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S U M M A R Y
The western Balkans occupy a region influenced by two major active tectonic processes:
the collision between the Adriatic Region and the Dinarides in the west, and the extension
of the Aegean Region and its surroundings as they move towards the Hellenic Trench. An
understanding of the kinematics and dynamics of the western Balkans has significance for our
understanding of continental tectonics in general, and is the object of this paper. The region
is rich in observational data, with many well-studied earthquakes, good geodetic coverage
by GNSS (Global Navigation Satellite System) and abundant exposure of active faulting and
its associated geomorphology, especially within the Mesozoic carbonates that cover large
sectors of the extensional areas. We first use such observations to establish the regional
kinematic patterns, by which we mean a clarification of how active faulting achieves the
motions observed in the deforming velocity field obtained from GNSS measurements. We
then use geomorphological observations on the evolution of drainage systems to establish
how kinematic and faulting patterns have changed and migrated during the Late Neogene-
Quaternary. The kinematics, and its evolution, can then be used to infer characteristics of
the dynamics, by which we mean the origin and effect of the forces that control the overall
deformation. The principal influences are: (i) the distribution and evolution of gravitational
potential energy (GPE) contrasts arising from crustal thickness variations and elevation, in
particular the growth of topography by shortening in the Albanides–Hellenides mountain
ranges and the high elevation of mainland Greece relative to the Mediterranean seafloor and (ii)
the ability of the boundaries of the region, along the Adriatic coast and in the Hellenic Trench, to
support the forces arising from those GPE contrasts. The evolution in space and time indicates
an interaction between the anisotropic strength fabric of the upper crust associated with
faulting, and the more distributed and smoother patterns of flow that are likely to characterize
the ductile deformation of the lower, aseismic part of the lithosphere—both of which influence
the deformation on the scale of 100–200 km. The persistent argument about whether continental
deformation is best described by a continuum or by rigid-block motions is largely a matter of
scale and particular location: both are influential in establishing the patterns we see.

Key words: Seismicity and tectonics; Continental neotectonics; Dynamics and mechanics
of faulting; Tectonics and landscape evolution.

1 I N T RO D U C T I O N

An adequate description of large-scale distributed continental defor-
mation requires knowledge of both the overall deforming velocity
field and how it is achieved by active faulting. The two aspects
are closely related, since the azimuthal directions of no-length-
change in the velocity field, which are uniquely determined by the
strain-rate tensor, are the strike directions of organized faulting that
can accommodate the motion (Jackson et al. 1992; Haines & Holt
1993). However, such a picture is only instantaneous, accounting for

the motions at the present time. In many places it is known, from
palaeomagnetism or from the discordance between the velocities
and slip-vector directions on the faults themselves, that substantial
rotations of fault blocks occur, especially about vertical axes. In
such cases the relationship between the velocity field and the fault-
ing must be unstable: if the faults rotate, then the velocity field must
itself change to keep the no-length-change directions parallel to the
faulting; alternatively, new fault systems could form to accommo-
date the unchanging velocity field while older faults rotate out of
a suitable orientation. The relationship between the instantaneous
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(present-day) deformation and the finite deformation over a period
of time, which produces topography and the geological record, can
therefore be subtle, and to be understood clearly needs information
about the evolution through time. That is the focus and purpose
of this paper. We aim to show that, with sufficient observations of
earthquake focal mechanisms, faulting in the field and GPS mea-
surements, a robust and coherent picture of the regional kinematics
can be obtained, which can then, in turn, clarify our understanding
of the underlying dynamic processes. Key questions include: how
does active faulting relate to the instantaneous velocity field? How
does the active faulting change spatially? Is there evidence for it
also changing with time and what are the dynamic implications?

