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1  |  INTRODUC TION

The kinematics of large earthquakes reflects, at a small temporal 
and spatial scale, the broad tectonic style of a region and the stress 
accumulation within the lithosphere. Coseismic displacements are 
the response of the crust with instantaneous dissipation of the en-
ergy stored during long interseismic periods. As a result, bounda-
ries with complex plate interactions often feature heterogeneous 
earthquake fault ruptures. The severe complexity of processes 
along the circum- Mediterranean plate boundary is expressed by 
variable faulting mechanisms and earthquake depths, resulting from 
plate fragmentation and interaction between contiguous subduc-
tion arcs (Bennett et al., 2008; Carminati et al., 2012; Faccenna 
et al., 2014; Oldow et al., 2002; Reilinger & McClusky, 2011; Wortel 
& Spakman, 2001).

The November 26, 2019, Mw6.4 Durrёs earthquake ideally de-
scribes such complexity of deformation. This earthquake is part of 
a seismic sequence spreading from late 2019 to early 2020 with 8 
Mw > 5 reverse FMs with belt- perpendicular P- axes. Due to a rather 

sparse aftershock distribution and absence of primary surface 
coseismic ruptures (Papadopoulos et al., 2020), previous studies 
modelled the mainshock as either a low- angle ENE- dipping thrust 
(Caporali et al., 2020, Ganas et al., 2020, Papadopoulos et al., 2020; 
Vittori et al., 2021) or a SW- dipping back- thrust (Govorčin 
et al., 2020).

To solve the ambiguity, we face the problem by both local-  and 
regional- scale approaches. We provided an updated frame of the 
current regional- scale stress and deformation for Albanides by using 
an extensive set of seismic and geodetic data and compute geodetic- 
based slip models for the mainshock, where two opposite dipping 
faults are equivalent from a statistical point of view. Joint interpre-
tation of coseismic InSAR fringes pattern, interseismic and coseis-
mic GNSS deformations, and available data and models, converges 
toward the activation of a blind transpressive regional fault, cutting 
the upper crust down to the basal thrust with a kinematic complex-
ity consistent with the regional crustal stress where broad zones of 
transpression develop at the edge of a rotational deformation in-
duced by the rollback of Hellenic subduction.
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Abstract
A variety of tectonic processes spread along the circum- Mediterranean orogenic belts 
driven by the convergence of major plates, episodes of slab retreat and lateral and 
vertical mantle flows. Here, we provide an updated view of crustal stress and strain- 
rate fields for the Albanides belt in the eastern Adria- Eurasia convergence boundary. 
We framed a new geodetic- based source model for the 2019 Mw6.4 Durrёs earth-
quake in light of the regional deformation, propending for a transpressional west- 
dipping seismogenic fault. Our results highlight a fault- scale complexity which mirrors 
the long- time scale deformation of the Albanides plate boundary, where the rotation 
induced by the fast Hellenic rollback is accommodated also by transpression on inher-
ited structures.
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2  |  BACKGROUND SET TING

The Albanian sector of Dinarides- Albanides- Hellenides (DAH; 
Figure 1) is a SW- vergent fold- and- thrust belt developed since 
Late Jurassic in the framework of the Africa- Eurasia plate conver-
gence (Jolivet & Brun, 2010). The Albanides represent a large junc-
tion zone between the SW- verging Dinarides collisional belt (to the 
north) and the S- verging Hellenides (to the south) (Monopolis & 
Bruneton, 1982; Speranza et al., 1995; van Hinsbergen et al., 2005), 
in the transition from the Adriatic continental collision to the Aegean 
oceanic subduction (Halpaap et al., 2018).

The DAH is dissected into three main differently evolving sec-
tors separated by prominent crustal- scale tectonic discontinuities 
(Figure 1). Dinarides and Albanides are separated by the NE– SW 
trending Shkoder- Peja transverse zone (SPTZ), a zone of dextral off-
set marked by gravimetric and magnetic anomalies (Bushati, 1997; 
Frasheri et al., 2009). This tectonic lineament has controlled, since the 
Early Miocene, the clockwise rotation of the Albanides with respect 
to the unrotated Dinarides (Speranza et al., 1995; van Hinsbergen 
et al., 2005). To the south, the right- lateral Cephalonia Transform 
Fault (CTF), located along the western edge of the Cephalonia- Lefkas 
Islands, separates the Albanides from the Hellenides (Monopolis & 
Bruneton, 1982).

