliated to
massive. Foliation is defined by alternating dark to
light bands of calcite, small amounts of impurities
within the marble and minor variations in grain size.
Lineation is formed by coarse calcite grains and
quartz impurities. Our structural survey, as well as
published data, suggests difference in the L, orien-
tation within the SRM and the RHM. Throughout RHM,
the L, shows a constant ENE-WSW orientation.
Therefore, we assume that this orientation indicates
the tectonic transport direction during D, shearing
of RHM units. Within the rocks units of the SRM
(Vertiskos and Kerdilia units), the mineral-stretch-
ing lineations show a more complex regional scale
pattern involving a dominantly WNW-ESE orienta-
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Fig. 2 Simplified geological map of the broader study area with the main tectonic structures. Stereonets 1-4 show
the orientation of stretching/mineral lineations in SRM and RHM.

tion and a weak nearly NNE-SSW orientation (Fig. 2,
stereonets 1,2). Structural mapping in the area
showed that NNE-trending lineation is commonly
observed close to the major fault contacts. There-
fore, this local deviation of the L, can be interpreted
as aresutt of local strain partitioning. The dominant
WNW-ESE orientation of L, is interpreted to indi-
cate transport direction during D, ductile shearing
of SRM rock units.

In outcrop scale, the ductile deformation (D,) in

both the SRM and RHM is mainly expressed by
widespread folding (F,). The S, is axial planar to F, -
folds which are commonly tight to isoclinat, almost
recumbent in style with curvilinear hinges. Through-
out the study area the F.-fold axes are oblique to
sub-paraliel to the L,. Asymmetrical F -folds with
axes at a high angle to L,, exhibit a general south-
westward vergence. Abundant isoclinal and similar
in form F -folds with highly attenuated limbs and
thickened crests are mainly observed near NW-
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trending ductile thrust zones implying a genetic re-
lation between these structures. In the upper units
of the RHM, a such major ductile thrust zone (Nestos
thrust; Fig. 2), which dips slightly to the NE, are
accompanied by thin protomylonites and sigmoidal
flexures indicating SW-movement under ductile flow
conditions. A similar top-to-the-SW sense of move-
ment s also confirmed by kinematic indicators such
as C/S fabrics and o-shaped objects (Fig. 3), found
within all rocks units of the RHM. Based on similar
kinematic indicators a general top-to-the-WNW
sense of shear during D, deformation was also iden-
tified for the rock units of the SRM.

D, deformational phase comprise outcrop scale
open to tight asymmetric F_-folds which occasion-
ally refold F.-folds. F,-folds deform S, surfaces but
are characterized typically by the absence of an
axial planar cleavage. They display a semi-ductile
type of deformation and their axes show a NE-ori-
entation, verging towards NW. These two folds sets
(F,, F,) seem more a continuous sequence of de-
formation than a temporal separated deformation
phase. Probably they developed during progres-
sive deformation under declining temperature con-
ditions. However, It should be noted that a detail
analysis of the highly complex interrelation of two
folds sets is out of the focus of the present study.
The spatial and temporal correlation of these fold
generations is the aim of a forthcoming work.

147

Fig. 3 Outcrop scale field photograph
with kinematic indicators, such as o-
shaped objects and C/S structures,
: showing a top-to-the-SW sense of
movement in the Rhodope massif.

3.2 Brittle to semi-brittie deformational phase
(D)

’ The D3 deformational phase has produced well
developed meso- to map scale structures that formed
under brittle to semi-brittle conditions. Deformation
is mainly accommodated by roughly NW-trending
oblique thrust faults showing a general NE-ENE di-
rected movement. Similar sense of motion is also
supported by asymmetric kink folds which are as-
sociated with a dense SW-dipping cleavage.

A detailed structural analysis was made along
two roughly NE-SW cross sections across the
contact (“Strimolinie”) between the Kerdilia unit
and the Pangeon marble unit, north of Ofrynion
area (Fig. 2, sections AA’ and BB’). As indicated
in both cross-sections (AA’, BB’ in Fig. 4), a major
west-dipping low-angle thrust fault (D,), which
coincides with the “‘Strymon overthrust’ mapped
by (Kockel and Walther 1965), carries the gneisses
of Kerdilia unit to the west over the Pangeo marbles
to the east. In the southern cross-section, this
thrust contact is defined by 50 m thick fault zone
(Fig. 4; inset in section AA’). In detail, the fauft
zone is characterized by a 20 m thick zone of
ultracataclasites and foliated cataclasites that pass
progressively eastward to a 30 m thick zone of
tectonic breccia (Fig. 5d) close to the marbles.
Numerous kinematic indicators such as minor
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Fig.4 Schematic cross sections along the fault contact zone between SRM and RHM showing the structural and
kinematic characteristics of the zone on stereonets (3-4) and inset illustrations.