Over the past 50 yr the Western Balkans, central Greece and the
Aegean Sea have been influential in advancing our understanding of
distributed deformation and faulting, and their link to lithosphere
dynamics (e.g. McKenzie 1978; Le Pichon 1982; England et al.
2016). A general feature of the region is the motion of the crust
from regions of high to low gravitational potential energy (GPE)
under the effect of buoyancy forces and strength heterogeneities in
the lithosphere (e.g. McKenzie 1978; Copley et al. 2009; Métois
et al. 2015). The upper, brittle part of the lithosphere accommodates
this deformation by discontinuous faulting and large rotations about
vertical axes (Kissel et al. 1985; Goldsworthy et al. 2002). Previous
studies described both spatial (e.g. Goldsworthy et al. 2002; Howell
et al. 2017) and temporal (e.g. Pavlides & Mountrakis 1987; Mercier
et al. 1989; Caputo & Pavlides 1993; Jackson 1999; Mattei et al.
2004) changes in the directions of crustal extension in the broader
Aegean Region. Changes in the orientation of active faulting may
arise from a change in the regional velocity field, and the need to
accommodate it by discontinuous faulting, or by rotations about
vertical axes, which bring rotated faults in unfavourable directions
to accommodate the regional velocity field (Jackson 1999). Thus,
the change in fault orientation with time has been interpreted as
either a change in the regional stress field (e.g Mercier et al. 1989)
or to block rotations about a vertical axis (e.g. McKenzie & Jackson
1983; Goldsworthy et al. 2002), both of which have implications
for the dynamics of the deformation.

We will discuss the deformation in the western Balkans and
northern Greece (Fig. 1), synthesizing new earthquake source in-
versions and field observations with published earthquake-source
models, GPS velocities, Late Neogene-Quaternary geology and ge-
omorphology, to develop a consistent kinematic picture. We first
describe the organization of faulting, and its spatial and temporal
changes, and then its relationship with the forces driving the defor-
mation in this region. We conclude that the evolution of topography
and crustal thickness contrasts in response to the deformation within
the broader region are likely to be the sources of the rapid spatial
and temporal variations of the organized faulting. Our observations
indicate that large-scale GPE contrasts and also local fault kinemat-
ics both exert important controls on the distribution of deformation
in space and time, with implications for the persistent debate re-
garding the relative merits of continuum and micro-plate models of
continental tectonics.

2 M E T H O D S

2.1 Earthquake focal mechanisms, slip vectors and depths

Earthquake focal mechanisms (Fig. 2a) and well-constrained cen-
troid depths (Fig. 2b) are updated from Copley et al. (2009), and

obtained with the same methods described in that paper, in the
following hierarchy:

(1) Earthquakes whose teleseismic long-period P and SH wave-
forms have been modelled, using the Zwick et al. (1995) MT5
version of the inversion algorithm of McCaffrey & Abers (1988)
and McCaffrey et al. (1991), imposing double-couple solutions,
to refine both focal mechanisms and centroid depths. Long-period
waveforms are insensitive to small-scale heterogeneity in the source
region velocity structure (Taymaz et al. 1990), so we used a simple 1-
D crustal velocity model with Vp = 6.5 km s−1, Vs = 3.7 km s−1 and
density 2800 kg m−3 in all the moment-tensor solutions. The uncer-
tainty in the depths, arising from the velocity model and waveform
fits, is about ±3 km (Taymaz et al. 1990). The Supporting Informa-
tion contains the results of the original inversions of 13 earthquakes
that occurred in 1990–2021 in the southwestern Balkans with P and
SH observed and modelled waveforms (Table S1 and Figs S1–S13).
Table S2 (Supporting Information) contains source parameters for
other earthquakes obtained in the same way, using MT5, by previous
studies.
(2) ‘Best-double-couple’ versions of the centroid moment tensors
from the gCMT catalogue (www.globalcmt.org), for earthquakes
with more than 70 per cent double-couple component as defined in
Jackson et al. (2002), that have not been modelled with the MT5
algorithm (Table S3, Supporting Information). The gCMT centroid
depths for the relatively shallow earthquakes of interest here are
rarely well determined, and are not used in this paper, which only
uses the (more accurate) gCMT fault-plane solutions.
(3) Earthquakes, generally in the magnitude (Mw) range 5.0–5.3
and usually with gCMT solutions, that are too small for long-
period MT5 modelling, but whose teleseismic broad-band vertical-
component seismograms can be modelled with the WKBJ3 program
of Chapman (1978) to identify pP and sP, and thereby determine
depth (see Copley et al. 2009, for details of the method).
(4) Some teleseismic first-motion fault-plane solutions (Table S4,
Supporting Information) from McKenzie (1972) or Anderson &
Jackson (1987) for earthquakes that occurred before or were omitted
from the gCMT catalogue (see Copley et al. 2009).
(5) Selected focal mechanisms from regional CMT solutions
(Table S5, Supporting Information) obtained from the MED-
NET network, in a few places where nothing else is available
(http://rcmt2.bo.ingv.it).

