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ABSTRACT

We investigate the geometry and kinematics of the faults exposed in basement rocks along the Strouma
River in SW Bulgaria as well as the sequence of faulting events in order to place constraints on the Cenozoic
kinematic evolution of this structurally complex domain. In order to decipher the successive stress fields
that prevailed during the tectonic history, we additionally carried out an analysis of mesoscale striated
faults in terms of paleostress with a novel approach. This approach is based on the P-T axes distribution
of the fault-slip data, and separates the fault-slip data into different groups which are characterized by
kinematic compatibility, i.e., their P and T axes have similar orientations. From these fault groups, stress
tensors are resolved and in case these stress tensors define similar stress regimes (i.e., the orientations
of the stress axes and the stress shape ratios are similar) then the fault groups are further unified. The
merged fault groups after being filled out with those fault-slip data that have not been incorporated into
the above described grouping, but which present similar geometric and kinematic features are used for
defining the final stress regimes. In addition, the sequence of faulting events was constrained by available
tectonostratigraphic data.

Five faulting events named D1, D2, D3, D4 and D5 are distinguished since the Late Oligocene. D1 is a
pure compression stress regime with o stress axis trending NNE-SSW that mainly activated the WNW-
ESE to ENE-WSW faults as reverse to oblique reverse and the NNW-SSE striking as right-lateral oblique
contractional faults during the Latest Oligocene-Earliest Miocene. D2 is a strike-slip — transpression
stress regime with o stress axis trending NNE-SSW that mainly activated the NNW-SSE to N-S striking
as right-lateral strike-slip faults and the ENE-WSW striking faults as left-lateral strike-slip ones during
the Early-Middle Miocene. D3 extensional event is associated with a NW-SE to WNW-ESE extension
causing the activation of mainly low-angle normal faults of NE-SW strike and NNE-SSW to NNW-SSE
striking high-angle normal faults. D4 is an extensional event dated from Late Miocene to Late Pliocene.
It activated NNW-SSE to NW-SE faults as normal faults and E-W to WNW-ESE faults as right-lateral
oblique extensional faults. The latest D5 event is an N-S extensional stress regime that dominates the
wider area of SW Bulgaria in Quaternary times. It mainly activated faults that generally strike E-W (ENE-
WSW and WNW-ESE) normal faults, along which fault-bounded basins developed. The D1 and D2 events
are interpreted as two progressive stages of transpressional tectonics related to the late stages of collision
between Apulia and Eurasia plates. These processes gave rise to the lateral extrusion of the Rhodope and
Balkan regions toward the SE along the Strouma Lineament. The D3 event is attributed to the latest stage
of this collision, and represents the relaxation of the overthickened crust along the direction of the lateral
extrusion. The D4 and D5 events are interpreted as post-orogenic extensional events related to the retreat
of the Hellenic subduction zone since the Late Miocene and to the widespread back-arc Aegean extension
still prevailing today.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past two decades, geological processes related to late-
collisional deformation that control the final configuration and
shape of orogens have been an attractive research subject through
which a better understanding of the (late) evolution of the orogens
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was achieved. An area of special interest is the Aegean domain
where late-and post-orogenic processes within the Hellenic orogen
gaverise to the well-known Cyclades metamorphic core complexes
(Jolivet and Brun, 2010; Jolivet et al., 2010; and reference therein).

Several issues, however, such as the type and modes of activa-
tion of fault structures formed during the late- and post-collisional
stages, the lasting periods of the different faulting events as well
as their driving stresses still remain under debate. In the hinter-
land part of the orogen, these issues are much more difficult to
decipher because the post-orogenic processes have significantly
obliterated the fault structures that were active during the late
collisional stage. The question is especially striking in those parts
of orogens that were shortened between two divergent mountain
belts and/or where the plate boundary includes both advancing and
retreating parts through time.

An example of such complex setting is SW Bulgaria that under-
went shortening between the SW-verging Dinarides-Hellenides
and the NNE to N-verging Balkanides (Fig. 1a). Since both of these
mountain belts are characterized by a complex deformation his-
tory, the late orogenic evolution of SW Bulgaria, which is mostly
related to faulting deformation during the Late Cenozoic, is also
complex (Fig. 1b). According to Zagorchev (1992), the late Cenozoic
faulting deformation of SW Bulgaria involves multiple activations
of many differently oriented faults that were active in different
geological times and thus corresponds to different faulting events.

In general, the studies conducted in neighboring areas, such as
West and South Bulgaria, Central and Eastern Macedonia, Eastern
Thrace and SW Black Sea propose different deformational models
to account for the faulting processes that took place since the end
of nappe stacking. More precisely, they suggest either that (a) the
extension, in general, began in the Late Miocene (Mercier et al.,
1989; Zagorchev, 1992; Dinter and Royden, 1993; Tranos, 1998;
Westaway, 2006) following a transpressional stress regime (Tranos,
2004; Tranos et al., 2008 for SW Bulgaria; Tranos, 1998, 2011;
Tranos et al., 1999 for Central and Eastern Macedonia; Koukouvelas
and Doutsos, 1990 for Thrace; Goriir and Okay, 1996 for East-
ern Thrace; Doglioni et al., 1996; Sinclair et al., 1997 for eastern
Balkans) or that (b) since the Eocene-early Oligocene the extension,
reflecting orogen collapse after collisional stacking, has been con-
tinuing up to the present (Bonev et al., 1995; Kilias and Mountrakis,
1998; Kilias et al., 1999; Kounov et al., 2004; Brun and Sokoutis,
2007). The idea of a continuity of the extension since the Eocene,
however, is not shared by Georgiev et al. (2010) who separate
the Eocene-Oligocene extension from the Miocene extension. It
is worth mentioning that in this paper the term transpression is
used as a stress term (i.e., as initially defined by Harland, 1971 and
adapted by Marrett and Peacock, 1999). As a result, when deforma-
tion is described in terms of strain the term oblique contraction as
suggested by Marrett and Peacock (1999) is used instead of trans-
pression.

In addition, other studies made in West and South Bulgaria
indicated that parts of the Rhodope massif and Serbo-Macedonian
massif have already been exhumed by a syn-orogenic extension
that took place after the pre-Late Cretaceous nappe stacking and
before the Early Oligocene magmatism (Graf, 2001; Kounov et al.,
2004; Bonev et al., 2006; Burg, 2012).

Although the current state of stress and extensional fault kine-
matics as shown in Fig. 2 is rather well known (Tranos et al., 2006;
Meyer et al., 2002, 2007), the general geometry and kinematics of
the differently oriented faults in the basement rocks of SW Bul-
garia (Fig. 1b) remain to be properly characterized and constrained
in order to define the multiple activations of the faults. The twofold
aim of this paper is (1) to define the geometry and kinematics
of the differently oriented faults exposed in the basement rocks
in the region of SW Bulgaria and mainly along the Struma Linea-
ment (i.e., a more than 800-km-long tectonic feature that trending

NNW-SSE controls the course of Struma River), and (2) to estab-
lish the sequence of the successive fault movements, as well as
the different stress regimes that drove faulting deformation though
time. To this latter aim, our results will be combined with tectonos-
tratigraphic data available from literature in order to gain better
time constraints on the faulting evolution of SW Bulgaria since the
Oligocene, within the Neogene tectonic framework of the Eastern
Mediterranean and Aegean Sea.

2. Geological setting

At the regional scale, the orogenic fabric of central Balkan Penin-
sula is dominated by the NW-SE trending alpine Dinaro-Hellenic
mountain belt and the E-W trending Balkan mountain belt; the
latter consists in the southern part of the S-shaped Romanian
Carpathian-Balkan belt around the Moesian platform (Fig. 1a). In
addition, the orogenic fabrics of these two mountain belts form a
V-shape with apex in the western edge of the Moesian platform
and opening toward the SE, i.e., the North Aegean Sea.

The study area in SW Bulgaria forms the exposed hinterland
of these mountain belts. It is dominated by a more than 800-km-
long inherited tectonic feature known as the Strouma Lineament
(Bonchev, 1958; Zagorchev, 1992; Tranos et al., 2008; Tranos,
2011) that controls a large portion of the course of the Strouma
(Strymon) River. This structure strikes NNW-SSE and cuts through
several Alpine tectonic zones in former Yugoslavia, Bulgaria, and
Greece (Fig. 1a). In SW Bulgaria, several narrow depocentres (i.e.
the Dzherman, Blagoevgrad, Simitli, and Sandanski) have devel-
oped (Zagorchev, 1992) along this lineament during the Neogene
forming the northern part of the Strouma/Strymon graben system,
herein referred to as the Blagoevgrad-Sandanski graben system.
Further to the south, in Greece, the Strumon Lineament has been
firstly reported as “Die Strumonlinie” from Kockel and Walther
(1965) to separate the Serbo-Macedonian massif from the Rhodope
massif along which the Strymon basin, filled with Neogene and
Quaternary terrestrial sediments and terminated in the North
Aegean Sea, forms the southern part of the Strouma/Strymon
graben system (Tranos, 2011).

More precisely, the study area is located along the Strouma River
from the Kyustendil region in the north to the Kresna region in the
south. It consists of a high grade metamorphic domain (Fig. 1). It is
also the region where the NNW-SSE trending Vardar-Axios, Circum
Rhodope Belt Thrust System (CRBTS) and the Serbo-Macedonian
massif (related to SW-verging alpine Dinaric-Helenic mountain
belt) come into contact with the Rhodope massif and the N-verging
Balkan mountain belt (Fig. 1a).

The geology of SW Bulgaria has been thoroughly described by
Zagorchev (2001). According to this author the study area includes
Pre-Paleozoic and Paleozoic high grade (amphibolitic facies) meta-
morphic rocks that form: (a) the mountainous domain E and SE of
Strouma River which belongs to the Rhodopian Supergroup and the
Ograzhdenian (Pre-Rhodopian) Supergroup, and (b) the mountain-
ous domain SW of the town of Kyustendil (i.e., Mt Osogovo), which
belongs to the Osogovo Formation. These rocks were intruded by
several large granitoid bodies and were unconformably overlain by
the Lower Paleozoic greenschist-facies diabase and phyllitoid com-
plex (mainly the Frolosh Formation). In turn, these were intruded
by the Paleozoic Strouma diorite. However, this geology has been
significantly revised by the recent works of Bonev et al. (1995),
Kounov et al. (2004, 2010, 2011) and Burg (2012): among recent
intepretations are that the crystalline rocks are not Pre-Paleozoic
but younger than Paleozoic, that the Osogovo Formation has been
metamorphosed during the Cretaceous, that the Frolosh Formation
consists of ophiolitic materials, that the Struma Diorites represent
a magmatic arc complex of Ediacaran-Early Cambrian age, and that
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Fig. 1. (a) Map indicates the study area, its position in relation to the main Alpine orogenic elements of the wider area and the general geotectonic framework of the eastern
Mediterranean region, (b) geological and structural map of SW Bulgaria (compiled from satellite imagery analysis, field mapping, and published geological maps 1:100.000
(Zagorchev, 1989, 1991; Marinova and Zagorchev, 1990a,b). Black stars indicate locations of sites of measurements; gray stars with numbers indicate sites where photographs
shown in Fig. 4 have been taken; Ba: Bansko, Bi: Bistritsa, Bl: Blagoevgrad, Bo: Bobochevo, Do: Dobrovo, G: Garliano, D: Doupnitsa, Ko: Kocerinovo, Kr: Kroupnik, Krs: Kresna,

Ky: Kyustendil, Pa: Pastouch, Ri: Rila, Ra: Racilevo, Ne: Nevestino, Rz: Razlog, Si: Simitli,

of Macedonia.

the Ograzden rocks have been metamorphosed during the Variscan
time. The details of the complex geology of the region are how-
ever far beyond the scope of the present paper and because of this
any further attempt to approach in more detail the pre-Cenozoic
geology is not further considered. Even more, the Mesozoic rocks
are exposed in limited outcrops west of Strouma River, whereas
the Paleogene sediments outlasting the Late Oligocene crop out

S: Stob, Sk: Skrinio, SP: Saparevo, V: Vrattsa, FYROM: Former Yugoslavian Republic

extensively along the Strouma River, i.e., in the section between
Doupnitsa and Kyustendil (Fig. 1b).