thrust faults, C/S structures and folds indicate a
clear top-to-the-E to NE sense of shear. In north-
ern cross-section (BB’ in Fig. 4), the thrust con-
tact is characterized by a thinner zone of fault
rocks which includes foliated cataclasite and tec-
tonic breccia. Numerous shears surface that are
compatible with simple shear model for brittle de-
formation were identified particularly within the
zone of foliated cataclasites (Fig. 5a, b, ¢, ). The
Riedel shear are often seen in the R1-orientation
with the same sense of shear (Synthetic) as the

zone itself, while antithetic shears (R2) are less
developed (Fig. 5b). The abserved Y and P-shear
surfaces are associated with minor folds. Mylonitic
C/S structures are formed also in the marble unit
showing a semi-brittle field of deformation (Fig.
5g). According to Sibson (1977) mylonite series
can be formed in the semi-brittle field under lower
greenschist grade of metamorphism. Tensile frac-
ture arrays (T) are also common. They are formed
initially normal to the least principal (zone interior)
stress direction. Subsequently they are rotated
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Fig. 5 Qutcrop scale phaotographs along the low angle D,-thrust contact between SRM and RHM showing:
shear surfaces observed in the fault zone, compatible with a simple shear model for brittle deformation (b), such as
the R,-synthetic shears (a and e), P and Y-shears (c, €). The tectonic breccia along the fault (d) and the mylonitic
C-S structures formed in the marble unit indicate the semi-brittle type of deformation.

by finite strain into more sigmoidal shapes (Fig.
5g). All structures observed in the fault zone have
a distinctive geometrical relationship with the
shear zone itself and confirm a general top-to-the-
NE sense of shear. Their orientation is consistent
with a simple shear condition of the fault and fab-
rics reflect the geometry of the strain field in the
shear zone. These structures can be formed also

prograding from a ductile to brittle deformation.
Another remarkable feature in the southern
cross-section (Fig. 4, section AA’) is the contact
between the marbles of Pangeon unit with the gra-
nodiorite intrusion of Mesolakia, which mapped at
the footwall of Strymon overthrust. A more detailed
view of this contact depict a complex imbricate
thrust fan (D,-phase) that is developed 150 m from
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the-main thrust. The contact between the marbles
and the granodiorite is a NNW trending high angle
fault, which dips steeply to the WSW, and displays
sub-horizontal SSE trending lineations, a dense
spaced pattern of C/S structures, formed in the
granodiorite body, all compatible with dextral shear-
ing. From all the above structural features this con-
tact can be characterized as a dextral
transpressional fault (Fig. 4, stereonet 4). Sheared
leucogranites are also occurring along splays of
the main fault contact.

4. STRUCTURAL SYNTHESIS

On the basis of kinematic analyses, this study
distinguished three main deformational phases
(D,-D,) for the tectonic evolution of the SRM and
the RHM in Central Macedonia. The first two
phases which recorded within both massifs were
primarily associated with southwestern directed
ductile thrusting. In agreement with previous in-
terpretations for the area (e.g. Kilias et al. 1999),
we consider an early Oligocene minimum age for
the above-described D, -, structures. The third
brittle to semi-brittle phase of deformation resulted
in the formation of NE-SW compression related
structures. It is noteworthy that D, deformation
was responsible for the formation of the contact
(“Strimolinie”) between the SRM and the RHM
which is considered to be a large-scale thrust fault
(D,) with a 50 m thick fault zone. Moreover, based
on the fact that D, transpressional deformation
contributed to unroofing of Mesolakia granodiorite
we assume that a significant part of this phase
occurred during early Miocene time. Therefore,
the D, deformation described here possibly coin-
cide with a Late Oligocene-Early Miocene con-
traction phase described by Kockel et al. (1977)
causing overthrust of SRM rocks over Oligocene
molasse sediments and the creation of a conju-
gate set of strike-slip faults. A similar in age D,
deformation phase was extensively described by
Koukouvelas & Doutsos (1990) and Koukouvelas
and Pe-Piper (1991), related also to the late oro-
genic phase observed further east in Thrace, as
suggested by Karfakis and Doutsos (1995).

5. CONCLUSIONS

Three stages of deformation are recognized
in this study, which are similar in character and
style with the stages described elsewhere in SRM
or RHM-(e.g. Koukouvelas & Doutsos 1990; Burg
etal. 1996).

In contrast to previous works (e.g. Burg et al.
1995) it seems that the ‘Strimolinie’ is a major
tectonic zone significant for the orogenic evolu-
tion of the massif in the Central Macedonia.

The main Oligocene-Miocene stage of defor-
mation is characterized by the formation of con-
traction related structures involving mainly large-
scale (oblique) thrust faults, kink folding and
densely spaced cleavage. Kinematic indicators
along the SRM-RHM contact zone indicate a top-
to-the E to NE sense of shear.

