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ABSTRACT

It is commonly assumed that the motions of tectonic plates remain steady over the earthquake cycle.
This assumption is based on the notion that stresses associated with the cycle may not be sufficient
to overcome the asthenosphere viscous resistance at the lithosphere base, which counters plate-motion
changes. However, this remains to be verified. Recent inferences on the asthenosphere viscosity/thickness
from modelling of glacial rebound data constrain the amount of viscous resistance needed to alter plate
motions. In light of these recent findings, it is conceivable that stresses associated with the earthquake
cycle are large enough to impact motions of microplates or small-/medium-sized plates. Here we show
that the contemporary motion of the Apulia microplate slowed down by ~ 20% and turned westward
by ~ 10° during the decade preceding the My 6.4, 26 November 2019 Durrés (Albania) earthquake,
which struck the Apulia eastern margin with the Eurasia plate. We make a statistical comparison
between estimates of the torque variation required for Apulia to generate the observed slowdown, and
parameterised estimates of the torque variation imparted to Apulia by the interseismic stress buildup
during the decade before the 2019 Durrés earthquake. We conclude that the Apulia motion change likely
resulted from the interseismic stress buildup associated with the Durrés earthquake cycle.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The occurrence of large earthquakes along brittle plate margins
is classically studied in the context of the theory of plate tec-
tonics (Wilson, 1965; McKenzie and Parker, 1967; Morgan, 1968;
Le Pichon, 1968): over decades to centuries, relative motions be-
tween adjacent tectonic plates accrue stress at slow pace along
portions of their brittle interfaces - this is referred to as the in-
terseismic stress buildup. Stress is then suddenly released through
earthquakes, and the process of stress accrual is thus reset. The
whole temporal pattern of slow stress accrual and sudden release
is commonly referred to as the earthquake cycle - although such
a definition does not necessarily imply that the process repeats it-
self in the same place and/or with the same period. One of the
tenets of the plate tectonics theory is the steadiness of plate mo-
tions over the earthquake cycle (e.g., Govers et al, 2018). This
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forms the basis, for instance, of slip deficit estimates that often
inform seismic hazard models (e.g., Savage, 1983). Such a tenet,
which remains to be tested against observations, is predicated on
the notion that stresses associated with the earthquake cycle (see
Allmann and Shearer, 2009, for a review) appear small relative to
what is needed to overcome viscous resistance at the plates base
and change plate motions over time (e.g., laffaldano, 2014). While
this notion appears reasonable for large tectonic plates, medium
to small plates as well as microplates (Wallace et al., 2005) offer
a relatively smaller area to viscous resistance from the underly-
ing asthenosphere. Their motions, therefore, might be more prone
to be influenced by relatively small stress changes along their tec-
tonic margins. In addition to this, recent advances in modelling of
long-wavelength glacial rebound data place tighter constraints on
thickness and viscosity of the Earth’s asthenosphere (Paulson and
Richards, 2009; Richards and Lenardic, 2018): these analyses indi-
cate that the cube of the asthenosphere thickness is proportional
to the viscosity contrast between the asthenosphere and the up-
per part of the mantle. This finding has bearing on analyses of
the plate torque balance, because the interdependence of thick-
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Fig. 1. GPS surface velocities utilised in this study to infer Euler vectors for the Apulia (AP) rigid motion during the periods from November 2007 to December 2010 (in
red), and from November 2016 to October 2019 (in blue). Squares are GPS-site locations. Ellipses show the 95% confidence on GPS velocities. Green dots are historical
and instrumentally-detected earthquakes from the SHEEC 1900-2006 Catalog and the European-Mediterranean Regional Centroid-Moment Tensors Catalog. In purple is the
epicentre and focal mechanism (USGS solution) of the My 6.4 November 2019 Durrés earthquake. AP microplate margins are in black. Continents are in grey. Inset shows
the location of AP within the Mediterranean tectonic setting — AT is Anatolia, AR is Arabia, AS is Aegean Sea, EU is Eurasia, and NU is Nubia. (For interpretation of the colours

in the figure(s), the reader is referred to the web version of this article.)

ness and viscosity of the asthenosphere reduces significantly the
ranges of torque values required to modify plate motions through
time (e.g., Stotz et al., 2018). Taken altogether, these findings mean
that small tectonic plates or microplates require relatively mod-
erate levels of torque to change their motions. This opens to the
possibility that they might experience temporal motion changes
associated with the stress buildup and release of the earthquake
cycle. In fact, from the viewpoint of plate dynamics, the whole
earthquake cycle can in principle be thought as comprising two
phases in which two torques are built upon a plate: a first phase in
which a plate experiences a torque whose magnitude slowly grows
as the stress builds up along a portion of its margins during the
interseismic period. In the subsequent phase, corresponding to the
earthquake itself, the plate experiences a sudden, additional torque
that is equal in magnitude (at least to first-degree) but opposite in
direction to the one developed during the first phase. This way, the
net torque change upon the plate from the beginning to the end
of the earthquake cycle remains null. It follows from this that one
should expect differences in plate motions when these are mea-
sured at different moments within a single earthquake cycle, but
that the average motion throughout one or more complete cycles
should be expected to be steady. The hypothesis that the motions
of small plates and microplates are influenced by the stress evo-
lution over the earthquake cycle is indeed supported by synthetic
numerical models of microplate kinematics and dynamics (Martin

de Blas and laffaldano, 2019), but remains to be tested against real
data.