More precisely, the Paleogene sediments contain of: (a) Middle
Eocene continental clastic sediments which pass upwards to Late
Eocene-Lower Oligocene turbidities of deepwater environment
(Moskovski and Shopov, 1965) and which were intruded by vol-
canic rocks in the Early Oligocene (Harkovska and Pecskay, 1997),
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Fig. 2. (a) Seismotectonic map of SW Bulgaria, Central Macedonia (northern Greece) and FYROM. It shows the (1) main neotectonic faults, (2, 3, 4 and 5) seismicity and (6)
focal mechanisms of some published earthquake events (M > 5). Explanation: 1. Neotectonic faults, 2, 3, 4. Earthquakes of period 1901-2010 (catalog of Seismological Station
of Aristotle University of Thessaloniki, http://geophysics.geo.auth.gr/ss/station_index.html), 2. Epicenters of earthquakes with 4<M <5, 3. Epicenters of earthquakes with
5<M <6, 4. Epicenters of earthquakes with M > 6, 5. Epicenters of earthquakes with a range in magnitude of 3.0 to 5.7 spanning the period 1956 to 1998 (Kotzev et al., 2006),
6. Beach balls of focal mechanisms of large earthquake events (M > 5) associated with normal faults (from Kiratzi, 2010), B-R: Bansko-Razlog, D: Doupnitsa, K: Kyustendil,
P: Petritsi, Sa: Sandanski, Si: Simitli, (b) the P-B-T axes as defined by the focal mechanisms of the earthquakes (5) shown in (a) with the aid of the Win-Tensor software
(Delvaux, 2011). P, B and T axes are shown with circles, triangles and squares respectively.

and (b) Upper Oligocene-Early Miocene terrigenous coal-bearing
sediments that unconformably overlie the former sedimentary
sequence, possibly due to a NE-SW compression that gave rise
to inversion of the basins associated with the end of sedimen-
tation and to folding and faulting of the sediments with reverse
and strike-slip faults (Moskovski, 1968a,b, 1969; Moskovski and

Harkovska, 1973). On the basis of fission-track dating and mod-
eling of thermal history, Graf (2001) stated that the inversion
of the basins could have begun at 25+5Ma. However, Bakalov
and Zelev (1996) report that the sedimentation from the Early
Oligocene to Late Oligocene-Miocene was continuous and Kounov
etal.(2004) attributed the basin inversion to the ongoing extension
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and the exhumation of the extensional core complex; this points
to a complex Tertiary regional geology that still remains a matter
of debate.

During the Neogene, several narrow depocenters, (i.e., the
Dzherman, Blagoevgrad, Simitli, and Sandanski) have developed
in the area (Zagorchev, 1992) represented by the Strouma (or
Blagoevgrad-Sandanski) graben system along the Strouma Lin-
eament and the WNW-ESE Bansko-Razlog graben along the
Predela-Bansko fault. The oldest sediments deposited in the
Struma-Strimon Basin contain Middle Miocene mammal fossils
(Kojumdgieva et al., 1982). In general, the Neogene sedimenta-
tion involves three sedimentary cycles (Nedjalkov et al., 1988;
Zagorchev, 1992): (a) the Late Badenian-Sarmatian that consists
of red polymictic conglomerates, laterally passing (?) into green-
ish or reddish siltstones and sandstones with clay interbeds, (b)
the Meotian-earliest Pontian that produced whitish or yellowish
alluvial sand and clay interbedded with pebble gravel lenses (San-
danski and Simitli Formations) and, (c) the Pontian-Pliocene that
is characterized by the well sorted conglomerates and sandstones
of the Barakovo Formation (Blagoevgrad graben) and Kalimantsi
Formation (Simitli and Sandanski graben).

Since the Quaternary, a younger cycle of sedimentation was
recognized (Vrablianski, 1974), which includes the deposition of
poorly sorted proluvial deposits along mountain fronts such as in
the eastern parts of Blagoevgrad graben and the NW edge of Rila
Mt., as well as alluvial deposits along the Strouma River and its
tributaries.

In summary, the Tertiary alpine orogenic events mainly include
a Cretaceous to Paleocene nappe stacking episode followed
by post-Middle Cretaceous to pre-Middle Oligocene extension
(Graf, 2001; Kounov et al., 2004; Burg, 2012). This extension
gave rise to a widespread tectonic denudation associated with
large extensional shear zones like the “Gabrov Dol ductile nor-
mal fault” (Bonev et al., 1995) or detachments, e.g., the Ruen
(Graf, 2001), Eleshnitsa, Dragovishtitsa (Graf, 2001; Kounov et al.,
2004) and the Vlahina-Maleshevo Detachment Fault (Peychev
et al,, 2012). These detachments, however, have been inactive
after the Late Eocene-Early Oligocene because they have been
cut by the unmetamorphosed and generally undeformed calc-
alkaline granites (Osogovo granite) and rhyolites that intruded
the tectonostratigraphic column of the region in Early to Mid-
dle Oligocene times [30.6+1.6Ma (Graf, 2001); 31+3Ma and
31+2Ma (Kounov et al, 2004; 32.3-31.5Ma (Harkovska and
Pecskay, 1997)].

According to Zagorchev (1992) the late Cenozoic faulting defor-
mation includes the following faulting events since the Oligocene:
a Middle Oligocene (?) and earliest Miocene-Badenian shortening
events associated with thrusting, and a Middle Oligocene-
Early Miocene, Late Badenian-Meotian, Pontian-Romanian, and
Pleistocene-Holocene extensional events that caused normal fault-
ing. The most recent studies dealing with Tertiary faulting of the
region are only those of Tranos et al. (2008) and Kounov et al.
(2011); although these studies led to different conclusions, they
both emphasize the multiple activation of the faults.

Tranos et al. (2008) studied faulting in the Simitli region (Fig. 1b)
and defined: (a) a Late Oligocene-Early Miocene transpression-
pure compression stress regime with NNE-SSW contraction (Da
event), (b) a strike-slip to transtension stress regime in Early-
Middle Miocene (Dg event), (c) a transtension to pure extension
stress regime in Middle-Late Miocene (D; event), (d) a NE-SW
radial-pure extension in Late Miocene-Pliocene (D, event) and N-S
extension in Quaternary (D3 event).

On the other hand, the paleostress analysis in the Kraishte area,
SW Bulgaria by Kounov et al. (2011) has led to define four regional
stress tensors: Early Cretaceous N-S compression (D1), Middle
Eocene-Early Oligocene ENE-WSW extension (D2), Early Oligocene

NE-SW extension (D3), and Late Oligocene-Early Miocene NNW-
SSE transtension (D4).

From the afore-mentioned works and their controversies it is
obvious that the fault network of the region is complex, includ-
ing reactivation of many faults inherited from the successive late
orogenic stages (Zagorchev, 1992).

Finally, new paleomagnetic data have shown no significant post-
Eocene rotation of the Moesian platform and Rhodope with respect
to Eurasia, therefore confirming the stability of this region (Van
Hinsbergen et al., 2008). This conclusion is also supported by the
recorded structural data in SW Bulgaria (Georgiev et al., 2010).
On the other hand, Dimitriadis et al. (1998) reported that Greek
Rhodope (all or parts of it) may have been rotated by 13° clockwise
during the Late Oligocene-Early Miocene despite the fact that these
rotations have not been verified by the recorded structural data
(Kolokotroni and Dixon, 1991; Dinter and Royden, 1993; Dinter,
1998). In addition, clockwise rotations after the Middle Miocene
mainly refer to the Serbo-Macedonian massif of Northern Greece
(Dimitriadis et al., 1998).

3. Faulting of SW Bulgaria
3.1. Fault pattern at a large scale

Bulgaria is an intracontinental region that shares similar seis-
motectonic characteristics with the adjacent intensely stretched
Aegean domain (Tranos et al., 2006) (Fig. 2). The N-S stretching
that dominates the Aegean has been demonstrated in Northern
Greece (Mountrakis et al., 2006) and SW Bulgaria where it led to
km-long active normal faults striking E-W on average (i.e., from
WNW-ESE to WSW-ENE) (Tranos et al., 2006). These faults are dis-
tributed throughout the region, but they are few and segmented,
bounding small grabens that cut across the orogenic fabric of the
Dinaric-Hellenic belt as well as the Rhodope and Balkan belt (Fig. 2).
Nonetheless, these grabens are a few tens of kilometers long at
most, i.e.,, much smaller than the large fault-bounded basins of
Northern and central Greece. Accordingly, the deformation rates
in Northern Greece and Bulgaria are much smaller than within
the Aegean and appear to decrease northward. GPS measurements
indicate 2-3 mmy/year of N-S extension across Bulgaria and north-
ern Greece (McClusky et al., 2000; Kahle et al., 2000) of which at
most 1 mmy/year is absorbed in Bulgaria (Kotzev et al., 2006).

The fault pattern of SW Bulgaria (Fig. 1b) as identified
from 1:100.000 scale geological maps (Zagorchev, 1989, 1991;
Marinova and Zagorchev, 1990a,b), interpreted from Landsat satel-
lite imagery and controlled by field observations is more complex.
In particular, it is characterized by the presence of many km-
long faults striking NNW-SSE to NW-SE, NE-SW to ENE-WSW and
WNW-ESE. The NNW-SSE to NW-SE trending faults are mostly
defined along the Strouma River and controls the outcrops of the
Late Paleogene and Neogene rocks against the basement. They are
the most commonly mapped faults in the afore-mentioned geo-
logical maps, but are hardly defined on the Landsat imagery. On
the other hand, the NE-SW to ENE-WSW trending faults are the
most common and prevalent lineaments on the Landsat imagery
that bound long narrow basins filled with Neogene and Quaternary
sediments such as the Kyustendil, Doupnitsa, Kroupnik and Rila-
Stob basins (Tranos et al., 2006). Finally, the WNW to ESE faults
are the most prevalent structures in the part east of the Strouma
River where they form large rectilinear lineaments limiting narrow
basins such as the Predela-Bansko basin.

3.2. Mesoscale faults

The microstructural investigation of the study area includes the
analysis of slip along mesoscale faults that have been recorded in
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a N=183

Fig. 3. (a) Strike rose-diagram and pole diagram of the recorded mesoscale faults that contain slickenlines, In (b) the density contours are at 0.5, 1, 1.5, . . ., 4 with a maximum
density at 4.21. (¢, d) Lower hemisphere, equal area stereographic projection of (c) the contractional fault-slip data (N=61) and (d) the extensional fault-slip data (N=146)
recorded in the pre-Neogene basement of SW Bulgaria. Fault planes are shown as great circles and the slickenlines are shown with solid balls.

the pre-Neogene basement rocks (Fig. 1b). In particular, in the field,
the observed frictional grooves or fibrous lineations defining slick-
enlines (Fleuty, 1974) along differently oriented mesoscale faults
(Fig. 3a, b) have been measured and their relative chronology was
established on the basis of overprinting relationships as well as the
cross-cutting criteria among the faults.

