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Abstract

GPS results from 25 stations in Macedonia measured in 1996 and 2000 show that Macedonia moves SSE relative to Eurasia
essentially as a single crustal piece along with parts of westernmost Bulgaria. Geological studies show active N—S normal faults
and two NNW-striking right-lateral faults in western Macedonia, and NW-trending left-lateral faults SE Macedonia, with a region
in central Macedonia essentially devoid of active faults. Distribution of seismic activity supports the geological studies. However,
the GPS results cannot discriminate the active faulting, except perhaps in the northern part of Macedonia in the Skopje and adjacent
areas, where active ~NS extension occurs. Slip-rates on the strike-slip faults must be low, in the range of 0-2 mm/year. There is a
progressive increase in GPS velocities southward in northern Greece toward the North Anatolian fault zone, across which the
velocities increase and change direction dramatically.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Middle Eocene time (Burchfiel et al., 2003; Kounov

et al., 2004). Paleogene extension within the SBER

Our recent studies have proposed that the southern
Balkan region is part of the more regional Aegean
extensional realm that we refer to as the Southern
Balkan Extensional Regime (SBER: Fig. 1; Burchfiel
et al., 2000; Dumurdzanov et al., 2004, 2005). Exten-
sional tectonism has been the dominant mode of de-
formation within the southern Balkan region since
early Cenozoic time, perhaps as early as Early or
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followed the closing of the Vardar Ocean and may be
the beginning of the extension within the Aegean
extensional realm, but this interpretation is currently
controversial (compare Burchfiel et al., 2000, and
Kounov et al., 2004). By early or middle Miocene
time, extension within the Balkans was part of an
evolving extensional system that is clearly part of the
Aegean realm. During late Cenozoic time the pattern of
extension within the Balkans continuously evolved and
can be related to complex events in the roll back of the
Hellenic subducted slab both to the south and to the
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Fig. 1. Tectonic map of the Eastern Mediterranean region showing some selected tectonic features. Location of Macedonia (yellow (shaded in
printed version)) is highlighted within the Southern Balkan Extensional Regime (SBER=horizontal lines). Blue lines with barbs (dashed lines with
barbs in printed version) are retreating subduction boundary and red barbed lines (solid barbed lines in printed version) are advancing subduction
boundaries from late Cenozoic to recent time. Dotted areas are back arc regions of late Cenozoic extension and subsidence. NAF=North Anatolian
fault, KF=Kefalonia fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

west (Dumurdzanov et al., 2005). Nowhere is this more
clear than in Macedonia where late Cenozoic E-W
extension shows a progressive migration toward the
west where roll back of the northern Hellenic trench
occurred from Paleogene to recent time. Late Cenozoic
normal faults of NW to NNW strike migrated to the
west from central Macedonia into eastern Albania fol-
lowed to the east by N—S extension that migrated from
Bulgaria into Macedonia (Fig. 2). A major change in
extension direction occurred when the North Anatolian
fault entered the north Aegean region in latest Miocene
time (Armijo et al., 1999; Sengor et al., 2004). At that
time it has been proposed that the Aegean region began
to move SSW and at least by Pliocene time began to
more or less as a single plate south of the North
Anatolian fault, as it does today (McClusky et al.,
2000; Burchfiel et al., 2003; from data provided by
D. Papanikolaou and L. Royden, personal communica-
tion). At the same time the extension direction within
the Balkan system began to become more N-S, but
extension proceeded at a much lower rate than south-
ward movement of the Aegean plate. It is this pattern of

extension that characterizes the active tectonics of the
SBER north of the North Anatolian fault and east of the
E-W extension, with a component of right-lateral strike
slip, driven by trench roll back in the North Hellenic
trench that affects western Macedonia and eastern
Albania (Fig. 2).