The Mediterranean tectonic setting is a prime example of mi-
croplates that buffer the relative motions between major tectonic
plates (Faccenna et al.,, 2014). In fact, from East to West conver-
gence between Nubia and Eurasia is accommodated through the
motions of microplates and units such as Anatolia, the Aegean
Sea, Apulia, Adria, and the Eastern Mediterreanean (e.g., Jolivet
and Faccenna, 2000; Nocquet, 2012). Consequently, this is a re-
gion of significant seismic activity that is reported in instrumental
as well as historical catalogues (Pondrelli, 2002; Griinthal et al.,
2013). Furthermore, there is significant coverage by geodetic in-
struments (Nocquet, 2012) - mostly the Global Positioning System
(GPS) - to illuminate the kinematics of these tectonic units, as well
as their temporal variations. In particular, the Apulia microplate is
a candidate to test the hypothesis that microplates motions change
in response to stress variations during the interseismic part of the
earthquake cycle: in fact, the M,, 6.4 Durrés (Albania) earthquake
stroke on 26 November 2019 along its eastern margin (Papadopou-
los et al., 2020) (Fig. 1). This means that one can arrive at an
estimate of the torque that has slowly built upon Apulia during
the interseismic period on the basis of the focal mechanism and
rupture area estimated for the 2019 Durrés earthquake. Further-
more, there is sufficient GPS coverage to infer with confidence past
temporal variations of the Apulia rigid motion back to a decade or
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so before the 2019 Durrés earthquake - that is, during the final
years of the interseismic period. Here we utilise publicly-available
records of GPS sites within Apulia to estimate a temporal change
of the Euler vector describing its rigid motion during the periods
from 2007/2008 to 2010, and from 2016/2017 to 2019 - that is,
about a decade and immediately before the 2019 Durrés earth-
quake. Next, we estimate the torque needed to explain such a
plate-motion temporal variation. Lastly, we compare it to a param-
eterised estimate of the torque arising from the stress buildup over
the fraction of the 2019 Durrés earthquake cycle accomplished be-
tween 2007 and 2019.

2. Tectonics and kinematics of Apulia

The Apulia microplate (AP) comprises the southeastern part of
Italy, and belongs to the tectonically complex region that buffers
the convergence of Nubia towards Eurasia (e.g., Jolivet and Fac-
cenna, 2000; Nocquet, 2012; Faccenna et al., 2014). Earlier stud-
ies (e.g., Anderson and Jackson, 1987) identified the northern and
southern parts of Italy as one single tectonic unit named Adria. The
existence of AP as a separate microplate in later tectonic models
owes to the fact that several studies (Calais et al., 2002; Nocquet
and Calais, 2002; Serpelloni et al., 2005; D’Agostino et al., 2008)
concluded that a single rigid tectonic unit comprising the whole
Adriatic Sea could not satisfy the kinematic constraints coming
from a growing wealth of GPS observations collected in the re-
gion, and thus proposed the presence of two separate tectonic
units - Adria to the north (e.g., Stein and Sella, 2005) and AP
to the south. The microplate margin between Adria and AP cuts
through the seismically active central Adriatic Sea (e.g., Weber
et al., 2010) (Fig. 1). The western margin of AP runs along the
Appennines, while to the east AP is bounded by the conjunction
between the northern Albanides and the southern Dinarides. This
is consistent with both GPS observations and earthquake slip vec-
tors in the Apennines and the Dinarides (D’Agostino et al., 2008).
Less clear is the location of the southern margin of Apulia, chiefly
because of the absence of islands in the Ionian Sea where to deploy
GPS devices that could measure local motions. Several previous
studies (e.g., Battaglia et al., 2004; D’Agostino et al., 2008; Ser-
pelloni et al., 2010) proposed a southern boundary of AP located
between northern Calabria and southern Sicily. In a comprehen-
sive review study of the contemporary kinematics of the Mediter-
ranean, however, Nocquet (2012) noted that these proposals would
imply an amount of relative motion between AP and the Ilonian
Sea that appears incompatible with the observed pattern of seis-
micity. Instead, here we place the southern margin of AP along the
EW-directed South Salento-North Kerkira fault (Pierri et al., 2013),
south of the Apulia-region southern coast (Fig. 1). We consider
such a configuration to be reasonable on account that the south-
ern margin of AP (i) runs through a cluster of regional seismicity in
the northern Ionian Sea that is documented in both instrumental
and historical seismic catalogues (Pondrelli, 2002; Griinthal et al.,
2013), and (ii) coincides with an identified sliver of contempo-
rary strike-slip deformation between the Adriatic and Ionian Seas
(Kreemer et al., 2014).