Multiple slips were recorded along several fault surfaces and the
determination of the sense of shear has been carried out using S-C
cataclastic fabric, offset of stratigraphic markers and microstruc-
tures on the fault surface such as R, P shears, T- or comb structures
and fibersteps, ripout structures. These markers define the sense
of the fault movement and have been widely used as shear sense
indicators (Hancock, 1985; Petit, 1987). Due to this, the recorded
fault-slip data can be subdivided in contractional and extensional
fault-slip data, respectively (Fig. 3¢, d).

In addition, the meso-scale faults have been described as normal
or reverse faults when the pitch of the slip indicator or rake (r) is
80° <r<90°, as oblique normal or reverse faults when 60° < r<80°,
oblique-slip (contractional or extensional) faults when 30° < r <60°,
oblique strike-slip faults when 10° <r<30° and strike-slip faults
when 0° <r<10°.

3.2.1. NE-SW to ENE-WSW faults

The NE-SW to ENE-WSW faults form arrays of faults that dip at
medium to high angles toward the NW and in some cases, they have
been found to form anastomosing zones with ramp-flat geometries

(Fig. 4a, b). The NW-dipping faults cut the main foliation of the
basement rocks, as observed in the northern slopes of the Mt. Rila
and Mt. Osogovo and south of Kroupnik village and they exhibit
three differently orientated groups of slickenlines that are related
to three different activations. The older activation corresponds to
a left-lateral oblique reverse movement (L1 in Fig. 4c) overprinted
by left-lateral oblique normal movement (L2 in Fig. 4c), whereas
the youngest one is a right-lateral oblique extensional movement.
Along the steeply-dipping faults the youngest slickenlines indicat-
ing oblique normal and normal movements are quite scattered.

The NE-SW to ENE-WSW faults that dip at low to intermediate
angles toward NW cut the ductile fabric of the rocks (Fig. 4d) and
exhibit slickenlines that define normal movements (Fig. 4e). They
are more or less parallel to the “Gabrov Dol ductile normal fault” as
described by Bonev et al. (1995). However, because they are undu-
lated, some fault surfaces with similar features that belong to these
low-angle faults dip at very low-angles toward SW, instead of NW,
and because of this they apparently show strike-slip slickenlines
(see Fig. 6, A14).

3.2.2. WNW-ESE faults

The WNW-ESE mesoscale faults dip to the NNE at high angles.
However, in some outcrops we observe low-angle thrusts dip-
ping NNE (Fig. 4f). The WNW-ESE thrust surfaces show evidence
of multiple slip activations, with the slickenlines related to the
oldest left-lateral oblique reverse movements being overprinted
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Fig. 4. Field photographs of faults activated during Late Cenozoic times in SW Bulgaria. Location of the photographs is shown with a gray star and a number in Fig. 1b. (a) An
anastomosing ENE-WSW trending thrust fault (location 1) revealing ramp-flat geometry in the Osogovo granite, which indicate SSW-directed thrusting on the left-side of
the road going parallel to the stream south of the Garliano town (D1 event), (b) a large slickenside-striated fault cutting the exposed Osogovo granite along the road Garliano-
Vrattsa (location 2), and (c) the close-up view of the surface of (b), which bears both contractional (L1) and strike-slip (L2) slickenlines. The L1 slickenlines correspond to
oblique left-lateral contractional movement (D1 event) and were overprinted by L2 slickenlines which correspond to a left-lateral strike-slip movement (D2 event), (d) an
open E-W fold affected by the NE-SW trending extensional faults that dip at low angle toward NW in the northern mountain slopes of Rila Mt. (location 3), (e) close-up view
of a NW-dipping low-angle fault in the same region. The dip-slip quartz-fiberlines (L) indicate extensional activation of NE-SW low-angle extensional faults (location 4), (f)
an array of WNW-ESE trending repeated thrusts, directed toward the SSW forming S-C fabric within the phyllites of the Frolosh Formation (sensu lato), east of Skrinio village
(location 5), (g) a large NNW-SSE fault located on the Bobochevo-Kyustendil road, a few km before Pastouch village (location 6). The almost dip-slip slickenlines (L2) dominate
the fault surface and overprint the previously formed strike-slip slickenlines (L1) indicating extensional reactivation of these faults, (h) a large NW-SE fault in the Kroupnik
area (location 7). The fault surface is dominated by strike-slip slickenlines (L) and corrugations. The Riedel shears (R-shears) are well developed, indicating a right-lateral
sense of movement, (i, j, k) close-up view of the fault surface showed in (g); (i) in this photo the right-lateral strike-slip movement is indicated by the slickenlines (L) and
the ripout structures, (j) shows the strike-slip slickenlines (L2) overprinted by dip-slip slickenlines (L3), (k) a similar close-up view showing the dip-slip slickenlines (L3)
overprinting the previously formed strike-slip (L2) and oblique strike-slip (L1) slickenlines, (1), close-up view of a NE-dipping fault in the granitoid rocks along the national
road Kresna-Krupnik (location 8) on which the right-lateral oblique extensional movement is indicated by the slickenlines (L) and the T- or Comb-structures, (m) low-angle
thrusts associated with N-S shortening displacing the vertical thin diabase dykes, which were cut by E-W left-lateral strike-slip faults close to Pastouch village (location 9),
(n) is a close-up view of the E-W left-lateral strike-slip fault showing left-lateral strike-slip slickenlines in the same location with (m). Its position is marked in the previous
photo (n), (0) a general view of the vertical E-W left-lateral strike-slip faults, which were cut by an extensional NW-SE fault dipping at moderate angles toward SW close to
Pastouch village (location 9), (p) NE-dipping reverse faults at the contact between the marbles and the Oligocene sediments (i.e., labeled as raPgs;?-3 in Razlog geological map
sheet) (location 10). Explanation: Dashed lines indicate the described structures, dashed arrows indicate the direction of different slickenlines L1, L2,.. ., and the relative
movement of the missing fault compartment etc., and half-arrow indicates the relative sense of movement along the faults. The large blank circle indicates the position of
the hammer.

by those related to the left-lateral contractional strike-slip move-
ments. However, the majority of these faults have been reactivated
as extensional faults bearing slickenlines that define right-lateral
oblique-slip extensional movements, and more dominantly nor-
mal movements with slip trending N-S. The latter are similar with
those observed along the faults that bound the Quaternary basins
in the region (Tranos et al., 2006) and thus they can be considered
as the youngest ones.

3.2.3. NNW-SSE to NW-SE faults

The mesoscale faults that strike NNW-SSE contain steeply-
inclined slickenside surfaces that dip toward ENE (Fig. 4g), whereas
the NW-SE striking faults dip at high to medium angle either NE
or SW. At their majority, they are characterized by multiple slip
activations.

More precisely, the kinematics of the NNW-SSE faults is charac-
terized by slickenlines that are related to, from oldest to youngest:
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(1) a right-lateral strike-slip movement, which is well defined by
Riedel structures and ripout structures (Fig. 4h, i, j, k), and (2)
oblique normal movement (Fig. 41), which is associated with the
formation of brecciated gouges. In contrast, the faults that strike
WNW-ESE and that display scattered oblique normal and normal
movements were formerly activated as left-lateral strike-slip faults.

3.3. Fault cross-cutting relationships

Fault cross-cutting relationship is an issue which needs to be
addressed to determine the chronological order among the acti-
vated faults. Several outcrops show that:

(1) NE-SW to ENE-WSW left-lateral oblique reverse faults dipping
at moderate angles toward NW-NNW have been systematically
found associated with the NNW-SSE right-lateral strike-slip
faults acting seemingly as transfer faults. However, the latter,
in places where they have been reactivated as dip-slip normal
faults, cut entirely the former.

(2) The NE-SW to ENE-WSW left-lateral oblique reverse faults and
the NNW-SSE right-lateral strike-slip faults were cut by ENE-
WSW (sub)vertical left-lateral strike-slip faults (Fig. 4m, n).
Moreover, along the NE-SW to ENE-WSW fault surfaces the
reverse motions predated left-lateral strike-slip ones.

(3) The ENE-WSW left-lateral strike-slip faults are cut by NW-SE
faults that dip at intermediate angles toward the SW (Fig. 40),
in the case the latter have been activated as extensional oblique
to normal faults. Several of these NW-SE extensional faults
juxtapose Neogene sediments against basement rocks. The
ENE-WSW strike-slip faults are also cut by the NNW-SSE to
NNE-SSW oblique normal and normal faults.

(4) The NW-SE oblique to normal faults and the NNE-SSW to
NE-SW left-lateral oblique extensional faults were cut by the
ENE-WSW to WNW-ESE normal faults, with the latter usually
bounding Quaternary filling basins and morphological depres-
sions.

(5) The high-angle ENE-WSW to WNW-ESE striking normal faults
cut the low-angle ENE-WSW striking faults (Tranos et al., 2006).

4. Methods for kinematic and paleostress analyses

Since the 1970s a variety of methods have been proposed in
order to reconstruct paleostress states from field measurements
of fault striations on fault planes and their succession (e.g., see
Lacombe, 2012; Célérier et al., 2012 for a recent state of the art
and a critical discussion of assumptions and limits of paleostress
reconstructions). Most of these methods assume that the sampled
faults are homogeneous, i.e., slipped independently in a homoge-
neous stress field and that the recorded slickenlines represent the
direction of maximum shear stress on the fault plane. However, it
is common in nature for fault-slip data to be heterogeneous, i.e.,
they result from more than one applied stress tensor.

In general, the methods for analyzing and separating stress ten-
sors from heterogeneous fault-slip data can be roughly grouped
into three main procedures (Liesa and Lisle, 2004): manual proce-
dures, semiautomatic procedures that minimize a given parameter,
and automatic procedures based on attributes of faults. The manual
procedures are based on graphical representations of the results,
which are used to differentiate stress tensors. Some of the graphical
procedures, such as the Right Dihedra (Angelier and Mechler, 1977)
and Right Trihedra (Lisle, 1987, 1988) methods, allow the recogni-
tion that data are heterogeneous, but do not allow the definition of
the full parameters of the related stress tensors. On the other hand,
the graphical y-R diagram method (Simén Gémez, 1986) and its
modification by Fry (1992) as well as the methods of Fry (1999)

and Yamaji (2000) permit the separation of the stress tensors. In
addition, the recently proposed graphical TR method permits the
separation of the heterogeneous fault-slip data and the definition
of the full parameters of the stress tensors with the aid of a stress
inversion method (Tranos, 2012, 2013).