2. GPS measurements in Macedonia

Our GPS studies in Bulgaria (Kotzev et al., 2001;
Nakov, et al., 2001; Kotzev et al., 2006—this volume)
and Macedonia (this paper) have been an attempt to
characterize present-day crustal movements and to relate
these movements to studies of active faulting (Kotzev et
al., 2006—this volume; Dumurdzanov et al., 2005). For
Macedonia we used data from a 25-station GPS network
surveyed twice, in 1996 by the State Department for
Geodetic Survey, Republic of Macedonia, and the Bun-
desamt fur Kartographie und Geodasie (BKG) (Altiner et
al., 1998), and in 2000 by the State Department for
Geodetic Survey and MIT. In 1996 all 25 stations were
occupied simultaneously and continuously for 6 days;
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Fig. 2. Active faults in the Southern Balkan Extensional Regime. Faults are red (black thick lines in printed version) where geological evidence
shows features of active fault movement. Faults in solid blue lines (black thin lines in printed version) are associated with well-developed
morphological evidence for recent activity. Faults in dashed blue lines (black dashed lines in printed version) are associated with only weak
morphological evidence for recent activity. Bold red lines (bold black lines in printed version) in northern Aegean Sea mark the trace of the North
Anatolian fault. Shaded line trending N—S through central Albania marks the abrupt change from shortening structures to the west and N-S trending
extensional structures to the east that continue into western Macedonia. Shaded line trending NNE through northern Macedonia is the regional
Elbasan-Debar-Skopje-Kjustendil fault zone of Macedonian geologists. Arrows mark the sense of displacement on strike-slip faults. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. GPS velocities with respect to the Eurasian reference frame defined by McClusky et al. (2000). Uncertainties are shown at 95% confidence.
(Data from Macedonia and Albania, this study; from Bulgaria, Kotzev et al., 2001; from northern Greece and Turkey, McClusky et al., 2000).
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Fig. 4. GPS velocities with respect to a local frame defined by 17 stations in central Macedonia (see Table 1). Uncertainties are the same as in Fig. 3.

Color scheme (black line patterns in printed version) for faults is the same

and in 2000 these stations were occupied in groups of six
for single 24-h sessions.

We analyzed the GPS data using the GAMIT/
GLOBK software (King et al., 2003; Herring, 2003)
and the approach described in Kotzev et al. (2006—
this volume). Fig. 3 shows our estimated velocities
with respect to Eurasia and Fig. 4 with respect to
central Macedonia (see the discussion of reference
frames in Kotzev et al., 2006—this volume). In
Table 1 we list the velocities for the stations shown
in the figures and also the additional stations used to
define the Eurasian frame. As described in Kotzev et
al., the velocity uncertainties are based on a weighting
of the position uncertainties such that the uncertainties
of the randomly distributed velocities of 53 stations in
the stable regions of central Macedonia, southern
Romania and northern Bulgaria, and western Bulgaria
match our expectations. With this weighting (based on
all 53 stations), the velocities of 14 of the 19 stations
in central Macedonia fall within the bounds of their
70% confidence ellipses, and 17 fall within the
bounds of their 95% confidence ellipses. Hence we
conclude that the estimated uncertainties are realistic

as in Fig. 2.

and provide a reliable basis for interpreting deforma-
tion outside the stable region.

3. Interpretation

Our geological studies, taken from Durmurdzanov et
al. (2005), of active faulting within Macedonia are
summarized in Fig. 5. Three categories of faults are
shown; 1) faults with evidence of active faulting, such
as scarps or offset streams (red), 2) faults with well-
developed morphological expression for active faulting
such as triangular facets and alluvial fans that are too
small for their drainage basins, but evidence for scarps
etc. are not present (solid blue), and 3) faults with well
developed morphological expression for the modern
topography and are only suspected to be active (dashed
blue). The fault pattern shows active N—S extension in
eastern Macedonia with associated NNW-striking left-
lateral strike-slip faults, a region in central Macedonia
characterized by almost no active faults, and a western
region dominated by NNW-striking normal faults and
associated strike-slip faults with right-lateral displace-
ment. The faults in western Macedonia are responsible
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Table 1
GPS station velocities

Station  Lon. “E  Lat. °N  Eurasian frame Macedonian-frame

East [mm/year] North [mm/year] o¢East [mm/year] o¢North [mm/year] East [mm/year] North [mm/year]