The contemporary motion of AP can be inferred from a num-
ber of continuously-recording GPS sites whose data are publicly
available for download at the Nevada Geodetic Laboratory website
(Blewitt et al., 2018). While there are few publicly-available GPS
continuous records until mid-2007, the number of continuously-
recording instruments within AP whose data are publicly available
has steadily grown from mid-2007 towards today. In fact, while
prior to mid-2007 the number of GPS sites within AP is 5 or less,
after then estimates of the AP motion can benefit from the avail-
ability of data from 10 to almost 20 GPS sites. We constrain the
AP rigid motion over two distinct time periods that are 9 years
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Table 1

Continuous GPS stations utilised to constrain the AP Euler vector for the pe-
riod November 2007-October 2010. Columns are: (1) sites acronyms, (2-3) lon-
gitude (decimal deg East) and latitude (decimal deg North) of site locations,
(4-5) starting/ending time of GPS measurements (in decimal years), and (6-9) sta-
tion East/North velocities (ve/v,) relative to Eurasia and standard deviations (o) in
mm/yr.

GPS stations Temporal coverage GPS velocities

Site lon lat Start End Ve Vn Ov, oy,
AMUR  16.604 40907 200783 2010.83 11 54 03 0.3
CADM 16274  41.078 200783  2010.83 1.7 53 04 04
GIUR 18430 40124 200783 2010.83 18 43 04 04
MRVN  16.196  41.061 2007.87 2010.83 1.2 54 04 0.3
NOCI 17.064  40.789  2007.83  2010.83 25 53 04 0.3
SASA 17965 40385 200783 2010.83 19 45 04 0.3
SCTE 18467  40.072 200783 201083 12 46 03 0.3
UGEN 18162  39.928 200783 2010.83 19 47 03 04

apart from one another - that is, from November 2007 to Octo-
ber 2010, and from November 2016 to October 2019. The latter
period is chosen so that it (i) is longer the 2.5 years that are com-
monly considered the minimum standard to obtain tectonically-
representative velocities (e.g., Blewitt and Lavallée, 2002; Herring
et al,, 2018), and (ii) ends shortly before the 2019 Durrés earth-
quake. For the former period, we follow the same length criterion
but request that - within the limits posed by the availability of GPS
site records within AP - it begins as early as possible before the
2019 Durrés earthquake. Furthermore, in order to verify that the
inferences and conclusions made here are not biased by the spe-
cific choice of initial/final time and period length, we constrain the
AP rigid motion over three additional sets of time periods where
the earlier and later ones are 9 years apart from one another - that
is, January 2008-October 2010 versus January 2017-October 2019;
July 2007-October 2010 versus July 2016-October 2019; and July
2007-June 2010 versus July 2016-June 2019. Such choices aim at
constraining the AP rigid motion from the largest possible number
of GPS sites over two ~ 3-yr-long time periods (more precisely,
they are 2.8 yr, 3 yr, and 3.3 yr long) that bound the longest pos-
sible fraction of the 2019 Durrés interseismic period permitted by
the GPS data availability. In the following, we refer to, and present
results for, the first set of time periods - that is, from Novem-
ber 2007 to October 2010 and from November 2016 to October
2019. Data and analyses for the other three sets of time periods
are reported in the Supplementary Material. Given the constraints
above, we select 8 sites for the earlier period (that going from 2007
to 2010), and 18 sites for the later period (that going from 2016
to 2019). These are illustrated in Fig. 1, while GPS-site acronyms
and positions are reported in Tables 1 and 2. Fig. 2 schematically
illustrates how these time periods fit within an idealised earth-
quake cycle assumed to end with the 2019 Durrés earthquake: the
stress buildup Ao occurs over a period of time At that is in the
order of few tens to few hundreds years (e.g., Stein and Wyses-
sion, 2003), and is followed by the sudden earthquake occurrence.
The two ~ 3-yr-long time periods over which we constrain the AP
motion - from November 2007 to October 2010, and from Novem-
ber 2016 to October 2019 - are represented in Fig. 2 as At,; and
Aty2, respectively. Instead At, represent the period from Novem-
ber 2007 to October 2019. In our analyses, At and Ao remain
free parameters of the problem. The fraction of Ao accrued from
the beginning of At,q to the end of At,, depends on these free
parameters, and is equal to Ao - At,/At.. We process the contin-
uous position time series of the sites in Fig. 1 using the MIDAS
software (Blewitt et al., 2016), in order to obtain surface velocities
and associated standard deviations that are representative of the
GPS-site motions, in a reference frame fixed with the Eurasia plate
(EU) (Kreemer et al., 2014), over the periods indicated above. Site
velocities and associated standard deviations for earlier and later
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Table 2

Same as Table 1, but for the period November 2016-October 2019. GPS stations
marked with a star (*) have also been used in the similar-sites cases (see main text
for more details).