The second category of procedures comprises numerical meth-
ods that automatically minimize some parameter, usually the sum
of the angular misfits (differences between theoretical striae pre-
dicted from some trial tensor and the actual striation), to search for
the best tensor to fit the faults and then analyze the remaining non-
fitting faults to search for other tensors. Although these inversion
methods are automatic, the separation of different stress tensors
and therefore the separation of natural field data into homoge-
neous fault-slip data need to be carried out manually, so that they
can rather be considered as semi-automatic procedures for sep-
arating stress tensors. Methods that use this approach are those
proposed by Etchecopar et al. (1981), Armijo et al. (1982), Angelier
(1979, 1984), and Galindo-Zaldivar and Gonzélez-Lodeiro (1988)
amongst others. It is clear, however, that (a) a mixed stress tensor
could be defined by these iterations, (b) several fault-slip data could
be compatible with more than one calculated stress tensors, and (c)
the first iterations contain much more fault-slip data than the suc-
ceeding ones and therefore are more robust taking into account the
percentage of the fault-slip data included.

In the third category of procedures, an automatic separation
of homogeneous data sets is performed from heterogeneous data,
but fault-slip data are separated before the inversion process takes
place, e.g., the cluster separation procedure proposed by Nemcok
and Lisle (1995). In this method, the striation data of each fault are
checked for compatibility with a large number of tensors.

The evaluation of the reliability of methods for separating pale-
ostress tensors from heterogeneous fault-slip data by Liesa and
Lisle (2004) suggests that attempts to design a fully automatic sep-
aration procedure for distinguishing and separating homogeneous
data sets from heterogeneous ones will be unsuccessful because
the researcher will always be required to take some part in the
correct choice of the tensors. In this sense, they consider that addi-
tional structural data such as geometrical characteristics of the
faults (e.g. conjugate or quasi-conjugate Andersonian systems),
stylolites or joints/veins will be very useful for the correct sep-
aration of stress tensors from fault-slip data. However, to define
real conjugate or quasi-conjugate Andersonian fault systems in a
multi-deformed terrain is by itself a very difficult task since this
geometry can be apparently the composite result of different fault-
ing events.

For this reason, a different approach to separate the fault-slip
data is followed herein and it is based on the use of the contraction
(P) and extension (T) kinematic axes (Marrett and Allmendinger,
1990). The idea is that heterogeneous fault slip data can be sep-
arated into homogeneous groups by taking into account their
kinematic compatibility. The resolved stress tensors from these
homogeneous fault slip groups can subsequently be used in order
to define the stress regimes that have been applied to the region.

In particular, by subdividing the Pand T axes of the fault-slip data
in different groups taking into account their orientation, and defin-
ing all the possible P-T pairs we can define fault-slip data groups
that are characterized by a kinematic compatibility. If the fault-
slip data that were included in a P-T group are more than four
then they can be used for the determination of a stress tensor with
the use of a stress inversion method. The resolved stress tensors
from the fault-slip data of these P-T groups are examined taking
into account their vertical stress axis (assuming an Andersonian
stress regime), the trend of the horizontal stress axis and the stress
ellipsoid shape ratio with the goal to evaluate if they define sim-
ilar stress regimes as those recognized by Tranos et al. (2008). In
that case, the resolved stress tensors of the P-T pairs define similar
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Fig. 5. Stereographic projection (equal area, lower hemisphere) of (a) the P-axes of all fault-slip data, (b) the T-axes of all fault-slip data, (c) and (d) the different P-axes and
T-axes groups (labeled P1,...,P9 and T1,...,T11 respectively) as defined in the present study.

stress regimes then new stress tensors are resolved after merging
the fault-slip data belonging to these P-T pairs.

The approach proposed hereinafter, which combines manual
(graphical) and semi-automatic (numerical) step-by-step proce-
dure, was applied to the whole fault-slip data population (N=207)
recorded in the field. It uses the orientation of the kinematic
shortening (P) and extension (T) axis of each fault-slip datum to
subdivide the whole fault-slip population into different groups,
but not in a manual manner as traditionally used by previous

researchers, but in an automatic and consequently in a more
objective way. The P-T axes, although familiar to seismologists,
are fundamentally kinematic in nature, representing the princi-
pal axes of the incremental strain tensor for the fault (Marrett and
Allmendinger, 1990). Each pair of axes lies in the ‘movement plane’
containing the slip vector and the normal to the fault plane and
each of them makes an angle of 45° with the slip vector.

The P and T-axes were separately projected in a lower-
hemisphere equal area stereonet with the use of the StereoNett
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Table 1

The fault-slip data population (N=207) used in this analysis, the trend and plunge of the defined Pi and Ti groups, i=1, 2,... subgroups. It is also shown with N the number
of the fault-slip data included in the P- and T-axes groups as well as the percentage (%) of the whole population each group contains respectively.

N=207 P1(165-66) P2(010-00) P3(330-66) P4(053-15) P5(236-48) P6(105-54) P7(024-54) PS(333-18) P9(150-36)
N 59 43 30 19 19 11 10 7 4
% 28.5 20.8 14.5 9.2 9.2 5.3 4.8 34 1.9
N=207 T1(110-21) T2(055-21) T3(294-33) T4(111-69) T5(162-30) T6(010-21) T7(216-30) T8(319-15) T9(261-06) T10(251-57) T11(026-69)
N 47 28 26 22 20 24 15 8 6 5 5
% 22.7 135 12.6 10.6 9.7 11.6 7.2 3.9 2.9 24 2.4

Table 2

A1, A2,...,A16 are the PT-PKG defined by the combinations of the P and T axes of Table 1 that include at least four fault-slip data. The included fault-slip data are shown in

the brackets.

N=207 P1(155-66) P2(010-00) P3(330-66) P4(053-15) P5(236-48) P6(105-54) P7(024-54) P8(333-18) P9(150-36)
TI(110-21) A1(5) A5(17) A8(7) 2 A12(10) 0 A14(5) 1 0
T2(055-21) A2(15) 1 A3(6) 0 3 0 0 2 1
T3(294-33) A3(13) AB(6) 0 3 1 2 0 0 1
T4(111-59) 0 A7(14) 0 2 2 0 0 A16(4) 0
T5(162-30) 1 0 A10(14) 3 1 0 0 0 0
T6(010-21) A4(21) 0 0 0 1 1 0 0 0
T7(216-30) 0 0 3 1 0 A13(6) A15(4) 0 1
T8(319-15) 2 0 0 A11(5) 0 1 0 0 0
T9(251-06) 2 3 0 0 0 0 1 0 0
T10(251-57) 0 1 0 3 0 1 0 0 0
T11(026-69) 0 1 0 0 1 0 0 0 1

computer program (Duyster, 2000) (Fig. 5). The P-axes that lie
around the highest concentration of the P-axis diagram with a
threshold (or cut-off) angle of 30° were picked up and extracted
from the initial population forming a P1 group, the mean value
of which can be estimated. After the extraction of the P1 poles
from the initial population, the same procedure was repeated on
the nested diagram of the P-axes in order to define the next P2
group and from this step-by-step repetition we entirely separate
the whole population of the P-axes into different groups Pi, i=1,
2, 3,...,n. This process outlasts until the remaining poles of the P
axes could not form a group with more than four poles. We also
accomplished the same procedure for the T-axes. More precisely,
from the T-axes diagram we separate the T-axes into Tj, j=1, 2,
3,...,n, until the remaining poles of the T-axes could not form a
group with more than four poles. The last limitation relates to the
stress space, i.e., at least four differently oriented fault-slip data are
needed for the calculation of the stress tensor (Etchecopar et al.,
1981).

Table 3

In our case, nine groups of P-axes describing 97.6% and eleven
groups of T-axes describing 99.5% of the whole fault population,
respectively (Table 1) have been defined by the aforementioned
procedure (Fig. 5). They theoretically describe 9 x 11 =99 different
combinations or groups of PiTj axes (Table 2). However, from all the
possible PT combinations, only sixteen, namely herein ‘PT-Proper
Kinematic Groups’ (PT-PKG) contain more than four fault-slip data
and therefore only from them a best-fit stress tensor can be calcu-
lated (Table 3) with the use of any stress-inversion technique. We
use herein for the calculation of the best stress tensor, the Tensor
computer program (Delvaux, 1993).

The Tensor computer program as developed by Delvaux (1993)
and described by Delvaux and Sperner (2003) defines the best
stress tensor of the fault-slip data taking into account the slip
sense. It computes the four parameters of the reduced stress ten-
sor, as defined in Angelier (1979, 1991), i.e., the principal stress
axes: o1 (maximum compression), o, (intermediate compression)
and o3 (minimum compression) and the stress (ellipsoid shape)

The best-fit stress tensor as defined with the Tensor computer program (Delvaux, 1993) of the PiTi combinations that contain more than four fault-slip data (i.e., PT-PKG or
PT-Proper Kinematic Groups). n: total population of fault-slip data of group, nt: the number of data used in the stress inversion, o1 : maximum stress axis, o : intermediate
stress axis, o3: minimum stress axis, R: stress ratio (o, —03)/(01 — 03), a°: minimization of deviation angles between observed and predicted slips on fault planes, stress

regime as defined by Tranos et al. (2008).

TENSOR PT_PKG N nt o1 (o) o3 R V.AKIS a° Stress regime D* Stress regime T* Rank
T-A1 Al 5 5 233-61 012-21 109-19 0.21 o 5.76 RE RE-PE E
T-A2 A2 15 15 161-64 312-22 047-11 0.32 o1 9.73 PE RE-PE B
T-A3 A3 13 13 190-63 049-13 314-13 0.23 o1 3.42 RE RE-FE C
T-A4 A4 21 20 176-30 273-01 003-10 0.25 o1 3.12 PE RE-PE B
T-A5 A5 17 17 011-13 239-70 104-14 0.53 2} 13.63 55 55 C
T-A6 A6 6 6 214-12 107-56 311-32 0.5 2} 1.5 55 55 D
T-A7 A7 14 14 013-16 277-17 144-67 0.41 o3 9.49 PC PC C
T-A8 A8COR 4 4 315-45 045-00 135-45 0.43 - 3.05 OBLIQUE - E
T-A9 A9 6 6 331-60 149-30 240-01 0.52 o1 513 PE PE D
T-A10 A10COR 11 11 325-72 071-05 162-13 0.35 o1 3.19 PE RE-PE C
T-A11 All 5 5 045-03 149-76 315-13 0.53 (e} 7.26 55 55 E
T-A12 A12COR 7 7 310-33 201-00 111-02 0.53 o1 113 PE PE D
T-A13 A13 6 6 094-59 312-25 214-17 043 o1 7.12 PE PE D
T-A14 A14COR 4 4 355-32 233-36 114-33 0.2 - 3.27 OBLIQUE - E
T-A15 A15 4 4 044-63 302-06 203-26 0.19 o1 217 RE RE-PE E
T-A16 Al6 4 4 354-23 251-24 123-52 0.65 o3 3.27 PC PC-RC E
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Fig. 6. Stereographic projection (equal area, lower hemisphere) of the PT_.PKG groups as defined in SW Bulgaria. Dashed circle indicates the excluded fault slip data due to

field observations (see text for an explanation).

ratio R=(o0, — 03)/(01 —03). The first four parameters are deter-
mined using an improved version of the Right Dihedron method
of Angelier and Mechler (1977), and step-by-step redefined by the
rotational optimization method.

In addition, an important characteristic of the state of stress is
the stress regime, which is determined as extensional when o is
vertical, strike-slip when o, is vertical and compressional when
o3 is vertical and further subdivided upon the stress ratio R (e.g.,
Delvaux et al., 1997; Tranos et al., 2008).