Estimates from this solution

VILL 356.05 40.44 -0.3 0.2 0.3 0.2 0.3 —4.1
POL2 74.69  42.68 —-12 29 0.4 0.4 4.8 18.5
KIT3 66.89  39.14 -1.3 0.6 0.4 0.3 4.4 15.0
ZWEN 36.76  55.70 0.4 —-04 0.3 0.2 —4.0 7.3
ANKR 3276 39.89 —20.6 —-22 1.1 1.0 19.4 4.4
AHTG 2795  42.10 -22 —-12 1.4 1.2 -2.1 4.0
VATG 2792 4320 0.8 —-24 0.8 0.8 0.5 2.8
BUTG 2748 4248 0.5 —1.5 0.8 0.7 0.4 35
BURG 2744 42.67 0.4 —-14 0.4 0.4 0.3 3.6
SHUM 26.73 4349 -0.6 —-1.5 0.6 0.5 —1.1 33
TOPO 2631  42.08 0.7 —24 0.8 0.8 0.7 2.4
TSAR 26.27  43.60 -0.3 —1.5 0.6 0.5 -0.9 32
BUCU 26.13  44.46 -0.7 —1.2 0.5 0.5 —1.6 35
MOMC 2540 41.55 0.3 -25 0.5 0.5 0.5 2.0
GABR 2528 4296 —0.1 —1.6 0.4 0.4 -0.5 2.8
TATA 25.18  43.58 0.0 0.5 0.9 0.8 -0.7 4.9
PLDV 2475 4215 0.4 —-2.7 0.5 0.5 0.3 1.6
KAIL 24.63 4336 0.2 -2.0 1.3 1.3 —-04 2.3
METS 2440  60.22 0.3 —1.1 0.2 0.2 —6.8 3.1
VETR 24.06  42.29 -0.5 -2.7 0.8 0.8 -0.7 1.4
MUHO 2393 4243 —-0.2 -2.0 0.7 0.8 —-04 2.0
SAT1 2392  41.60 0.2 -32 0.5 0.5 0.3 0.8
BELI 23.89 4251 0.2 —-25 1.2 1.2 —0.1 1.5
VITA 23.80 42.78 0.7 —-24 0.9 0.9 0.3 1.6
BELM 23.76  42.14 —-03 —2.6 0.8 0.8 —-04 1.4
VERI 23.73 4248 2.6 —4.0 0.8 0.8 2.4 0.0
BUHO 23.57 4277 —0.8 —3.38 1.0 1.1 —1.2 0.1
DOBR 23.57 41.82 -0.3 -2.7 0.5 0.5 -03 1.2
KOZN 23.55 4299 —0.1 -1.7 1.1 1.1 —0.6 2.3
MALA 2351 4227 -0.7 —-2.8 0.8 0.8 -0.9 1.1
LOZE 2349  42.60 —0.1 -3.0 0.9 0.9 —-0.5 0.9
PLA1 2343 4248 0.0 -2.0 0.5 0.5 -0.2 1.9
SOFI 2340 4256 0.3 —-23 0.3 0.3 0.0 1.6
VLTR 2336  42.87 1.4 -25 0.6 0.6 1.0 1.3
CHER 2328 4256 -1.9 —-22 0.9 0.9 —-22 1.6
SAPA 2325 4228 0.6 -1.9 0.7 0.7 0.3 2.0
PADA 23.18 42.14 —0.5 —3.6 0.9 0.9 —0.6 0.2
BOSN 23.17 4251 0.5 —-3.7 0.8 0.8 0.2 0.1
BERK 23.14  43.11 0.2 -1.9 0.5 0.5 -03 1.9
PECH 23.13 4146 0.0 —4.0 0.6 0.5 0.1 —-03
DELA 23.09 4239 0.8 —-33 0.7 0.7 0.5 0.5
KRAL 23.08 4257 -0.2 —4.0 0.7 0.8 -0.5 -03
BANK 23.07 4272 0.0 —2.6 0.8 0.8 —-04 1.1
SLIV 23.06 42.86 -0.5 —2.6 0.5 0.5 -1.0 1.2
Ml16 2296  41.79 —-0.2 —3.38 0.8 0.6 -0.2 0.0
FROL 2294 4213 0.3 —-2.8 0.7 0.7 0.1 0.9
BREZ 2290 4275 0.2 —4.8 0.8 0.8 -0.2 —1.1
M119 22.88 41.54 0.6 -33 0.6 0.6 0.6 0.4
0803 22.86  42.00 0.9 —-2.1 0.6 0.6 0.8 1.6
CARV 22.82 4236 0.9 —-23 0.8 0.8 0.6 1.4
0805 2278 4133 0.4 —3.6 0.6 0.6 0.5 0.1
VARB 2277  43.61 —0.1 -1.9 0.5 0.5 -0.9 1.7
DSEC 22.72  42.68 0.1 -39 0.8 0.8 -03 —-0.2
ZEME 22.70 4250 1.1 —24 0.7 0.7 0.8 1.2
BOGS 22.68 4226 0.8 —3.1 1.6 1.3 0.6 0.6