The Albanides are formed by an external compressional and in-
ternal extensional domain. The former is made by envelops of the 
sedimentary cover deformed in uplifting anticlinal mountains and 
synclinal valleys related to NNW- striking, east- dipping thrusts and 
shallow conjugate west- dipping back- thrusts (Aliaj, 1997; Schmid 
et al., 2008) and secondary strike- slip faults that offset the anticlinal 
axes (Skrami & Aliaj, 1995). The latter is characterized by extension 
with N- S and NE– SW oriented normal faults whose Pliocene- to- 
recent activity have led to the formation of several intermountain 
basins and tectonic depressions (Aliaj, 1998).

Historically, the Albanides have experienced several strong 
M > 6 earthquakes (Grunthal et al., 2013; Stucchi et al., 2013), 
mostly in the period 1850– 1915, concentrated along the external 
compressional domain. Such a pattern is also remarked by the spa-
tial distribution of the instrumental seismicity (Figure 2a) clustering 
on low- angle NE- dipping thrusts (e.g., the Mw7.1 1979 Montenegro 
earthquake; Baker et al., 1997) and occasionally on high- angle back- 
thrusts (e.g., Copley et al., 2009; Louvari et al., 2001). The spatial 
distribution of focal mechanisms (FMs) shows homogeneous zones 
with normal faulting solutions prevailing along the internal exten-
sional domain and reverse (~65%) and strike- slip (~35%) faulting in 
the external domain (Figure 2a).

3  |  DATA AND RESULTS

Here, firstly we estimated the crustal stress and strain patterns for 
the Albanides, to get a reference tectonic framework, and lastly, we 
modelled the available InSAR and GNSS data to constrain the causa-
tive source of the 2019 Mw6.4 Durrёs earthquake.

Significance Statement

We provide a novel interpretation of long-  and 
short- term tectonic processes interaction along the 
Albanides plate boundary by computing the regional 
stress and strain- rate fields and a geodetic model for 
the 2019 Durrёs earthquake. In particular, we explain 
the Durres earthquake that occured on a relatively 
high angle inherited west- dipping fault, accommodat-
ing transpression generated by rotation induced by 
slab rollback.

F I G U R E  1  Regional tectonic framework showing major 
orogens and main faults (taken from https://edsf13.ingv.it/). 
Abbreviations: CTF, Cephalonia transform fault; SPTZ, Shkoder- 
Peja transverse zone. The blue polygon represents the area 
mapped in the inset. The inset shows the M > 2 events of the 
Durrës earthquake sequence (www.isc.ac.uk) along with the 
FM associated to the Mw6.4 2019 November 26 event (https://
earth quake.usgs.gov/earth quake s/event page/us700 06d0m/ 
pager). The shallow W- dipping Vore back- thrust (Vb) is also 
reported
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3.1  |  Stress computation

We subdivided the investigated region into four contiguous zones 
based on lateral continuity of faults and lineaments and consistency 
in FMs. The external domain has been divided into three different 
zones (A1, A2, A3, Figure 2a) while only a zone (A4 in Figure 2) has 
been defined for the internal domain. Each zone contains an ad-
equate number (>30; Table S1) of FMs to properly constrain the 
related stress field parameters. We performed the stress tensor 
inversion to get the principal stress axes orientations (σ1 > σ2 > σ3) 
and the stress ratio value (R) that gives indications on how close in 
magnitude the principle axes are. Due to the tectonic complexity 
of the study area, we used the method M84 (Michael, 1984, 1987) 
since it provides well- constrained solutions also without a priori in-
formation on the preferred fault plane. Moreover, to check results 
robustness, we also used the approach V14 (Vavryčuk, 2014), in 
which the fault plane is chosen by an instability constraint and the 
optimal stress tensor is determined in iterations (see Supporting in-
formation). Comparison of best- fit solutions from the M84 and V14 

methods (Figure 2b) shows that the orientations of the stress axes 
are generally consistent, and the different assumptions do not affect 
the solutions (see Table S1). Anyway, the two methods slightly differ 
in the estimated confidence limits, being larger for M84.