GPS stations Temporal coverage GPS velocities

Site lon lat Start End Ve Vn ov, Oy,
AMUR*  16.604 40.907 201684 201983 13 45 03 04
AVTR 17733 40342 201684 201950 09 44 04 04
BRIN 17940  40.637 201684 201950 13 46 03 04
CSSR 18.347 39.833  2016.84 201983 05 44 03 0.3
FASA 17359  40.835 2016.84 2019.83 11 45 03 0.3
GIUR* 18430 40124 201684 201983 08 43 03 04
MATG 16.705 40.649  2016.84 201983 13 46 03 0.4
MELE 18335 40.278 201684 201950 09 41 0.3 04
MLFT 16.604 41196 2016.84 201950 1.3 41 0.4 04
MRGH 16.149 41373 2016.84 201983 12 46 03 0.3
MRVN* 16196  41.061 2016.84 201939 1.0 41 0.4 04
MSAG 15910 41.712 201684 201983 12 46 04 04
PATU 18342  39.839 201684 201950 0.7 41 0.3 04
SASA* 17965 40385 201684 201983 1.0 43 03 0.3
SCTE* 18.467  40.072 2016.84 201983 0.7 41 03 0.3
UGEN* 18162  39.928 201684 201983 1.0 41 0.3 0.3
USAL 18.111 40.335 2016.84 201983 03 38 04 0.4
VAL4 16.905 41016 201684 2019.83 11 42 03 04

Idealised earthquake cycle
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Fig. 2. Sketch of an idealised earthquake cycle illustrating how stress (vertical axis)
slowly increases over time (horizontal axis) by Ao during the interseismic period,
to then drop suddenly during the earthquake. The pattern of interseismic stress
buildup and coseismic stress drop lasts At.. Under the premise that the end of
the idealised cycle represents the occurrence of the 2019 Durrés earthquake, the
sketch also illustrates how the two time periods over which the GPS-based motion
of Apulia is constrained (indicated as At,1 and At,;) fit into such a cycle, bounding
its last ~ 10 years (indicated as Aty ).

periods are illustrated in Fig. 1, while velocity values are reported
in Tables 1 and 2.

Next, we utilise the commonly-used minimisation of the sum of
squared velocity misfits (Nocquet et al., 2001), to obtain from each
set of site velocities an Euler vector that is representative of the
AP/EU rigid motion during the associated time period. Specifically,
for each period we draw 10% samples of each site velocity from
their mean values and standard deviations. This provides us with
106 sets of site velocities, from which we infer an ensemble of 10°
Euler vectors. From each ensemble we calculate mean Euler vectors
and covariances of their Cartesian components. Lastly, for the later
time period of each set, we also calculate an additional Euler vec-
tor through the same procedure above, but using data from only 6
GPS stations whose position time series also cover the earlier time
period (see Table 2). This serves the purpose of testing whether
a temporal change of Euler vector is warranted by the data also
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Fig. 3. Euler vectors for the motion of AP relative to EU inferred from the inversion
of the AP GPS velocities (Fig. 1) via minimisation of the sum of squared misfits.
The map shows the positions of the average Euler poles inferred for the two time
periods, together with the contour where the most-recurrent 95% of the sampled
Euler poles fall (see main text for details). Continents (in grey) are for reference.
The inset shows the distributions of sampled angular velocities associated with the
Euler poles.

under more stringent conditions that are as similar as possible
over the two time periods. In the following, inferences drawn from
having used the latter Euler vector over the later time period (as
opposed to the one making use of the entire group of available
stations - see Table 2) are labeled as similar-sites case. Table 3 re-
ports all calculated Euler vectors (including those for the additional
three sets of time periods), along with the entries of their covari-
ance matrices. Fig. 3 shows position and confidence area of the
inferred Euler poles, as well as the distributions of angular veloc-
ities within the ensembles. The temporal change of AP/EU Euler
vector concerns both the angular velocity, whose mean value al-
most halves from one period to the other, and the Euler pole,
which shifts by ~ 100 km eastward. From the AP/EU Euler vectors
(@) we first calculate surface velocities at the positions of the GPS
sites (that is, Vp = & x T, T being the site position vector), and then
calculate residual velocities (V) as the difference between the GPS
observed velocity (Vo) and its prediction from the Euler vectors at
the site - that is, Vg = Vo — (@ x ). Fig. 4 shows residual velocities
for both periods for all sites (values are reported in Supplementary
Tables 1 and 2). The fact that velocity residuals are smaller than
their uncertainties means that the velocity fields measured by GPS
instruments over both periods are in fact adequately described by
Euler vectors - that is, they are velocity fields that represent rigid
motions over the Earth’s surface.