Azimuths of slip vectors (Fig. 3) have been chosen on the ba-
sis of field observations of surface faulting, or earthquake focal
mechanisms. We only include slip vectors from focal mechanisms
when the difference between the slip vectors of the two auxiliary
planes is less than 20◦, and take the average direction. For earth-
quakes along the contractional Albanides–Hellenides coastal belt
we systematically selected the slip vector corresponding to the low-
angle east-dipping nodal plane, as dip-slip faulting on the other,
near-vertical, nodal plane is geologically unlikely.

2.2 GPS velocity field and strain rate

We used an homogeneously-processed GPS velocity field of the
Balkans area based on data from continuous GNSS stations
(D’Agostino et al. 2020). In central Greece we integrate the ve-
locity field with 30 horizontal velocities taken from the velocity
data set of permanent stations in Briole et al. (2021). Before station
integration, the velocity field of Briole et al. (2021) was rotated into
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Figure 1. SRTM15+ topography (Tozer et al. 2019) and GPS velocities relative to Eurasia. (a) Selected representative velocities from D’Agostino et al. (2020)
and Briole et al. (2021) rotated in the Eurasian reference frame of D’Agostino et al. (2020, see the text for details) and main physiographic features of the
southwestern Balkans and western Greece. Ad, Adria; Ae, Aegean Sea; AEs, Apulia Escarpment; Ap, Apulia; FB, Florina Basin; GC, Gulf of Corinth; Io, Ionian
Sea; KB, Karditsa Basin; KP, Karaborun Peninsula; KFZ, Kephalonia Fault Zone;LB, Larissa Basin; NAT, Northern Aegean Trough; Pp, Peloponnese; PAD,
Peri-Adriatic Depression; RM, Rhodopes Massif;SP, Scutari-Pec (Shkoder-Peja) transverse zone. Country codes: ALB, Albania; BIH, Bosnia Herzegovina;
BGR, Bulgaria; GRC, Greece; MKD, Northern Macedonia; MNE, Montenegro; RKS, Kossovo and SRB, Serbia. (b) Enlarged view of the velocity field.

the Eurasian reference frame of D’Agostino et al. (2020) by apply-
ing a rotation estimated by minimizing the difference of horizontal
velocities at common stations. The GPS velocities were then used
to estimate the strain-rate field (Fig. 4) employing the code VISR
by Shen et al. (2015) through a weighted least-squares inversion
procedure that minimizes the GPS velocity post-fit residuals using
a net reweighting threshold Wt = 12. The effect of changing this
parameter has been investigated for the same area by D’Agostino
et al. (2020) and is shown in their Fig. 5. In order to investigate
the relationships between the regional velocity field and faulting di-
rections that accommodate it, we also determine no-length-change
orientations from our strain-rate field. Because faulting can cause
no change in length between points joined by a line parallel to
the faults, these no-length-change orientations correspond to the
strikes of faults that can accommodate the strain-rate field. In any
continuous velocity field where the shear-strain rate exceeds the
dilatation rate there are, in general, two directions in which a line
joining two points does not change in length (Holt & Haines 1993).
Where this requirement is satisfied, the two directions show possible
orientations of faults that can accommodate the strain-rate field by

uniform slip on faults of a single strike. Where this requirement is
not satisfied, the velocity field cannot be accommodated by uniform
slip on a parallel system of faults, and more than one fault orienta-
tion must be involved, as for example in SW Turkey (Howell et al.
2017). The directions of zero-length-change in the velocity field,
measured anticlockwise from the x axis, in terms of the elements of
the strain rate tensor, are:

tan � f =
−�̇ xy ±

�
�̇ 2

xy − �̇ xx �̇ yy

�̇ yy
(1)

where the x-direction is east and the y-direction is north. This result
is correct only if

�̇ 2
xy ≥ �̇ xx �̇ yy (2)

which is equivalent to requiring that the principal horizontal strain
rates have opposite signs, or that one is zero (Holt & Haines
1993). Where condition (2) is satisfied the velocity field can be
accommodated by faulting with either of two strikes, correspond-
ing to the two azimuths of the zero-length-changes in Fig. 4(b).
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