The results show that A1, A2 and A3 regions are characterized by 
a compressional stress regime with a well- constrained subhorizontal 
SW- plunging σ1. The orientations of σ2 and σ3 are well constrained 
only for A1, while their 95% confidence limits overlap for A2 and A3, 
on the plane perpendicular to σ1, suggesting that they are approxi-
mately equal in magnitude (R > 0.8). The magnitude proximity of σ2 
and σ3 is also remarked by the flip between the two stress axes for 
the solutions in A2 (Figure 2b) and by the equal mixture of reverse 
and strike- slip solutions. The A4 region is characterized by an ex-
tensional regime with a well- constrained subhorizontal σ3, equally 
resolved by both methods. Although confidence limits of σ2 and σ1 
do not overlap, the R < 0.2 value, coupled with the σ2 and σ1 disper-
sion on the plane perpendicular to σ3 implies a slight coexistence 
of both normal and strike- slip mechanisms. Our estimated stress 
fields well match the ones estimated by local field data (e.g., Graham 

F I G U R E  2  (a) Lower hemisphere, equal area projection for FMs (Mw ≥ 3.6) compiled in this study from online catalogues (http://
rcmt2.bo.ingv.it, http://www.eas.slu.edu/eqc/eqc_mt/MECH.EU). FMs are coloured according to rake: red indicates thrust faulting, blue 
is normal faulting and yellow is strike- slip faulting. A1, A2, A3 and A4 represent the datasets used for the stress tensor inversions. The 
instrumental crustal seismicity (M ≥ 3.0) occurring since 1950 (www.isc.ac.uk) is reported in the background. Abbreviations: AL, Albanides; 
CTF, Cephalonia transform fault; DN, Dinarides; HL, Hellenides; SPTZ, Shkoder- Peja transverse zone. (b) Frohlich (1992) ternary diagrams 
(on the left) and graphic output of the stress tensor inversion results were obtained with M84 (to the centre) and V14 (on the right) 
methods for each dataset. The Frolich diagram is divided into faulting styles: NF is normal faulting, NS is normal and strike- slip faulting, SS 
is strike- slip faulting, TS is thrust and strike- slip faulting, TF is thrust faulting and U is undefined faulting
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et al., 2006; Lacombe et al., 2009) as well as the regional pattern 
reported in Heidback et al. (2018).

3.2  |  GNSS velocity and strain computation

We analysed an extensive GNSS dataset by using the GAMIT/GLOBK 
software (Herring et al., 2018) to estimate a consistent set of velocities 
in a Eurasian frame (Palano et al., 2017). To improve the spatial density 
of the geodetic velocity field (Figure 3a), we integrated our solutions 
with those reported in the recent literature (Chiarabba & Palano, 2017; 
D’Agostino et al., 2020; England et al., 2016). We estimated the hori-
zontal strain rates on a regular 0.25° × 0.25° grid (Figure 3b) by using 
the VISR code (Shen et al., 2015) (see Supporting information).

The main feature of the regional velocity field (Figure 3a) is given 
by the clockwise rotation of the internal Albanides domain with 
rates increasing southward (~10 mm/a at the Albanides– Hellenides 

boundary and more than 20 mm/a in northern Hellenides), accommo-
dated by the NE– SW- trending normal faults (Figure 1). Few coastal 
stations along the external domain move toward NNE with rates of 
3– 4 mm/a showing a variable coupling with the motion of Apulia 
(~5 mm/a). This pattern highlights a complex deformation where 
the Adria- Eurasia convergence is accommodated in a narrow NNW- 
striking belt (external domain) on thrusts and associated structures 
(back- thrusts and transpressive steep structures). The pattern of 
crustal stretching and shortening strain rates (Figure 3b) well match 
the spatial distribution of both normal and reverse faults (Figure 1) 
and FMs (Figure 2) already discussed for both the Albanides domains. 
The internal domain is characterized by a crustal stretching of ~45 
nanostrains (on average) with extensional axes orthogonal to the 
NE– SW normal faults, while the internal domain is characterized by 
a crustal shortening of ~55 nanostrains with NE– SW contractional 
axes, evidencing the transpressive nature of the Adria- Eurasia con-
vergence along the Albanides.