We use the inferred Euler vectors and associated covariances
to sample on a regularly-spaced grid the AP surface motions and
95% confidence regions, where the most-recurrent 95% of the en-
semble of 108 velocity samples fall (Fig. 5). This shows that the
motion of AP decreased by ~ 20%, from velocities in range from 5
to 5.5 mm/yr between November 2007 and October 2010, to ve-
locities in range from 4 to 4.5 mm/yr between November 2016
and October 2019. Simultaneously to the slowdown, the direction
of motion turned overall westward by ~ 10°. Importantly, these
kinematic variations are larger than the 95% confidence range
associated with the Euler vectors covariances. The fact that the
AP rigid-motion change is larger than what is permitted by the
combined uncertainties of both Euler vectors means that such a
decadal kinematic change is warranted by the data at the 95%
confidence level, and shall be viewed as a tectonically-meaningful
plate-motion change. To further corroborate this inference, we per-
formed an F-ratio test (Stein and Gordon, 1984) to calculate the
residual probability that GPS station velocities of both the earlier
and later time periods can be efficiently described by one single
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Table 3

Earth and Planetary Science Letters 584 (2022) 117505

Euler vectors (@) and associated covariances (Cj;) for the AP/EU rigid motions during all time periods investigated in this study.
Labels for earlier/later time periods are: E1 (11/07-10/10), E2 (01/08-10/10), E3 (07/07-06/10), E4 (07/07-10/10), L1 (11/16-10/19),
L2 (01/17-10/19), L3 (07/16-06/19), L4 (07/16-10/19). Euler vectors whose time period is marked with a star (*) refer to the similar-

sites cases (see main text for more details).

lon lat 5} wx wy w; Cxx Cyy Cxz Cyy Cyz Czz

[°E] [°N] [PMyr~']  [1072°Myr 1] [1078 rad? Myr—2]
El -146.03  -3458  0.190 21295 -8.72  -10.76 991 311 88.1 9.8 276 78.4
E2 -147.84  -3523 0212 -1464 921  -1221 1055 331 938 104 295 83.5
E3 -133.87  -2822 0105 -757 -699  -594 1129 354 1004 112 315 89.4
E4 -14157  -32.85  0.147 -9.90 =771 -813 89.8 282 799 8.9 251 711
L1 -14151  -3451 0131 -8.45 672 -742 415 131 370 42 117 33.0
L2 -139.67  -3425 0119 -7.52 -639  -6.72 452 143 406 45 1284 364
L3 -139.77  -3338 0122 -7.75 -655  -6.69 427 136 381 43 121 34,0
L4 -142.42  -3450  0.140 -9.12 2702 -791 37.7 120 336 3.8 10.7 30.0
L1*  -12651  -2712 0073 -3.89 -525  -335 1445 463 1281 149 411 113.7
2  -111.09  -1739  0.051 -1.75 -453  -152 1639 525 1454 169 466 129.0
L3*  -13818  -32.33  0.113 -7.14 -640  -6.07 1346 432 1194 139 383 106.0
4*  -13933  -33.07 0120 -7.62 -655  -6.54 1251 402 1110 129 356 98.5

a) Residual velocities for the period 11/07-10/10

b) Residual velocities for the period 11/16-10/19
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Fig. 4. (a) Surface velocity residuals (see main text for details on calculation) of GPS sites utilised to infer the AP/EU Euler vector for the period from November 2007 to
October 2010. Ellipses are 95% confidence. (b) Same as (a), but for the GPS sites utilised to infer the AP/EU Euler vector for the period from November 2016 to October 2019.

In light blue are residuals from the similar-sites case (see main text for details).

AP/EU Euler vector - that is, we assess the level of confidence
one can have in stating that the Euler vector has not changed
through time. We find that there is less than 0.2% probability that
such a statement is true based on the observed GPS velocities,
regardless of the set of earlier/later time periods or the number
of GPS stations utilised for inferring the AP/EU Euler vector over
the later period (i.e.,, whether or not one refers to the similar-site
case). Under such a premise, it is difficult to imagine geologi-
cal processes capable of generating tectonically-adequate levels of
stress over years to decades, other than the earthquake cycle. Fur-
thermore, the observed slowdown of the AP/EU motion appears
consistent with the stress buildup during the Durrés interseismic
period, which can be constrained from the characteristics of the
earthquake mechanism of the 2019 Durrés event. In fact, the latter
event has been identified to be the result of thrust faulting oc-
curring on a Northwest-Southeast striking reverse fault (Govorcin
et al.,, 2020) on the eastern margin of AP (Fig. 1). As such, the stress
that EU exerted upon AP during the interseismic period preced-
ing the 2019 Durrés earthquake must have been oriented roughly
Northeast-Southwest, which indeed coincides with the direction of
AP slowdown implied by its Euler-vector temporal change (Fig. 5).