Further work is needed in order to examine the
role and the kinematics of this significant fault zone
during the closure of the Vardar Ocean further west.
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NEPIAHWH
TEKTONIKH EZEAIZH KAl KINHMATIKH Tn¢ ZONHZ EMA®HXZ MATAZY
THX ZEPBOMAKEAONIKHZ KAl POAONIKHEZ MAZAZXZ, KENTPIKH MAKEAONIA

KokkdAag X.*, zumoAidg M., ka1 Kovkoupérac 1.K.
Tunua FewAoyiag, Naveruotnuo flatpacg, 265 00, MNatpa

2mv £pyacia aut napoualalovial TEKTOVIKA aTolyeia unaibpou kal Kivnuatikol OIKTES TIOU GUAAE-
XBNKav Katd PKog g enaerg UETAEU Twv LOOTUKWV (wvwY TS ZepPBOPaKedOVIKNS kal Podomng ue
0TGY0 va TEPLYPAPOUV Ot PATELS TN MAPAUGPOWANC TG. Alaywplamkav TPELS KUPLES ATELg Tapa-
HOPOWANG, UE BAan OXETELS UMEPBEANS TWV BLAPGPWY TEKTOVIKWY OTOLXEIWY LETAEL TOUS KaL Tov
MAQOTIKG 1) UBpAUTTO TUTO ™G MAPAUGPPWANS.

H MAaoTiKoU TUnou guv-pETapop@Iki ¢aon napapdpewong D, XapakmpieTal arnd [a YEVIKT GoAL-
won S, Katpia KpUOTaAAKN Ypaupwaon ktaong L, mou kaBopileTat and EMUNKUCHEVOUS KPUGTAAOUS
OPUKTGV ugnAou Baduou petapnoppwong. H ypaupwon auth apousialet pooavatoMopo o€ wa ABA
£0¢ ANA diguBuvan. ToTukES amokAIgELS ano auty T YeVIKA dleubuvon mpog wa dieuBuvon B-N
napampenenkav Kuping Kovta oe Ueyaieg emwonaetg. ‘OAeg o1 oxe{oueves Pe m gopd kivnong
TAQOTIKEG DOUES 0TO HECOOKOMIKG MEDID UMOdNAWVOULY ia YEVIKN Kivnon Tpog ta A-NA. H deutepn
Xapakmpiletal Kupiwg arno HETOTKOTIKES KAEIOTES WG TPIKTES TTTUXES TOU OXNUATIoKAV KATW arnd
NUL-MAAOTKES WS EUBPAUOTOU TUTIOU GUVONKES Mapaudpewaong. Ot TITUXES QUTEG nnpealouy g
DOUES ™G MPONYOUHEVNG HAANG KAl TTITUXWYOUV TNV TIpWT™N POAiwaN S, evw 0t GE0VES ToUG elpavifouv
0laomopd yopw ano pia BA-NA diedbuvon. Ot muxég g D, ¢dong napauspewong napouotalowy
aouppeTpia pog ta BA evw ouxva oxeTilovTal e TIUKVES ETUPAVELES OXIOHOU a&OVIKOU EMMEDOU.

T€hog, n ¢don napapdppwang D, oxetiletal ye m dnuioupyia HEOOOKOTIKWY Kat HEYAANS Khilokag
TITUXWV KaL ETWONoEWY KAl VA KAAG EKPPAOUEVO OX1010 a&ovikou eruredou. Ot dopEg auTéS oxnuati-
omkav og 0xedOv-eUBpauaTes ouvenkeg mapapdpewans. Otenwdiogig mg D, pdong napauspewong
£y0uv dleuBuvan BBA- kat kivnuatiki n omoia xapakmpiletal ard onuaviikr mayla ouviotwaa kivrong.
H yevikn 6leuBuvaon Kivnang Twv METPWUATWY Kata v ¢aon aut eivat tpog t1a BA. Zmv kA{iaka tou
XApT, T0 YEWAOYIKO 0pL0 HETAEU TWV KATWTEPWY EVOTITTWY TG 2EPPOHAKEDOVIKIG {WVNS (EVOTNTA TwV
Kepduhiwv) kat mg Podomng (evotmta Nayyaiou) amy epyadia aut) 8ewpeltal wg pia xapning kKAlong
ENMWONon nou oxetiletal pe my mapapopewtki gaon D,. O muprvag mg pnélyevous auti {avng
NEpAauBaver Katakhagmikr {ovn Taxoug 15 PETPWY KABWG Kal pa (v EVIOVNC TEKTOVIKAS apaudp-
QWONG Mou TIOToTIotE(TaL and AQTUToNayES e Tdyoq mou ¢ravel ta 50 pstpa. Qukvnpatikol deikTeg
€VIOC MG pNELYEVOUS {WVNG UMOANAWVOUVY {Id TIPOG T QVATOAKA DLATUNTIKA MApauopewoTn Katd Uikog
¢ {wvng autng. Zm faon g enwonong autig, Ta udppapa tou Mayyaiou spgavicouv pa Lwvn,
ndayoug 50 PETPWY, EVIOVNS HUAOVITIKAG GOAIWONG.
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