(continued on next page)
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Table 1 (continued)

Station  Lon. °E  Lat. °N  Eurasian frame Macedonian-frame
East [mm/year] North [mm/year] ¢East [mm/year] o¢North [mm/year] East [mm/year] North [mm/year]

Ml114 22.52  42.16 0.1 —1.6 0.7 0.6 —0.1 2.0
M117 22.51 41.78 -0.9 -29 0.7 0.6 -1.0 0.7
M120 2231 4151 —-0.3 -39 0.7 0.6 —-0.3 —-0.4
M129 2221  41.16 0.9 —43 0.6 0.6 1.0 -0.8
MI113 2212 42.03 —0.1 —-4.0 0.7 0.6 —-0.2 —0.6
0804 22.01  41.77 0.2 —3.1 0.6 0.6 0.1 0.3
M104 2193 4231 1.4 —2.4 0.6 0.6 1.1 1.1
M112 21.80  41.99 -0.3 -33 0.7 0.7 -0.5 0.1
0806 21.79  40.93 0.4 —42 1.1 1.0 0.7 —-0.8
Mi21 21.65 4133 -0.5 —-3.7 0.7 0.6 —-04 —-0.4
0802 2145 42.19 1.7 —-0.8 0.6 0.6 1.4 2.5
M1l 21.40 41.70 —0.6 —34 0.8 0.8 —0.6 -0.2
M122 2121 4144 —-0.2 —-34 0.7 0.6 —-0.2 —-0.2
M127 21.18  41.00 0.6 —34 0.7 0.6 0.8 —-0.2
MI110 21.05  41.66 0.3 -29 0.7 0.6 0.2 0.2
M125 21.03  41.23 1.7 -3.0 0.6 0.6 1.8 0.1
JOZE 21.03  52.10 0.2 0.1 0.3 0.3 —4.0 33
0807 20.82 4093 0.0 —-2.1 0.7 0.6 0.2 1.0
M108 20.80  41.99 0.1 —-1.7 0.6 0.6 —0.1 1.3
M123 20.68 4143 —0.6 -33 0.7 0.6 —0.6 -0.3
QTH2 20.60 41.07 1.3 —-3.4 1.9 1.1 1.4 —-0.4
0801 20.54  41.77 0.3 -2.8 0.7 0.6 0.2 0.2
M124 20.52  41.24 —1.6 —-22 0.6 0.6 —-1.5 0.8
MAQE 2047 4159 -0.5 —24 1.0 0.7 -0.5 0.6
BERA 19.95  40.71 —-2.8 —1.1 1.0 0.6 —-2.5 1.8
VLOR 19.51 4041 —0.7 1.5 1.2 0.8 -0.3 42
SHKO 19.50  42.05 —1.4 0.4 0.9 0.5 —-1.7 3.1
TROM 18.94  69.66 —0.6 1.0 0.3 0.3 11.4 35
BORI1 17.07  52.28 0.3 0.1 0.2 0.2 —4.1 2.1
GRAZ 1549  47.07 0.2 0.4 0.2 0.2 —-22 1.8
POTS 13.07  52.38 —-0.2 0.1 0.5 0.5 —4.7 0.9
WTZR 12.88  49.14 0.1 0.2 0.2 0.2 —3.1 0.9
ONSA 11.93  57.40 -0.7 —0.6 0.2 0.2 -7.2 -0.2
NYAL 11.87 7893 0.3 —0.8 0.3 0.3 13.8 —-04
MEDI 11.65 44.52 1.4 2.2 0.3 0.3 —0.1 2.5
GRAS 6.92 43.76 0.0 0.2 0.3 0.3 -1.0 -0.9
KOSG 581 5218 0.1 0.3 0.5 0.5 —43 —1.1
BRUS 436  50.80 -03 —0.6 0.2 0.2 —4.1 —24
HERS 0.34  50.87 —0.1 0.2 1.9 1.8 —-3.8 -29