Prior to the calculation of the stress tensors, the fault-slip datain
every PT-PKG (Fig. 6) have to be examined if they satisfy the prin-
cipal assumption of every stress-inversion method, i.e., that the
fault-slip data in the PT-PKG were simultaneously activated. This
examination can be done by a careful check with the aforemen-
tioned field cross-cutting and overprinting observations. Therefore,

a PT-PKG is considered to be acceptable if its fault-slip data do
not contradict each other taking into account the above mentioned
field criteria. Whenever a PT-PKG contains few fault-slip data that
according to the field criteria contradict to each other, the PT-PKG
has to be corrected by removing the contradictory fault-slip data
that are less in number. In the case, the nested group contains
more than four fault-slip data a new group named PT-PKG-COR
is taken into account. In turn, if the removed fault-slip data are
more than four in number, they can form themselves a new PT-
PKG-COR.

In our case, from the sixteen initial PT-PKGs, four groups, i.e.,
A8, A10, A12 and A14, contain fault-slip data that might not fit to
each other taking into account the field observations. In particular,
the faults in the A8 and A10 because of the reason 5 of Section 3.3,
the faults in the A12 because of the reason 3 of the Section 3.3, and



M. D. Tranos, O. Lacombe / Journal of Geodynamics 74 (2014) 32-55

veighed

0 frequency x ueight 3

Ueighed
S LOWER
nt= 20
e
st: 80176
s2: 01273
(@] 3: 10,003

r (SN

°

A4

O frequency x ueight 7

0 frequency x ueight 4

Ueighed
S LOUER

Qi 16013 Qi asats
sz: 17727 s2: 00,045

R,
Rank : E

alphac®)

°

0 frequency x ueight

ueighed

nt= 4

st 358
52 26/255 -
[ 3: 53125
R, a®: .65 2.45
Rank : E
Pure COMPRESSIVE
alphac®)
-
60
30
°

0 frequency x ueight 3

Veighed

g S1: 68,190
s2: 18,049
[ s3: 13/314
R, a*: .23 8.4z

ank : C
Radial EXTENSIVE
alpha(®)

.
pr——— A3

st 12214
s2: 56107

[ s3: 32311

Koa: 5 15

Rank : D

Pure STRIKE-SLIP

alphac*)

2
El

o0
0
1

©  frequency x ueight S

)

Q st soaat
s2: 30/149

g S1: 88/310
s2: 00/201
(o] s3: 02/111
R, a%: .53 11.3

Rank : D
Pure EXTENSIVE
alphac*)

43

A16

Fig. 7. The best stress tensors of the A1, ...,A14 PT-PKG of the study area calculated with the use of the Tensor program (Delvaux, 1993). Bar histogram indicates the misfit
angle between the theoretical and real slip vector of the fault-slip data and for the accepted solution it is less than 30° for each fault-slip datum and less than 15° in average.
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Table 4

The best-fit stress tensor as defined with the Tensor computer program (Delvaux, 1993) of the PT-M_PKG. Symbols as in Table 3.
TENSOR M_PKG N nt o1 oy o3 R V.AXI5 a° Stress regime D* Stress regime T* RANK
T-B1 A7A16 13 13 009-13 274-13 133-67 0.56 03 9.5 PC PC C
T-B2 A5A6A11 23 21 026-12 177-76 295-06 0.22 (<5} 11.75 compSS SS-TRP B
T-B3 A3CORA14COR B 3 333-42 232-13 123-45 0.4 - 6.39 OBLIQUE - 0
T-B4 A1A3A12COR 25 24 207-70 CC-zC 05-309 0.16 o1 9.97 RE RE-PE B
T-B5 A2A9A13A15 31 25 116-73 314-17 223-06 0.13 o1 10.39 RE RE-PE B
T-B6 A4A10COR 32 30 103-90 272-00 002-00 0.02 o4 3.53 RE RE A

the faults in the A14 because the E-W high-angle extensional faults . ) Similarity . . .

are considered to represent younger activations than the NNW- <5 > = = ) & S 2 2 d s

SSE right-lateral strike-slip faults, especially when the latter are of
low-angle dips (Fig. 6).

As a result, new corrected PT-PKG-COR are defined from these
which are labeled ASCOR, A10COR, A12COR and A14COR (Table 3).
Finally, the accepted PT-PKGs are sixteen in number and they gather
approximately 70% of the whole population of the fault-slip data.
Based on overprinting criteria among the different fault-slip data,
the following relative chronological order among the PT-PKGs are
established: (1) A2>A4, (2) A5>A15, (3) ASCOR> A9, (4) A5>A13,
(5)A13>A4,(6) A11>A12COR, (7) A7>A5, (8) A5>A2,(9) A6>A2,
(10) A5> A9, with [>] =[older than].

From the sixteen PT-PKGs we subsequently calculate sixteen
stress tensors and stress regimes that are labeled T-A1,...,T-A16
(Fig. 7; Table 3).

In order to increase the number of the fault-slip data from
which a stress tensor is calculated, we further combine the PT-
PKGs groups upon the similarities their calculated stress tensors
T-Al,...,T-A16 present. There are several possible alternative
strategies for using the data on pair-wise similarities to decide on
the division of the sample into sub-groups or clusters (see Everitt,
1980, pp. 23-58). In our case, the procedure which has been used is
the pair-group method of the pair-wise clustering analysis and the
Euclidean distribution taking into account parameters of the stress
tensors such as: (a) the vertical axis, (b) the stress ratio, and (c) the
trend of the horizontal stress axis. It has been accomplished with
the PAST software (Hammer et al., 2001) and the clustering results
in the following merging cases (Fig. 8): (a) A7 and A16, (b) A5, A6
and A11, (c) A1, A3 and A12COR, (d) ASCOR and A14COR, (e) A2,
A9, A13 and A15, (f) A4 and A10COR which form the P-T ‘Merged
Proper Kinematic Groups’ (M-PKGs).

The calculated stress tensors from the M-PKGs are the T-B1,
T-B2,...,T-B6 respectively containing approximately 60% of the
whole fault-slip data population. They are fairly considered as
acceptable solutions (Fig. 9 and Table 4) taking into account a
misfit angle between the theoretical and real slip vector of the
fault-slip data less than 30° for each fault-slip datum and less
than 15° in average. The T-B1 and T-B2 tensors define a NNE-SSW
compressional stress regime with thrusts and strike-slip faults,
respectively. The T-B3 and T-B4 stress tensors define a NW-SE
extension, but their main difference is that the former activated
low-angle faults, whereas the latter activated high-angle faults.
However, the T-B3 stress tensor is not well constrained because
the fault-slip data do not have a high variability in orientation.

TA8
A4
TA2
TA1
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TA4
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T
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i3
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:

LGp
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Fig. 8. Division of the T-A1, ..., T-A16 tensors into sub-groups or clusters using the
pair-group method of the pair-wise clustering analysis and the Euclidean distribu-
tion as provided by the PAST software (Hammer et al., 2001). The division is based
on parameters such as (a) the vertical stress axis, (b) the stress ratio, and (c) the
trend of the horizontal stress axis.

Finally, the T-B5 and T-B6 tensors define NE-SW and N-S extension
respectively, with the former activating high angle faults striking
NW-SE and the latter high angle faults striking E-W.

Although the available tectonostratigraphic criteria are not suf-
ficient to unambiguously constrain the age of the faulting events
and related stress tensors, the sequence of faulting could be estab-
lished from the field cross-cutting and overprinting criteria. As a
result, the relative chronological order among the different stress
tensors is T-B1 to T-B6 from older to younger.

A next step is to enhance the M-PKGs with the fault-slip data
that have not yet been incorporated in the above described pro-
cedure. On doing this, we discriminate the latter upon the fault
type, e.g., thrusts (pt > 60°), strike-slip faults (pt < 30°), oblique-slip
extensional faults (30° <pt <60°), and thus these fault-slip data
are included into the different M-PKGs (Table 5). Since there are
four different stress tensors, i.e., T-B3, T-B4, T-B5 and T-B6 that
define extension, the further subdivision of the extensional faults
has to be done using the trend of their T-axis. However, prior to
the use of these enhanced groups which are named here ‘Enhanced
Proper kinematic groups’ E-PKGs, we have to exclude from them the
faults that according to field criteria do not satisfy the simultaneous
assumption.

Table 5

The best-fit stress tensor as defined with the Tensor computer program (Delvaux, 1993) of the PT-E_PKG. Symbols as in Table 3.
TENSOR E_PKG N nt o1 03 o3 R V. AXIS a Stress STRESS Rank

regime D* Regime t*

T-C1 T-B1+-T 23 23 010-13 275-17 135-63 0.56 o3 9.5 PC PC E
T-C2 T-B24-SS 23 23 027-14 166-72 294-11 0.22 a2 11.69 compSS SS-TRP D
T-C3 T-B3-HEXT NW 11 11 333-45 234-09 135-44 0.33 - 6.79 OBLIQUE - C
T-C4 T-B4-HEXT NW 31 31 204-75 039-15 303-04 0.16 ol 9.34 RE RE-PE E
T-C5 T-B5-HEXT NE 31 31 119-73 314-17 223-05 0.2 al 11.1 RE RE-PE E
T-C6 T-B6-i-EXT-N 32 32 223-33 036-01 356-01 0.01 al 3.97 RE RE A
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Fig.9. The best stress tensors of the A1, .. .,A14 PT-M_PKG of the study area calculated with the use of the Tensor program (Delvaux, 1993). Small inset rose-diagram indicates

the strike of the faults in each stress inversion solution.

The E-PKGs give tensors that labeled T-C1 to T-C6 (Fig. 10)
and in comparison with the T-B1 to T-B6 do not present signif-
icant changes in the orientation of the principal stress axes. The
total number of the fault-slip data that have been resolved from
these tensors are approximately 73% of the field recorded fault-slip

data.

Finally, the resulting stress tensors were applied on the whole
recorded fault-slip data with the goal to define which other fault-
slip data can be dynamically explained by these stress tensors

without taking into account their slip tendency as introduced by
Morris et al. (1996). This procedure can indicate not only which
faults are dynamically compatible with each of the stress tensor,
but to which degree a statistically defined best-fit stress tensor
can be defined by the application of the stress inversion meth-

ods.

The solutions are shown in Fig. 11 and the interesting issue
is that all the extensional stress tensors that are characterized
by a small stress ellipsoid shape ratio can dynamically activate a
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Fig. 10. The best stress tensors of the PT-E_PKG of the study area with the use of the Tensor program (Delvaux, 1993). Small inset rose-diagram indicates the strike of the

faults in each stress inversion solution.

very large number of faults. In particular, the application of the
two T-C5 and T-C6 tensors to the whole fault population (N=207)
(Fig. 11e, f) clearly indicates that the direct application of a stress
inversion method on a large number of fault-slip data could not
necessarily define the real stress tensor. The reason for this is
that the stress inversion method is defining a statistically accepted
stress tensor for most of the normal faults and may result in a
resolved stress tensor with stress shape ratio close to zero. Indeed,
although the least principal stress axes of these two stress tensors
trend at different directions, the low value of the stress ellipsoid

shape ratio allows switching of the intermediate and least princi-
pal stress axes so that both tensors can activate a large number of
faults.