3. Torque variations upon Apulia

The considerations above motivate us to explore quantitatively
whether the AP observed plate-motion change accomplished from
2007 to 2019 is the result of the interseismic stress buildup, over
the same period, that preceded the 2019 Durrés earthquake. In
order to test such a hypothesis, we estimate the torque variation
experienced by AP as a result of the interseismic stress buildup
from 2007 to 2019, and compare it with estimates of the torque
variation required upon AP in order to change its Euler vector to
the degree evidenced by the geodetic data.

3.1. Torque variation required upon AP

For the latter torque variation, we resort to previous studies
(laffaldano and Bunge, 2015; Martin de Blas and laffaldano, 2019)
that obtained an analytical equation linking the torque variation
AM experienced by a tectonic plate of basal area S to the result-
ing temporal change of Euler vector. If one writes two equations
expressing the torque balance of a tectonic plate at two distinct
points in time - t; and t; - and then takes the difference between
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43°N : : ‘ 43°N
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40°N 1 - 40°N
Red arrows are AP surface velocities relative
the period 11/07-10/10.
390N | Blue arrows are AP surface velocities relative | 390N
to EU calculated at arbitrary positions for
the period 11/16-10/19. Light blue arrows
refer to the similar-sites case.
Ellipses are 95% confidence.
T T T
14°E 16°E 18°E 20°E

Fig. 5. Surface velocities illustrating the motion of AP relative to EU over the two time periods for which Euler vectors are inferred. Velocities are calculated at evenly-spaced
positions within AP. Contours around velocity arrows are the 95% confidence regions on velocities. AP margins are in thick black. Continents are in grey.

them so that only the terms that have actually changed through
time remain in the resulting equation, one obtains

AM:/#-?X[vp(?,tz)—\_)p(?,t1)]-ds 1)
A
S

where ua and Hp are viscosity and thickness of the astheno-
sphere, while v, (7, t) is the plate motion at position 7 and time ¢
(see laffaldano and Bunge, 2015; Martin de Blas and Iaffaldano,
2019, for more details and equation development). Since T/p(F, t)=
@(t) x T, equation (1) becomes

AM:/ﬂ-?x[AJ)xF]-dS 2)
Hp
S

where A® = @(tp) — @(t1). The fact that the Euler-vector change
A® is independent of ¥ means that the integral may be written as
the result of a linear map

#-?X[A(I)x?]-ds
A
[s i (* +2%)ds
N Y
= Js Faxyds
— Js fhxzdS

—fs ‘ﬁ—ﬁxyds
s fa(x* 4 2%)ds
—fs ﬁ—zyzds

P

- Js it xzdS
—Js ‘I_‘,—/A;yzds
[s @2+ y»ds

Awy
x | Awy (3)
Aw,

where the operator P links the vectorial space of Euler-vector
changes that a tectonic plate could experience to that of torque
variations possibly acting upon it. Therefore,

AM =PA® (4)

Equation (4) holds when the time periods over which AM and
A are accomplished are (i) short enough (in a geological sense)
that the plate has not changed shape, but also (ii) long enough
that the elastic component of sublithospheric motion within the
viscoelastic asthenosphere — which affects velocities of the overly-
ing plate (e.g., Pollitz et al., 2006) - has decayed to a significant
extent. These conditions indeed apply to AP for Euler vectors cal-
culated using GPS data collected between 2007 and 2010, and
between 2016 and 2019, since these two periods are more than
2-3 Maxwell time-intervals apart from each other (see Supple-
mentary Material for calculation of the Maxwell time-interval of
the asthenosphere underneath AP). We draw 10® samples of the
two AP Euler vectors inferred above, and use them to build en-
sembles of geodetically-constrained AP Euler-vector changes that
we then map, through equation (4), into ensembles of torque vari-
ations needed to generate the AP temporal change of rigid mo-
tion. In doing so, we implement the findings of previous studies
of long-wavelength glacial rebound data (Paulson and Richards,
2009; Richards and Lenardic, 2018), which constrain the cube
of the asthenosphere thickness to be proportional to the viscos-
ity contrast between the asthenosphere and the upper mantle -
ie, H3 =a- (ua/um), with a = 4.67 - 10> km® (see Fig. 3 in
Richards and Lenardic, 2018). Assuming the global average of w4 is
5.10'° Pa-s and that of up is 1.5-10% Pa-s yields H4 ~ 150 km.
Instead, H4 ~ 130 km if the global average of 4 is assumed to
be 3-10' Pa-s. In addition, we also implement asthenosphere
lateral variations of viscosity in line with the lateral tempera-
ture variations mapped by the tomography model PM_v2 2012
by Priestley and McKenzie (2013) (see Supplementary Material
for details and images). Table 4 reports the obtained entries of
the AP-specific operator P when the viscosity of the upper man-
tle is set to 1.5-10%" Pa-s and pp is set variably to 3. 10'°
and 510" Pa-s (eg., Fjeldskaar, 1994; Mitrovica and Forte,
2004).
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b) Torque-variation magnitude