Estimates from McClusky et al. (2000)

DMIR 28.67  39.05 —21.5 —6.2 1.3 1.2 20.2 —0.8
MAER 2796  40.97 2.0 —-1.0 1.4 1.4 2.5 42
BALI 2791  39.72 —-229 —4.7 1.4 13 21.8 0.5
AKGA 27.87  39.01 —20.9 —10.2 1.3 1.3 19.6 —5.1
CAMK  27.84 3720 —16.7 —24.38 1.5 1.5 14.7 —19.7
ERDE 27.82 4040 —-19.6 -1.9 1.4 1.3 18.9 3.2
DEMI 27.78  41.83 0.1 -0.7 1.3 1.3 0.3 4.4
ALAN 2742  39.78 —23.7 -9.0 1.5 1.5 22.8 -39
YENB 27.39  40.81 -5.0 —44 L5 1.5 —44 0.6
YAYA 2732  39.02 —21.5 —13.0 1.3 1.3 20.2 -8.0
KIRE 2722 39.90 —19.8 —8.0 1.3 1.2 18.9 -3.0
DOKU 26.71  40.74 —4.5 —-2.7 1.4 1.4 -39 2.1
LESV 2645 39.23 -21.0 —12.5 1.3 1.2 19.9 -7.8
SUBA 26.17  39.97 —16.5 -9.9 1.3 1.2 15.7 —-52
ASKT 25.57  40.93 —-0.4 -2.0 1.4 1.4 0.0 2.5

SMTK 2551 4047 —35 —-34 1.5 1.4 -29 1.1
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Table 1 (continued)
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Station Lon. “E  Lat. °N  Eurasian frame Macedonian-frame
East [mm/year] North [mm/year] o¢East [mm/year] o¢North [mm/year] East [mm/year] North [mm/year]

LIMN 25.13  39.85 —16.0 —12.7 1.3 1.2 15.1 —8.4
THAS 24.63  40.59 -1.8 —2.6 1.4 1.2 —-13 1.7
STHN 2392 39.99 0.2 —-9.5 1.3 1.2 0.9 —55
SOXO 2343 40.79 —1.3 —49 1.3 1.2 —-0.9 —1.1
PLAN 2342 4248 —-2.8 —-23 1.6 1.5 -3.1 1.6
KYRA 22.98 36.31 —16.2 —24.6 1.4 1.3 14.1 —20.9
KRNA 22.54  39.94 1.1 —6.7 1.5 1.4 1.7 -3.1
KRTS 20.67  39.73 -1.8 -23 1.3 1.2 —1.1 0.7

1. The uncertainties shown are for the solution in the Eurasian reference frame. For stations in Macedonia, they are about 10% smaller when the
velocities are expressed in the Macedonian frame. For all stations, the correlations between the N and E velocity estimates are less than 0.05 and

hence are omitted.

2. Stations used to realize the Eurasian frame: VILL, ONSA, ZWEN, GRAS, JOZE, BRUS, BOR1, GRAZ, WTZR.
3. Stations used to realize the Macedonia frame: 0801, 0804, 0807, M108, M110, M111, M112, M113, M116, M117, M119, M120, M121, M122,

M123, M125, M127.

4. Stations used to tie our velocities to those of McClusky et al. (2000): KIT3, ZWEN, ANKR, BURG, METS, JOZE, TROM, BOR1, GRAZ,

POTS, WTZR, ONSA, NYAL, KOSG, BRUS, HERS.

for the great local relief along grabens, some of which
contain lakes. Faults in northwestern Macedonia curve
from their N-S strike to more E-W strike and are
strongly influenced by the structural anisotropy of the
crust in this region which shows the same change in
strike (Dumurdzanov et al., 2005). In this part of
Macedonia, the active Skopje graben trends E-W and
is the locus of active faults of similar trend.
Seismicity with the Southern Balkan Extensional
Regime is variable in its distribution within Macedonia.
Earthquake activity is most abundant in western Mace-
donia and adjacent Albania (Figs. 6 and 7) and less
frequent in eastern Macedonia and nearly absent in

central Macedonia (excluding the Skopje area). This
distribution is consistent with the geological observa-
tions of active faulting shown in Figs. 2, 5 and 7. Thus
to a first order seismicity and geology are in general
agreement, although most of the earthquakes in Mace-
donia are too small analyze for fault mechanisms.