5. Results: deformational events and related states of
paleostress

The above analysis points to five deformational events namely
here D1, D2, D3, D4 and D5, which have deformed the area since
the Latest Oligocene.
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Fig. 11. The application of the PT-E_PKG stress tensors to the whole recorded fault population with the use of the Tensor program (Delvaux, 1993). The application indicates
which fault-slip data can be activated by them. (a) T-C1, (b) T-C2, (c) T-C3, (d) T-C4, (e) T-C5 and (f) T-C6. Notice the large number of fault-slip data that can be activated both

by T-C5 and T-C6; see text for explanation. Small inset rose-diagram indicates the strike

As aresult, they can be described as follows:

5.1. D1 (PC) event (Late Oligocene-Earliest Miocene)

This event is the oldest recognized brittle faulting event in the
study area. It mainly activated WNW-ESE to NW-SE striking reverse
faults to right-lateral oblique faults, and ENE-WSW striking left-
lateral oblique-reverse faults (Fig. 10a).

of the faults in each stress inversion solution.

The calculated T-C1 stress tensor has maximum principal stress
axis (01 ) plunging to the N (010°-13°), intermediate principal stress
axis (o) plunging gently to the W (275°-17°), least principal stress
axis (o3) plunging at high angles toward SE (135°-68°) and a stress
ratio R equal to 0.56 (Table 5). The R value and the nearly verti-
cal attitude of the o3 axis favors a pure compression (PC) stress

regime. Strain compatibility (slip in the intersection of the fault

surfaces; see Marrett and Allmendinger, 1990) between the differ-
ently oriented activated faults is well observed. The latter advocates
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that: (a) the majority of the fault-slip data could be attributed to
activation of medium to high-dipping lateral ramps formed along
with less exposed low-angle frontal ramps directed to SSW, and
(b) the SSW transport direction is well constrained by the major-
ity of the fault-slip data the slip vectors of which trend NNE-SSW
(~020°). The application of the enhanced stress tensor T-C1 (pure
compression) to the whole fault population (Fig. 11a) shows that
some NW-SE to N-S trending and NE-SW trending faults can also
be activated as right-lateral strike-slip faults and left-lateral strike-
slip faults, respectively. D1 event is constrained as old as Late
Oligocene because D1-structures affect the Osogovo granite (Fig. 4a,
b, ¢), the crystallization of which was dated radiometrically in
Middle Oligocene (30.6 + 1.6 Ma, Graf, 2001). In addition, such a
compression is shown in the geological map-sheets of Blagoev-
grad (Marinova and Zagorchev, 1990a) and Kyustendil (Zagorchev,
1991) to affect the Eocene-Oligocene sediments exposed in the
region between the Kyunstendil and Dupnitsa towns. In particu-
lar, these clastic rocks are folded dipping either toward NE or SW
with common angles of 30° and at several places their contact with
the crystalline rocks of Frolosh Formation or Struma Diorites is a
thrust bringing the latter rocks over the Oligocene sediments as
indicated by drilling project (see Fig. 5 of Zagorchev, 1992). At the
contact between the marbles and the Oligocene sediments (loca-
tion 10 shown in Fig. 1b) such reverse fault surfaces (Fig. 4p) dipping
toward the NE, i.e., the basement side have been observed. If we
consider that the basin inversion dated by Graf (2001) at 25Ma
was the result of the D1 event, then the D1 event onsets in the
Latest Oligocene. This conclusion is also supported by the fact that
similar end of sedimentation, erosion and basin inversion that was
related with a compression of the region has been also reported for
the same period in the Eastern Thrace basin and Saros Gulf (Saner,
1985; Goriir and Okay, 1996; Turgut and Eseller, 2000) as well as
in the North Aegean Trough (Roussos, 1994; Tranos, 2009; Kilias
etal, 2013).

The D1 structures do not affect the Neogene sediments
(Zagorchev, 1992; Tranos et al., 2008) and therefore D1 event
predates the onset of Sarmatian sedimentation. Further south, in
Central Macedonia of Northern Greece and North Aegean similar
N-S compression has been reported to affect the basement rocks
in Late Oligocene-Early Miocene times (Tranos, 1998, 2009, 2011;
Tranos et al., 1999, 2009; Georgiadis et al., 2007) under a trans-
pressional stress regime. In terms of strain, where the orientation
of shortening or extension axis and the geometry and kinemat-
ics of the structures is taken into consideration the deformation
can be described as pure shear dominated oblique contraction
taking into account that the o7 axis is close to the shortening
axis.

5.2. D2 (SS-TRP) event (Early-Middle Miocene)

D2 event activated faults striking NE-ENE as left-lateral strike-
slip faults and faults striking NNW-N as right-lateral strike-slip
faults (Fig. 10b), facilitating the quasi-conjugate faulting. The cal-
culated T-C2 stress tensor has a vertical o, axis and a stress ratio
R=0.22 that suggests a strike-slip-transpression (SS-TRP) stress
regime. The o axis of the stress regime is horizontal trending NNE-
SSW (027°) and the least principal stress axis (o3) trends NW-SE.
Thrusting does not outlast this stress regime. The application of
the T-C2 stress tensor to the whole fault population is shown in
(Fig. 11b). The geometry and kinematics of the structures suggests
that the deformation in terms of strain can be described as wrench
dominated oblique contraction.

Tranos et al. (2008) constrained this event in Early-Middle
Miocene, and more precisely before the Pontian since it affects
sedimentary rocks as young as those of the Meotian Chernichevo

Formation of the Simitli basin. Similar age has been constrained
farther southwards in the Strymon basin (Tranos, 2011).

5.3. D3 (PE and PE-RE) event (Middle-Late Miocene)

Two different stress tensors T-C3 and T-C4 with a common least
principal stress axis (03 ) trending along NW-SE define the D3 defor-
mational event.

The first tensor (T-C3) (Fig. 10c) with stress ratio R=0.38, and
the greatest and least principal stress axes in oblique position, acti-
vated NW-dipping low-angle extensional faults and SW-dipping
low-angle right-lateral strike-slip faults. The oblique position of the
principal stress axes departs from the Andersonian mode of fault-
ing (Anderson, 1951), but this results from the fact that the used
fault-slip data are not kinematically independent on each other.
Because of this, the resolved stress tensor T-C3 could not be con-
sidered as a reliable one.

In broader sense, these fault surfaces are similar in orientation
with the large extensional shear zone of the “Gabrov Dol ductile
normal fault” as the latter has been mapped by Bonev et al. (1995)
and has been interpreted to result by a post-Middle Cretaceous to
pre-Middle Oligocene extension. The mechanical feasibility of the
activation of low-angle extensional faults is a matter of debate (see
Collettini, 2011; Lacombe et al., 2013). These authors argue that
although geological observations indicate that the low-angle faults
are common in extensional environments the particular conditions
that can explain both their initiation and movement cannot be eas-
ily met in nature. Low-angle extensional faults trending NE-SW
have been reported in Northern Greece to affect the metamorphic
rocks, but also the Oligocene molasse-type sediments due to an
NW-SE extension dated Middle-Late Miocene (Tranos, 2009, 2011).
In any case, the small number of the D3 low-angle faults in SW
Bulgaria along with their vague dating, perhaps, implies that these
low-angle fault surfaces represent a limited reactivation of the Early
Tertiary detachment faults.

On the other hand, assuming that the later T-C4 tensor (Fig. 10d)
has stress axes orientations that satisfy the Andersonian mode of
faulting and that its intermediate principal stress axis o5 is in com-
mon position (subhorizontal trending NE-SW) with that of T-C3
tensor implies that they were initially high-angle faults of the T-C3
tensor and that their present attitude might result from their tilting
of about 40° around the intermediate o, axis.

The T-C4 tensor with R=0.16 suggests a radial-pure extension
(RE-PE) stress regime and it activates high-angle faults, the strike of
which varies from N-S to NE-SW. Similar structures (i.e., D3 struc-
tures) in the basinal sedimentary rocks of the Simitli basin and the
Strymon basin in Northern Greece have been attributed to a syn-
Meotian-earliest Pontian deformation event (Tranos et al., 2008;
Tranos, 2011).

In addition, the application of the T-C3 and T-C4 stress tensors to
the whole fault population is shown in Fig. 11c, d respectively. The
NW-SE trending faults with gentle dips to the SW and strike-slip
kinematics are dynamically compatible with the T-C3 tensor; a fact
that fits well with that has been defined for them in the field, i.e.,
functioning as apparent strike-slip faults. Although, a quite large
number of faults with a high dispersion in orientation is dynam-
ically compatible with the T-C4 stress tensor showing that the
inherited fault pattern played a significant role on the faulting of
the region during this event, the strike rose- diagrams (Fig. 11¢, d)
indicate that the NE-SW to ENE-WSW faults are dynamically the
most admissible for activation.

5.4. D4 (PE-RE) event (Late Miocene-Pliocene)

D4 event caused the activation of faults with strike that varies
from WNW-ESE to NNW-SSE as oblique normal faults to normal
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faults. The more different the fault strike from the NW-SE direc-
tion, the more oblique the displacements on them. The calculated
T-C5 stress tensor (Fig. 10e) has o vertical, o3 horizontal trending
NE-SW (043°) and a stress ratio R=0.2 so as to define a radial to
pure extension (PE-RE) stress regime similar with the RE-PE stress
regime of the previous D3 deformational event, except the fact that
the least principal stress axis (o3) trends normal to the previous
one. Nonetheless, this reveals the difficulty one has to discrim-
inate these faults only by following blindly the stress-inversion
techniques. This event is dated in Late Miocene-Pliocene times
by interrelating the geometry and kinematics of these faults with
those that bound and developed the Strouma graben system. The
application of the T-C5 stress tensor to the whole fault population is
shown in (Fig. 11e) and indicates that dynamically compatible with
it are mainly the faults trending WNW-ESE, NW-SE and NE-SW and
less the faults trending ENE-WSW.

5.5. D5 (RE) event (Lower Pleistocene-Present)

The D5 event is defined by the T-C6 stress tensor (Fig. 11) which
has a vertical o4 axis, o3 horizontal trending N-S and stress ratio
R=0.01. As aresult, it is a truly radial extension (RE) stress regime
activating mainly high-angle normal faults the strike of which could
vary about 30° around E-W. In addition, the application of the T-C6
stress tensor to the whole fault population is shown in (Fig. 11e)
and indicates that the most compatible faults with this tensor are
the ENE-WSW.

The fact that these faults (1) cut the NW-SE fabric made up by
the NW-SE normal faults and the similarly trending basins and
(2) bound E-W trending basins that filled up with Quaternary
sediments constrains their age in Quaternary times. These faults
(Fig. 2a) have been already described as seismically active faults
related to the N-S extensional contemporary stress field that pre-
vails in SW Bulgaria (Tranos et al., 2006), and is responsible for
several earthquakes over the last century (e.g., Meyer et al., 2002,
2007; Kotzev et al., 2006; Papadimitriou et al., 2006, etc.). In partic-
ular, the P-B-T axes defined with the aid of Win_Tensor software
from the focal mechanisms of the earthquakes shown in Fig. 2b
(black rhomps; data from Kotzev et al., 2006) clearly yield an N-S
extension for the contemporary stress regime in the host region; a
fact that fits well with the World stress map (Heidbach et al., 2010).