Required for the AP motion change described by the 11/07-10/10
20°N - ® and 11/16-10/19 Euler vectors. Grey refers to the similar-sites case.
10°N - Provided by the interseismic stress buildup over the same period of

time. Color-coded focal-mechanism sources are:

INGV

0° H

USGS
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30°S
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Contours contain the most-recurrent 95%
50°S of the torque-variation ensembles

Provided by the interseismic stress buildup (all focal mechanisms)
Thick solid: Ao = [0.5, 3] MPa, thin solid: Ao = [3, 6] MPa, thick dashed: Ao = [6, 9] MPa.
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Fig. 6. Comparison of torque variation required upon AP in order to generate the plate-motion change evidenced by GPS data, and torque variation provided to AP by the
interseismic stress buildup of the Durrés earthquake cycle between November 2007 and October 2019. Torque-variation poles (i.e., the geographical positions where the
torque-variation axes intersect Earth’s surface) and their 95% confidence regions are shown in (a). Distributions of the associated torque-variation magnitudes are in (b).
The coseismic stress drop Ao, the average asthenosphere viscosity (4, the length of the 2019 Durrés earthquake cycle At, and the size of the rupture area %, are free
parameters of the calculations (see main text for details). For Ao, three ranges in line with global earthquake statistics (see legend in panel b) are utilised. s =5-10'° Pa-s,
At is uniformly distributed in range from 50 to 150 years, and S, = 250 km?. In the Supplementary Material, similar comparisons featuring different values of the controlling

parameters are shown.

Table 4

Entries of the linear operator P in equation (4). Units are 1037 Pa-s-m3.
A P Py Pi3 Py Py3 P33
3.10" Pa-s 6.8 23 6.6 133 -21 79
5.10' Pa-s 13.9 -4.7 -13.5 271 -43 16.2

3.2. Torque variation from the Durrés interseismic stress buildup
between November 2007 and October 2019

We proceed under the premise that the stress buildup during
the entire interseismic period is equal in magnitude but opposite
in direction to the sudden coseismic stress associated with the oc-
currence of the 2019 Durrés earthquake. The direction of the latter
one - here indicated with the unit-vector symbol § — can be deter-
mined from the strike, dip, and rake of the main nodal plane, while
its magnitude Ao is kept as a free parameter. Thus, the torque
variation AM, exerted by the 2019 Durrés earthquake upon AP
may be parameterised as

AM, = (AG - Ze) - [Fe x §] (5)

where 7, is the position of the earthquake hypocenter, while X, is
the size of the rupture area. Accordingly, the torque variation AMi
experienced by AP during the fraction of interseismic period equal
to the time period bounded by the two GPS-derived Euler vectors
(Aty in Fig. 2) can be expressed as

Aty - Aty
AM,=—1-
At, At,

where the negative sign accounts for the fact that the stress during
the interseismic period acts in a direction opposite to that of the
sudden coseismic stress, while the coefficient At, /At is the frac-
tion of interseismic period corresponding to the period between
November 2007 and October 2019.

We constrain the unit vector § from four independent focal
mechanism solutions - i.e., strike, dip, and rake - provided by the
USGS, the INGV, the GFZ, and the GCMT repository. We elect to as-
sume an uncertainty on each of the parameters equal to 7°. Previ-

AM;=—1- (AT - Te) - [Fe x §] (6)

ous studies (Caporali et al., 2020; Ganas et al., 2020; Papadopoulos
et al., 2020; Vittori et al., 2020; Panuntun, 2021) constrained the
size of the rupture area T, in range from 250 to 350 km?, and its
lateral extent to be around 20 km. Thus, assuming an uncertainty
of 7° on the focal mechanism strike is equivalent to assuming an
uncertainty of about 1 km on the location of the surface projec-
tion of the rupturing-fault lateral extent. Furthermore, we perform
calculations taking the stress drop Ao variably in range from 0.1
to 3 MPa, from 3 to 6 MPa, and from 6 to 9 MPa (e.g., Allmann
and Shearer, 2009). Lastly, since the length of the interseismic pe-
riod At. of the 2019 Durrés earthquake is not known, we take
it in a deliberately wide range from 50 to 150 years, which is
nonetheless in line with previous studies on earthquake recur-
rence (e.g., Saichev and Sornette, 2007; Zdller et al., 2007). For each
focal mechanism solution, we draw 10° samples of these parame-
ters from uniform distributions within the ranges indicated above.
From these, we generate 10° samples _of parameter sets and build
an ensemble of 106 realisations of AM;. In building these ensem-
bles, we keep the value of ¥, constant and equal to, variably, the
end-members of the rupture-area range above.