The GPS results show an almost uniform southward
velocity of 3—4 mm/year relative to stable Europe (Fig.
3). Macedonia thus appears to move as a single crustal
unit to the south. Within most of Macedonia the active
faults shown by either the geology or the seismicity
cannot be located within the uncertainties of the GPS
data (compare Figs. 3, 5-7). This is unexpected since

Slaviski -~

10°°

.~

Fig. 5. Active faults within Macedonia. Color scheme (black line patterns in printed version) for faults is the same as in Fig. 2.
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Fig. 6. Location of earthquakes of M>3.0 in Macedonia and surrounding region for the period 1976 to 2004 superposed on the map of active faults
in Fig. 5. Three large earthquakes that occurred in the last century are shown by the black circles; Krupnik in Bulgaria [1904] M/=6.9 according to
(Meyer et al., 2002); and M=7.5-7.8 according to (Ranguleov et al., 2001); Skopje [1963] M=6.1; and Valandovo [1932] M=6.5-6.8.
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Fig. 7. Earthquake focal mechanisms for Macedonia and surrounding region. Only a few earthquakes are large enough to determine a mechanism.
The northern limit of extension within the SBER and the boundary between extensional and compressional faults in Albania as determined from
active faulting are shown. HSZ=Northern Hellenic subduction zone, NAFZ=North Anatolian fault zone.
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the area shows considerable active tectonism. The only
area where there is a suggestion of velocity differences
is within northern Macedonia along a general E-W
trend that passes through the Skopje graben, the site
of the destructive 1963 magnitude 6.1 earthquake. Here
the data suggest, but cannot prove a change in velocity
that indicates N—S extension with an associated left-
lateral component. The Skopje graben lies along the
Kjustindil-Skopje-Debar-Elbasan fault zone of tectonic
activity postulated for many decades by Macedonian
geologists. It is also of note that one of the largest
earthquake in Europe during the 20th century, was at
Krupnik in western Bulgaria adjacent to Macedonia,
M=6.9 (Meyer et al., 2002) or M=7.5-7.9 (Ranguelov
et al., 2001). Our GPS study in Bulgaria (Fig. 3; Kotzev
et al., 2006—this volume) also shows southward ve-
locities similar to those in Macedonia and also does not
show the velocity differences that would be expected
from N-S extension along the Krupnik fault.

When GPS stations in northern Greece are consid-
ered, there is a gradual increase in velocity to 25 mm/
year before reaching the North Anatolian fault (Fig. 3).
This increase in velocity to the south is consistent with
the E-W trend of active faults in southern Macedonia,
adjacent southwestern Bulgaria, and northern Greece.
Focal mechanisms determined for the region are also
consistent with this interpretation, showing general N—
S extension, locally with a right-lateral strike-slip com-
ponent (Fig. 7). The GPS velocities and focal mechan-
isms can be interpreted to suggest that the Aegean
plate (see above) is now moving south—southwest
and pulling the South Balkan lithosphere away from
the region north of the South Balkan extensional re-
gime. Focal mechanisms for the region show E-W
convergence at the Albanian coast with the rapid
change in central Albania to E-W extension in eastern
Albania (Fig. 7). There is also some suggestion in both
the seismic and a stronger indication from the GPS
data for a component of right-lateral strike-slip within
western Albania (Fig. 4).

4. Conclusions

Although there is general agreement between the
geology of active faulting and the distribution and
analysis of some seismic data for Macedonia, the uncer-
tainties in the GPS velocity estimates are large enough
that they cannot discriminate clearly the active tecton-
ics. This is unfortunate, because Macedonia and adja-
cent Bulgaria have been the location of large and
destructive earthquakes during the last century. If mon-
itoring for potential future earthquake hazards is to be

attempted, it will require continued GPS measurements
within the region to reduce the uncertainty in the cal-
culated crustal velocities and continued geological stud-
ies to better understand the history on active faults.
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