6. Discussion of results and regional implications

The Tertiary deformation history of the hinterland part of the
Hellenic and Balkan orogen has been challenged by several geo-
scientists that have proposed different evolutionary schemes to
explain the pervasive exhumation tectonics that followed large-
scale thrusting (see Burg, 2012 and reference therein). Of great
importance in this history is the recognition of several gneiss domes
limited by detachment faults which have been interpreted as meta-
morphic core complexes due to a Cenozoic extension. In particular,
such core complexes and detachment faults have been recognized
in the Kraishte zone and Western Rhodope Massif of West Bulgaria
(Bonev et al., 1995; Graf, 2001; Kounov et al., 2004; Peychev et al.,
2012), in Eastern Rhodope Massif of Thrace (Mposkos and Krohe,
2000; Bonev et al., 2006) and in the Southern Rhodope Massif of
central Macedonia (Dinter and Royden, 1993; Sokoutis et al., 1993).

Based on the above mentioned studies the hinterland part of the
Hellenic and Balkan orogen is usually considered as having under-
gone continuous extension from the latest Cretaceous until today. It
is important to mention that these studies in their majority focused
either on defining the geometry and kinematics of the gneiss domes
by studying mainly the ductile deformation in their internal part or

on the detachment faults that were considered to play a significant
role on the exhumation of these gneiss domes.

However, the studies in the Bulgarian domain rather suggest
that the deeper levels of continental crust were exhumed and
gneiss domes were formed in response to syn-orogenic extension.
This extension started in Late Cretaceous but did not outlast the
Oligocene times: evidence are provided by the deposition of post-
detachment Oligocene shallow-marine sediments and by the rocks
of the accompanying widespread magmatic activity that cut across
or sealed the detachment faults (Bonev et al., 2006; Georgiev et al.,
2010). On the other hand, the studies in the Greek domain that
mainly dealt with the Southern Rhodope metamorphic core com-
plex are more controversial and suggest that this core complex was
formed due to a NE-SW extension that started either in Miocene
times (Dinter and Royden, 1993; Dinter, 1998; Wawrzenitz and
Krohe, 1998; Tranos, 2009, 2011) or in Eocene-Oligocene times
(Kilias and Mountrakis, 1990; Kilias et al., 1999; Burchfiel et al.,
2000, 2003; Kounov et al., 2004; Brun and Sokoutis, 2007). It is
worth mentioning that there are significant controversies among
the studies, especially those dealing with the period of activation
of the detachment faults. For example, Burchfiel et al. (2003) argue
for an Eocene-Oligocene onset of extension on the basis of the
study of the Mesta half-graben and its detachment and consider-
ing that this fault is part of a larger extensional system that also
includes the Miocene Strymon Valley detachment fault. In con-
trast, Georgiev et al. (2010) and Peychev et al. (2012) argue that
the Mesta detachment was activated in Eocene-Oligocene times
but not later and thus it has no structural relationship with the
Strymon Valley detachment fault. According to these authors the
Mesta detachment was cut by the Strymon Valley detachment in
Miocene. Georgiev et al. (2010) placed without any further clue a
phase of relative tectonic quiescence between the Early Tertiary
syn-orogenic and the Middle-Late Miocene post-orogenic exten-
sion. On the other hand, relatively older studies, i.e., Moskovski
(1968a,b, 1969), Moskovski and Harkovska (1973), as well as more
recent ones suggest that a contraction event affected the hinterland
in Late Oligocene-Early Miocene times (Zagorchev, 1992; Tranos
et al., 2008, 2009; Tranos, 2011). An intriguing issue is that the
activation of the Nestos Shear Zone in the Rhodope Massif until
approximately 32-33 Ma clearly indicates that a persistent syn-
metamorphic thrusting dominated the Hellenic hinterland until the
Early Oligocene (Gautier et al., 2010; Georgiev et al., 2010; Nagel
et al., 2011). Furthermore, studies focused on brittle deformation
and the definition of the paleostresses in the hinterland region
since the Oligocene always indicate a much more complex brittle
deformation which is associated with thrusts and strike-slip faults
during the Late Oligocene (e.g., Zagorchev, 1992; Koukouvelas and
Doutsos, 1990; Tranos, 1998, 2004, 2009, 2011; Georgiadis et al.,
2007; Tranos et al., 2008, 2009). Tranos et al. (2008) and Tranos
(2009, 2011) explained this deformation in the hinterland as a late-
collisional transpression driven by the Apulia-Eurasia collision. It is
also interesting that Kilias et al. (1999) who suggested a continuous
extension since the Eocene-Oligocene, now working with faulting
deformation in the hinterland argue for a transpressional stress
regime during the Oligocene-Miocene times (Kilias et al., 2013).

It is clear that the peripheral basins over the Rhodope Massif
metamorphic core complex have been inverted and compressed
during the Latest Oligocene-Early Miocene times. However, one can
assume this as a result of the uplift and exhumation of the metamor-
phic core complex of the Rhodope Massif under a thoroughgoing
extension as already proposed by several authors. However, the
metamorphic core complex of Rhodope at its largest part has been
already exhumed by that time. Furthermore, although, the thrusts
in the hinterland are not as many in number and as large in size
possibly due to the younger brittle deformational events, they have
been reported not only on the periphery of the core complex, but
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in the metamorphic rocks of the Rhodope, as well. In particular,
thrusts have been reported for the same period in the rocks of the
Serbo-Macedonian massif (Kilias et al., 1999; Tranos, 1998, 2011)
and the Southern Rhodope metamorphic core complex, i.e., the
Sidironero Unit (Koukouvelas and Doutsos, 1990) and the underly-
ing Pangeon Unit (Kilias and Mountrakis, 1990; Tranos et al., 2008,
2009).

Another critical issue is that the separation between the D1 and
D2 events that both share similar trends of ¢y axis might not be
realistic, if one assumes that the thrusts of the D1 event could have
been formed in restraining bends of the large strike-slip faults of the
D2 event. Although the available tectonostratigraphic criteria are
not as plenty as to robustly resolve this issue, the fact that strike-slip
displacements, but not reverse displacements, have been reported
for faults affecting the Early-Middle Miocene sediments of Sim-
itli basin (Tranos et al., 2008) and Strymon basin (Tranos, 2011)
advocates for the separation of the D1 and D2 events. Besides, this
separationis based on the field cross-cutting and overprinting crite-
ria that suggest that the strike-slip displacements are younger than
the oblique reverse/reverse displacements on the faults activated
by the D1 and D2 events. Because of this, the D1 and D2 events are
here considered as two-end member deformation stages with the
D1 event (PC) having evolved progressively to D2 event (SS-TRP); a
fact that indicates the waning of the compressional stresses during
time.

On the other hand, the fact that the recent paleostress analysis
of Kounov et al. (2011) could not define any faulting deformation
from the Middle Miocene onwards raises questions about their pro-
posal chronological order of the stress regimes that governed the
hinterland region, since the stress regimes fail to explain (a) the
large basins in the region, such as the Strouma-Sandanski, Simitli,
Doupnitsa and Bansko-Razlog, that are filled up with Neogene and
Quaternary sediments, (b) the recent topography and main phys-
iographic features, and (c) the recent seismicity of the region that
includes large destructive earthquakes, e.g., Krupnik-Kresna, SW
Bulgaria, earthquake of April 1904, with a reported magnitude of
Ms7.8 (Christoskov and Grigorova, 1968), that indicate that fault-
ing has been the dominant deformational process in the area since
the Neogene (Tranos et al., 2006, 2008).

Anyway, the most crucial issue for the better understanding of
the Tertiary deformation that gave rise to the present-day archi-
tecture of the Hellenic hinterland and the exhumation processes is
whether the late-orogenic processes, dominating the area just after
the Eocene orogenic stacking, can be separated or not from the post-
orogenic processes having started from Late Miocene onwards as
suggested by the formation of the Neogene basins (Lyberis, 1985;
Pavlides and Kilias, 1987; Mercier et al., 1989; Zagorchev, 1992;
Tranos, 1998, 2011).

The present paper indicates that the fault pattern of SW Bul-
garia includes various faults that have been activated since the Late
Oligocene due to the D1, D2, D3, D4 and D5 deformational events
and therefore that the Late Tertiary deformation history of the area
is not as simple as implied by the models of orogenic collapse and
metamorphic core complex development.

More precisely, this history includes deformational events that
could be better described in terms of strain as pure shear dominated
oblique contraction during the Late Oligocene-Earliest Miocene (D1
event) to wrench dominated oblique contraction during the Early-
Middle Miocene (D2 event). The D3 event postdates the D2 event
during the Middle-Late Miocene, and although short in time, cor-
responds to the first extension defined by the fault-slip data of the
area. The least principal stress axis (03) during the D3 event trends
NW-SE, as the least principal stress axis of the D2 event does; a fact
that points to a NW-SE orogen-parallel extension.

As a result, the Late Oligocene-Middle-Late Miocene faulting
deformation of SW Bulgaria described by D1, D2, and D3 events and

therefore the deformation of the hinterland part, is here explained
as the result of the late orogenic processes driven by the collision
of the Apulia plate with the Moesian platform of Eurasia (Tranos,
2004; Tranos et al., 2008). Similar deformation has been recognized
southwards in Central Macedonia (Tranos, 1998), along the bound-
ary of the Serbo-Macedonian massif with the CRBTS and Axios
zone (Tranos et al., 1999; Georgiadis et al., 2007) as well as in the
Eastern Balkans (Doglioni et al., 1996; Sinclair et al., 1997). A criti-
cal age constraint on the late-collisional deformation is provided
by the Philippi granitoid that intruded the Pangeon Unit in the
Greek Rhodope massif around 30 Ma (Tranos et al., 2009). Accord-
ing to these authors this granitoid has been deformed by the N-S
to NNE-SSW compression that gave rise to the NE-SW folding that
dominates the Pangeon Unit and later on by the activation of strike-
slip faults similar with those of the present D2 event.

Another important issue is that the D2 event clearly indicates
that the deformation of the hinterland part of the Hellenic orogen
was not driven by an orthogonal collision between the Apulia and
Eurasia plates, but rather by a right-lateral oblique collision, while
the orogen-parallel extension (D3 event) represents the final stage
of this late collisional deformation stage.

The D4 event, as defined here, is dated in Late Miocene-Pliocene
and is the only extensional stress regime with the least principal
stress axis oriented NE-SW. As a result, D4 event suggests that the
orogen-orthogonal extension was firstly established from the Late
Miocene onwards and because of this the fault-bounded basins of
the hinterland have their long axis along the NW-SE orientation
(Pavlides and Mountrakis, 1987; Mercier et al., 1989; Pavlides and
Kilias, 1987; Zagorchev, 1992; Tranos, 1998). Among these basins,
the NW-SE striking narrow Strouma-Sandanski graben and the
Strumon basin along the Strouma River in SW Bulgaria and North-
ern Greece respectively are closer to our study (Zagorchev, 1992;
Tranos et al., 2008; Tranos, 2011).

D5 is the latest event that activates faults the strike of which
varies at about 30° around E-W, but mainly the ENE-WSW; a fact
that is supported by the morphotectonic features of the region.
Besides, several of these faults bound the WNW-ESE, E-W and ENE-
WSW trending, km-long, narrow basins, such as the WNW-ESE
trending Bansko-Razlog basin, the ENE-WSW Kyustendil-Garliano
basin and the E-W Petritsi basin. This event is considered to have
dominated the area from Early Pleistocene onwards, modifying all
the previous structures and giving rise to the extended Pleistocene
and Holocene proluvial sedimentation along the ENE-WSW and
WNW-ESE trending mountain fronts as well as the alluvial sedi-
mentation along the rivers.