F I G U R E  3  (a) GNSS velocities and 95% confidence ellipses in a fixed Eurasia frame. DUR2 and TIRA are GNSS stations discussed in 
the maintex. VF, Vore back- thrust. (b) Geodetic strain- rate parameters: background colour shows the rate of spatial change while arrows 
represent the greatest extensional (red) and contractional (blue) horizontal strain rates. Uncertainties related to the horizontal strain rates 
are reported as black bars. The blue polygon represents the area mapped in Figure 4a
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3.3  |  The Mw6.4 source model

GNSS coseismic displacements are estimated by differencing the 
average site position of our GAMIT/GLOBK solutions in the 2 days 
before and after the earthquake occurrence. We detected signifi-
cant displacements at TIRA, TIR2 and DUR2 stations, because of 
their proximity to the epicentre (Figure 4). Using the Sarscape soft-
ware, we processed two ascending and one descending Sentinel- 1 
SAR pairs spanning the periods November 14– 20, November 20– 26 
and November 11 to December 1 (Figure S2) to obtain 15 × 15 m 
coseismic interferograms. Line of sight (LoS) displacement maps are 
in very good agreement with each other and depict a large uplift 
area of about 8 cm. The fringe pattern sharply changes in concomi-
tance with the surface expression of the Vore back- thrust, border-
ing the NNW trending mountain ridge, while they appear larger and 
smoother toward the south- west (Figures S2 and S5). To model the 
seismic source, we performed a preliminary non- linear inversion to 
define fault geometry and kinematics, followed by a linear inversion 
for the slip distribution. We jointly inverted GNSS and SAR data 
by using Okada’s (1985) formalism. We used only one ascending 
dataset to avoid redundancy and imbalance between the two LoS, 
favouring the smallest temporal baseline pair. We explored both 
geometries during the first non- linear step and then compared the 
slip- distributions (Figure 4). The E- dipping solution (strike 346°) re-
quires displacements on a low (18°) angle plane at depth > 10 km to 
fit GNSS data at close stations (details in Supporting information). 

Although both models similarly reproduce the observed coseismic 
displacements (Figure S6), the W- dipping model (strike 150°, dip 66°) 
performs decisively better at the RRES station. For the W- dipping 
model, most of the coseismic displacement at DUR2 station is given 
by the strike- slip component (Figure 5).

4  |  DISCUSSION

Strain rates from GNSS data and stress tensor inversions high-
light a kinematics complexity at the northern continental mar-
gin of the oceanic Hellenic subduction. Reverse FMs prevail in a 
~300 km long portion of the coastal area, coexisting, while locally 
interrupted, by strike- slip fault zones. Compression is replaced by 
extension in the internal domain, where the principal stress axes 
maintain the same direction and flip in absolute and relative magni-
tude. The progressive increase in strain- rate from north to south is 
consistent with the subduction rollback, being the dominant shap-
ing role as also proposed by Handy et al., 2019. Rotation induced 
by the NNW motion of Apulian and Dinarides with respect to the 
SW- verging motion of the Hellenides give rise to the development 
of broadly compressive (A1 and A3), transpressional (A2 and CTF) 
and extensional structures (A4), accommodated north by the SPTZ, 
and south by the CTF. The latter is very clear and decouples the 
margin of the fast retreating slab with respect to the continental 
Adria- Eurasia convergence. Conversely, transpression in A2 and 

F I G U R E  5  In the upper part, we provide a 3D view of the coseismic deformation spreading the 20 191 120– 20 191 126 ascending 
interferograms on the digital elevation model. GNSS stations and the Vore fault trace are also reported. Underneath, a schematic WSW- ENE 
section of the Durrёs area, modified after Vittori et al. (2021) and reference therein. Major active tectonic structures (in red) depict a thrust 
and back- thrust setting with a poorly constrained frontal thrust surfacing onshore. Both E-  and W- dipping models (in blue) fit the coseismic 
deformation. However, our preferred W- dipping model reveals a transpressive kinematic, characterized by 46% of left- lateral strike- slip 
mechanism, as represented in the sketch
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partially in A1 disperse on a broad zone where σ1 is subhorizontal 
(Figure 2b) while σ2 and σ3 are closer in magnitude and may easily 
flip, giving rise to consistent reverse or strike- slip faulting mech-
anisms. Embedded in between these two main systems, a broad 
structure emerges with prevalent reverse solutions and subhori-
zontal σ1 (A3 region).