4. Discussion

In Fig. 6 we compare the torque variations required upon AP
(A1\71) and provided by the November 2007-October 2019 inter-
seismic stress buildup (AM;). Specifically, in Fig. 6a we compare
the directions of the torque-variation vectors by looking at their
pole locations, where the torque-variation axes - i.e., axes directed
as A1\71/|A1\71| and A1\711/|A1\711| - intersect the Earth’s surface. In-
stead, in Fig. 6b we compare the distributions of magnitude of
torque variations from the ensembles generated above. The three
distributions of magnitude of AM; refer to three different ranges
of assumed stress drop Aoc: from 0.5 to 3 MPa (in thick solid),
from 3 to 6 MPa (in thin solid), and from 6 to 9 MPa (in thick
dashed). In Fig. 6 the ensemble of AM features an average viscos-
ity of the asthenosphere 4 =5- 10" Pa-s, while the ensemble
of AM; features ¥, =250 km?. In the Supplementary Material we
show similar figures, but for ensembles featuring ;14 = 3-10'9 Pa-s
and ¥, = 350 km?. We find that the ensemble of torque varia-
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tions required to explain the AP rigid motion change is in agree-
ment with that of the torque variations generated upon AP by
the November 2007-October 2019 interseismic stress buildup. In
fact, the regions where the most recurrent 95% of the ensembles
poles fall do overlap to a large extent (Fig. 6a). This means that the
force required upon AP to slow down its motion between Novem-
ber 2007 and October 2019 is oriented in line with the direction
of interseismic stress buildup over the same period. The distribu-
tions of magnitude of AM and AM,- are also consistent with each
other, indicating that enough interseismic stress has been built up
over the same period to impact onto the AP rigid motion and
change it to the degree evidenced by GPS data. The Supplemen-
tary Material reports the same comparisons, but for Euler vectors
and associated torque variations obtained using GPS stations ve-
locities for the three additional sets of time periods - that is,
January 2008-October 2010 versus January 2017-October 2019;
July 2007-October 2010 versus July 2016-October 2019; and July
2007-June 2010 versus July 2016-June 2019. The agreement be-
tween torque variations required upon AP and provided by the
interseismic stress buildup overall holds also in these cases. Fur-
thermore, the overlap between torque-variation magnitude distri-
butions occurs despite the uncertainty associated with not know-
ing precise values of asthenosphere average viscosity, the length
of the 2019 Durrés earthquake cycle, the size of its rupture area,
or its coseismic stress drop (see also figures in the Supplementary
Material). In other words, the inference that the torque variation
generated upon AP by the interseismic stress buildup between
2007/2008 and 2019 is in agreement with what is needed to gen-
erate the observed change of AP rigid motion over the same period
holds despite the trade-offs between the parameters above, which
torque-variation calculations are inevitably subject to. These results
indicate the existence of whole-AP kinematic changes associated
with the stress cycle of a relatively large earthquake occurring
along its margins, and call for investigating whether similar dy-
namics take place in other tectonic settings characterised by the
presence of microplates or small-/medium-sized plates.

5. Conclusions

We inferred Euler vectors describing the rigid motion of the
Apulia microplate over the periods from 2007/2008 to 2010, and
from 2016/2017 to 2019 from publicly-available, continuous GPS
time series collected at sites within Apulia. These data, which con-
strain the Apulia rigid motion over a decade preceding the My,
6.4, 26 November 2019 Durrés earthquake, evidence a ~ 20% slow-
down and ~ 10° westward turn of the microplate motion that
exceed what is permitted by data uncertainties, and are thus rep-
resentative of a tectonically-meaningful kinematic change. We es-
timated the torque variation required upon the Apulia microplate
in order to generate the GPS-constrained motion change, and find
that it is in agreement with parameterised estimates of the torque
variation imparted to the Apulia microplate by the Durrés inter-
seismic stress buildup occurred between 2007 and 2019, prior to
the Durrés earthquake. The agreement holds for values of the con-
trolling parameters (asthenosphere average viscosity, length of the
2019 Durrés earthquake cycle, size of its rupture area, and its
coseismic stress drop) within realistic ranges. On this basis, we
conclude that the interseismic stress buildup preceding the 2019
Durrés earthquake influenced the Apulia microplate motion in a
measurable way.
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