As a result, we propose the following tectonic scenario:

The collision between the Apulia and Eurasia plates took place
in Tertiary times, forming the alpine Dinaric-Hellenic belt in the
Balkan Peninsula. The Apulia front as outlined at present by the
NNW-SSE-striking alpine Dinaric-Hellenic belt includes advancing
and retreating parts and consequently the final configuration of
the alpine mountain belt is rather complex. In particular, a signif-
icant control on the final shape of the alpine mountain chains in
the Balkan domain appears to be the retreating plate boundaries
that gave rise to the ENE-drifted Carpathian and SSW-drifted Hel-
lenic mountain fronts. Of equal importance, however, is the Moesia
platform that stands as the Eurasia promontory in the central
eastern Balkan territory and around which the Romanian Carpathi-
ans and Balkan mountain chains have been formed. The crustal
mass between the Moesia platform and the alpine Dinaric-Hellenic
belt that strikes WNW-ESE in the Oligocene times (Fig. 12a) were
intensely squeezed and because of this, it was forced to extrude lat-
erally around the Moesia and in the region of South Balkan toward
the Aegean Sea.

The late stage of this process took place in Latest Oligocene-
Earliest Miocene with compressional stresses giving rise to
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Fig. 12. Evolutionary schematic maps depicting the faulting deformation of the Balkan Peninsula due to the Apulia-Eurasia plate convergence since the Oligocene. (a)
General situation of the Apulian-Eurasian convergent boundary in Early-Middle Oligocene, (b) Late Oligocene-Earliest Miocene. The late collision stage between the Eurasia
promontory, i.e., Moesian platform and the Apulia continent is dominated by thrusting deformation until the Earliest Miocene (D1 event) giving rise to the extrusion of
the crust toward the SE, i.e., the Aegean Sea, (c¢) Early-Middle Miocene. The extrusion toward the Aegean Sea took place with a wrench-dominated oblique contraction. The
NNW-SSE and NE-SW trending faults behave as right-lateral and left-lateral strike-slip faults, (d) Middle-Late Miocene. (e) Late Miocene-Pliocene. (f) Quaternary-Present.
Compressional stresses are shown with one-side solid arrows. Extensional stresses are shown with two-side solid arrows. Dashed arrows indicate the direction of the retreat
of the Hellenic subduction zone; Balls on the hanging wall of extensional faults, triangles on the hanging wall of contractional faults; strike-slip displacement or component
with half arrows. S-P: Scutari-Pec tectonic line, KF: Kephallonia transform fault, CMCC: Cyclades Metamorphic Core Complex, Xxxx: magmatic activity.

thrusting along WNW-ESE faults (D1 event, Fig. 12b). The lateral
extrusion occurred in Early-Middle Miocene with steeply dipping
NW-SE to NNW-SSE and NE-SW faults activated as right-lateral and
left-lateral strike-slip faults, respectively, under a wrench domi-
nated oblique contraction (D2 event) (Fig. 12c). In particular, the
NNW-SSE trending right-lateral strike-slip faults like the Strouma
Lineament were among the westernmost boundaries that accom-
modated the extrusion toward the SSE, whereas the NE-SW and
the WNW-ESE trending D2 structures stand as large, discontinuous,
indent-linked, left-lateral strike-slip faults similar to those referred

to in the Eastern Balkans (Doglioni et al., 1996; Sinclair et al., 1997)
and southerly in the Central Macedonia and North Aegean Sea
(Tranos, 1998, 2009, 2011). It is worth mentioning that the sub-
duction retreat of the Hellenic orogen (Le Pichon and Angelier,
1981; Royden, 1993; Kilias et al., 2002; Jolivet et al., 2013) that
caused the bend of the orogenic Alpine front, the formation of the
arcuate shape of the Hellenides and the formation of the Cyclades
metamorphic core complexes (Jolivet et al., 2010) between the
Adriatic and Minor Asian regions facilitated the extrusion processes
by providing the available space in the Aegean Sea. In addition, we
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interpret the Scutari-Pec line as a structure that gave rise to the
re-adjustment of the Apulian front against this retreating. Due to
this retreat, the boundary of the internal Hellenides with the Hel-
lenic hinterland became arcuate getting a NNW-SSE trend from the
Former Yugoslavia domain in the north to the Chalkidiki penin-
sula of Northern Greece in the south and an ENE-WSW trend from
the Chalkidiki peninsula toward the NE (Fig. 12b). This bending of
the boundary provided the available space for the formation of the
Rhodope metamorphic core complex (Tranos, 2009). This in accor-
dance with the synchronous initiation of the two metamorphic core
complexes in Late Oligocene-early Eocene times as considered by
Gautier et al. (1999) and Jolivet et al. (2004).

The extrusion process ended in the Middle-Late Miocene when
the wrench dominated oblique contraction ceased and the stress
regime that subjected to the region was an orogen-parallel exten-
sion (D3 event). The latter includes the (re)activation of high-angle
and low-angle extensional (detachment) faults that strike NE-SW
to ENE-WSW, i.e., normal to the extrusion direction as well as the
development of several NE-SW-striking transtensional depocen-
ters, such as the Simitli basin (Tranos et al., 2008) and the larger
Sporades basin in the North Aegean Sea (Tranos, 2009). Because
of this, this extension can be considered as reflecting the along-
transport relaxation of the extruded crust.

From the Late Miocene onwards the brittle deformation of SW
Bulgaria as described by D4 (Fig. 12e) and D5 events (Fig. 12f) has
similar features, with that of inner Greek domain and the Aegean
crust, and seems to be related to the back-arc extension of the
present-day Hellenic subduction zone and to the ongoing retreat
of the later (Le Pichon and Angelier, 1981). However, a remark-
able difference is that during the D4 event (NE-SW extension) the
basins were not extended in SW Bulgaria as intensely as in Northern
Greece. In addition, that in the Bulgarian domain the least principal
stress axis (o3) of the D5 event as defined here fits well with that
defined in Northern Greece (Mountrakis et al., 2006; Tranos et al.,
2006) activating the ENE-WSW faults as oblique normal to normal
faults suggests that the large dextral strike-slip displacements of
the ENE-WSW faults along the North Aegean Trough (as revealed
by the modern earthquakes) even they are in connection with the
North Anatolian fault should be restricted to the narrow damage
zone of the North Aegean Trough.

It is worth mentioning that the above-described evolution that
relates to late-collisional processes during the Late Oligocene-
Miocene period fits well with the transpression deformation
described more northwards in the Romanian Carpathians by Linzer
et al. (1998) for the same period.

At a regional scale, the fact that the D4 and D5 deformational
events have been interpreted as a back-arc deformation relating to
the retreat of the Hellenic subduction is consistent with the sub-
duction retreat modeling studies of Schellart and Moresi (2013),
Meyer and Schellart (2013) and Duarte et al. (2013). The latter
have shown that back-arc deformation can occur at very large
distances to the interior of the overriding plate (i.e., at distances
of 800 km and more from the trench). Moreover, Schellart and
Moresi (2013) have indicated that the size of the subduction slab
that is retreating plays a significant role on the type of the back-arc
deformation of the overriding plate, with the back-arc extension
to be facilitated in small sized and moving faster subduction zones
than in large in size subduction zones that move slower and which
give rise to back-arc contraction. Our tectonic scenario seems to be
supported well by these results. In particular, the Eocene collision
between Apulia and Eurasia plates refers to a large size subduction
zone as traced by the Alpine mountain chain that includes the
Dinarides, Albanides, Hellenides and Taurides. Consequently, the
late-collisional transpression that dominates the hinterland during
the Late Oligocene-Middle Miocene, i.e., simultaneously with the
collisional processes in the more external parts of the Hellenides

and Dinarides, possibly represent a back-arc contraction due to
this large size subduction slab. On the contrary, since the Late
Miocene the differential retreat of the subduction zone aided by
the large Scutari-Pec and Kefalonia transform faults gave rise to the
compartmentalization of the subduction zone and the formation
of the smaller in size Hellenic subduction zone. The Hellenic
subduction zone retreats in faster rates than the rest boundaries
of the Apulia-Eurasia plates and because of this a widespread
back-arc extensional deformation dominates the overriding plate
even at very large distances from the trench such as in SW Bulgaria.

Our vision on the deformation history of the hinterland between
the Dinaric-Hellenic and the Balkan orogens since the Late Creta-
ceous includes that this hinterland part was (1) a back-arc area
in the interior of the Balkan orogen from Late Cretaceous to Early
Tertiary times, (2) a volcanic arc related with the subduction and
delamination processes between Apulia and Eurasia plates during
the Eocene-Oligocene times (see also Pamic et al., 2002), and (3) a
back-arc area in the interior of the Hellenic subduction zone since
the Miocene when the volcanic activity shifted more southwards
to the North Aegean Sea.

7. Concluding remarks

The present paper indicates that the Late Tertiary deformation
history of SW Bulgaria and in broader sense of the hinterland area
is not as simple as implied by existing models of orogenic collapse
and metamorphic core complexes. In contrast, the fault pattern of
SW Bulgaria includes various faults that have been activated since
the Late Oligocene during D1, D2, D3, D4 and D5 deformational
events. D1 is a Late Oligocene-Early Miocene transpression defor-
mation associated with NNE-SSW contraction (D1 event), D2 is
an Early-Middle Miocene transpression to strike-slip deformation
associated with NNE-SSW contraction and WNW-ESE extension,
D3 is a Middle-Late Miocene NW-SE to WNW-ESE extension, D4
is a Late Miocene-Pliocene NE-SW trending extension and D5 is a
Quaternary-Present N-S trending extension. The first three events
are related to the late-collisional process between the Apulia and
Eurasia plates that took place during the Late Oligocene-Middle
Miocene describing a pure shear dominated oblique contraction
(D1) to wrench dominated oblique contraction (D2) and an orogen-
parallel extension (D3), respectively. The next events, D4 and D5
are considered as reflecting back-arc deformation of the overriding
plate due to the retreat of the Hellenic subduction zone.

Furthermore, this study proposes a new tectonic evolutionary
scenario for the South Balkan region since the Oligocene.

On a methodological point of view, in the present analysis the
separation of the fault-slip data on the basis of their kinematic com-
patibility (i.e., fault-slip data with similar kinematic P and T axes are
grouped)is accomplished this in a semi-automatic way. In addition,
the resolved stress tensors from these fault-slip groups have been
merged by taking into account their vertical stress axis and stress
ellipsoid shape ratio, instead of testing a large number of stress ten-
sors as done in the grid methods. The approach herein also permits
us to distinguish stress tensors, the parameters of which are quite
close to each other and which otherwise could form a mixed stress
tensor.

At aregional scale, the present paper demonstrates that during
the latest collisional stages of the Hellenic orogen, transpressional
tectonics associated with lateral extrusion prevailed in its hinter-
land, mainly because this hinterland has been located between
advancing and retreating plate boundaries. Based on the subduc-
tion retreat modeling of Schellart and Moresi (2013), it can be
tentatively proposed that the late-collisional transpression govern-
ing the hinterland during the Late Oligocene-Middle Miocene times
may reflect back-arc contraction related to a large sized and slow
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moving retreating plate boundary between Apulia and Eurasia,
whereas the widespread extension of the overriding plate since the
Late Miocene could be explained as back-arc deformation driven by
trench retreat processes of a small size Hellenic subduction zone.
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