On November 26, 2019, an earthquake occurred at the SW ter-
mination of the SPTZ were reverse and strike- slip FMs alternate and 
overlap (A1). Here, the southward strike rotation of the SPTZ implies 
a relevant reverse component in long-  and short- term kinematics. 
Previous geodetic- based source models presented either E-  or W- 
dipping solutions, neglecting the co-  and interseismic strike- slip com-
ponents in deformation and geological- structural patterns, as shown 
by the strain- rate field, where a clear transpression in the earthquake 
source area is evident (Figure 3b). Ganas et al. (2020) and Vittori 
et al. (2021) favour an E- dipping fault, consistent with the activation 
of a deep- blind- low- angle thrust. Govorčin et al. (2020) discussed 
both geometries and supported the activation of a blind- high- angle 
back- thrust, namely the Vore back- thrust. The east- dipping plane, 
with a great depth of 20 km and low dip angle, is not an obvious fea-
ture of the regional structural setting (see also Vittori et al., 2021), 
decoupled from the shallower east- verging thrust system and poorly 
known or constrained. Our preferred solution consists of a major 
transpressive kinematics (46% of strike- slip component) on a blind 
plane whose surface expression coincides with the mapped Vore 
back- thrust (Basili et al., 2013). This oblique solution similarly fits 
the overall data, while better explaining geodetic data at the station 
RRES and the asymmetry of the InSAR fringe pattern (denser near 
the Vore back- thrust trace). Moreover, InSAR fringes and slip distri-
bution highlight how the coseismic uplift is coincident and confined 
along the compressive ridge, suggesting a repeating activation of the 
fault. A further indication comes from the interseismic GNSS veloc-
ities (Figure 3a) showing a relative compression between DUR2 and 
TIRA stations (Figure 3a), inconsistent with both points being in a 
solidly deforming block, i.e., the fault hanging wall of the deep east- 
dipping plane.

Therefore, we are attracted to consider the W- dipping trans-
pressive fault as the causative source for the 2019 earthquake. Our 
model resolves an even higher strike- slip component, consistent 
with the regional stress (A1 in Figure 2b) and requires a slip down to 
a depth of 12– 15 km, suggesting an inherited, regional- scale trans-
pressive fault. An interesting scenario is given by the interaction 
with the deeper, external thrust and a possible simultaneous activa-
tion of the two faults. Complex faulting along more than one plane is 
documented in many large compressional earthquakes, like the 2008 
Pakistan, the 2016 and 2010– 2011 New Zealand seismic sequences 
(Atzori et al., 2012; Cesca et al., 2017; Pezzo et al., 2014). Even more 
speculative is the hypothesis that part of the slip on one of the two 
planes occurred aseismically. However, differently from the other 
examples, the spatial overlapping of the two sources leaves such an 
issue unsolvable for the 2019 Albania case.

The 2019 Durrёs earthquake is replicating, at the scale of seconds 
and tens of kilometres, the long- term and regional transpression in a 

sector of the Albanides formed by the delicate equilibrium between 
the S- ward suction due to the fast Hellenic slab retreat (few centi-
metres) and the slow convergence in the Dinarides (few millimetres). 
In our model, the dominant engine and the differential velocity of 
retreat induce transpression at the northern edge of the system, 
mirrored by the Mw6.4 earthquake faulting mechanism. The rotation 
(Figure 2a) creates a series of strike- slip zones, similar to the cor-
ridors bordering the Pannonian basin (Csontos et al., 1992; Marko 
et al., 2017; Tari et al., 1992), with lateral irregularities promoting 
the development of compressional positive mega- flower zones (A3). 
The development of similar structures at the edge of fast retreating 
slabs could be a consistent pattern that develops in compressional 
margins worldwide.

5  |  CONCLUSIONS

The 2019 Mw6.4 Durrёs earthquake enclosed in a single rupture 
lasted only a few seconds all the tectonics complexity that spread 
on a thousand- kilometre- long margin and ka time evolution. The ro-
tation induced by slab- retreat suction induces transpression at the 
edge of the subduction with the coexistence of reverse and strike- 
slip mechanisms. Our favoured causative source is a transpressive 
blind W- dipping fault. Its oblique kinematics and SE- ward continuity, 
and stress transfer from the earthquake, could imply an increased 
expectation of earthquakes in the Tirana region, requiring an update 
of seismogenic source catalogues for earthquake hazards.
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