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Mapping the contemporary stress field of the Mediterranean provides fundamental insights on
the complexity of plate tectonic forces throughout the region and at different depths. Despite in-
creased data availability and methodological improvements, most recent comprehensive stress
field characterization across the entire Mediterranean dates back to 1995. To extend the regional
stress information, we use all earthquake focal mechanisms compiled in the World Stress Map
database release 2016 for a formal stress inversion. Our main goals are to (1) improve the reso-
lution of the stress field orientation, (2) evaluate the performance of the recently refined stress
inversion methodology in a tectonically complex region, (3) test the hypothesis of a depth-de-
pendent stress orientation heterogeneity, and (4) compare different types of stress and strain
observations from surface using the GPS-derived information on the strain rate tensor down to
the seismogenic crust using summation of normalized seismic potencies. The obtained stress ori-
entations generally capture the main seismotectonic features, including tectonically complex set-
tings such as the Alpine Orogeny or the Ionian Sea. The orientation of the maximum horizontal
stress Symax tends to be uniform with depth within uncertainties while larger stress heterogene-
ity (quantified by means of the focal mechanism diversity and misfit angles) is found between 5
and 14 km. Both, the orientation of the largest horizontal shortening axis of the strain field from
potency tensors, and horizontal strain rate tensor from GPS data are generally sub-parallel to
Sumax Orientation, indicating a linear stress/strain relationship and that the orientations of the

co-seismic release and interseismic strain accumulation are generally consistent.

1. Introduction

Characterization of the contemporary crustal stress
and strain fields and their relation across different tec-
tonic settings provides fundamental insights on plate tec-
tonic forces and the mechanics of faults (Richardson,
1992; Zoback, 1992; Scholz, 2002). The stress field is ulti-
mately responsible for shaping the landscape, e.g. the
growth of orogenic belts and extensional basins (e.g. Ghi-
setti, 2000; Cloetingh etal, 2007; Luttrell and Smith-
Konter, 2017). Additionally, detailed knowledge of the
stress field orientation allows to assess the slip potential
of faults, therefore playing an important role in seismic
hazard and risk assessment (e.g. Morris et al., 1996; Stein
etal,, 1997; Heidbach and Ben-Avraham, 2007; Vavrycuk,
2011; Walsh and Zoback, 2016; Martinez-Garzén etal.,
2016a; Wollin et al., 2018).

Information about the contemporary stress and strain
field can be inferred from different types of observations,
each of them related with specific assumptions and con-
ditions. The stress field orientation is largely derived from
borehole data (borehole breakouts, drilling induced ten-
sile fractures, hydro-fracs) and earthquake focal mecha-
nisms. While borehole data are only available down to
typically about five kilometers with very few exceptions,
earthquake focal mechanisms are the most common

indicator to sample the stress field orientation, typically
throughout the seismogenic (upper crustal) layer, and -
along subduction zones - down to uppermost mantle
depth levels.

A global compilation of contemporary crustal stress
information is provided by the World Stress Map (WSM)
project that started in 1986 (Zoback et al., 1989; Zoback,
1992; Heidbach et al., 2010). The most recent WSM data-
base release contains 42,870 data records, (Heidbach
etal, 2018). In the past decade the stress pattern of sev-
eral regions and countries has been revised and inter-
preted based on the WSM database and additional infor-
mation (Bird etal., 2006; Hurd and Zoback, 2012; Carafa
and Barba, 2013; Reiter etal, 2014; Assumpcgdo etal,
2016; Hu etal.,, 2017; Rajabi etal,, 2017). However, the
complex stress pattern of the Mediterranean region has
not been re-visited after the key papers from Miiller et al.
(1992), Rebai et al. (1992) and Golke and Coblentz (1996)
although the number of data records in this region has in-
creased by a factor of five since then. In particular, the
number of reported earthquake focal mechanisms in the
Mediterranean region grew to almost 5000, thus allowing
to derive spatial stress field variations based on stress in-
versions in much greater detail. With this substantial in-
crease in stress information it is now possible to extend
the earlier work that focused on the long wave-length
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pattern and its relation to the key tectonic forces that are
driving this pattern. Furthermore, the advent of GPS in the
past three decades offers the opportunity to compare con-
temporary stress and strain observations.

In this study, we revisit and extend the mapping of the
contemporary stress field for the Mediterranean region
using all focal mechanisms compiled in the WSM database
release 2016 (Heidbach et al., 2018) for a formal stress in-
version. Our main goals are to (1) resolve the stress field
orientation for this region at a higher resolution and free
of subjective parameters, (2) evaluate the performance of
our stress inversion methodology in a tectonically com-
plex region, (3) test the hypothesis of similar stress field
orientations and heterogeneity with depth, and (4) com-
pare the resulting stress pattern with the horizontal
strain rate tensor derived from GPS measurements at the
surface and with the co-seismic strain from the summa-
tion of seismic potencies in the brittle crust. The similari-
ties and discrepancies between these observations and
their tectonic implications are then evaluated and dis-
cussed.

The manuscript is structured as follows: In Section 2,
we review the main seismotectonic features of the Medi-
terranean region from a compilation of key literature
sources. In Section 3, we describe details of the applied
stress inversion methodology as well as the characteris-
tics of the employed dataset. In Section 4, we report on the
main results of the mapping of the stress field orientation,
which includes an average mapping over the entire depth
range of the seismicity using a moving window approach
sampling different depth ranges to detect potential stress
rotations or changes in the stress regime, and a compari-
son with different stress indicators from the WSM. Within
Section 5, we elaborate on the main stress and tectonic
pattern observed for the Mediterranean region. In Sec-
tion 6, we compare our stress inversion mapping with
strain rate tensors in the different region as derived from
GPS data and calculated potency tensors. Main conclu-
sions are summarized in Section 7.

2. Seismotectonics of the Mediterranean region

Containing all three types of plate boundaries, the
Mediterranean is one of the Earth's tectonically most
complex regions (Fig. 1). The active tectonics of the Med-
iterranean region results in overall high seismicity and
subsequent high seismic hazard both increasing from
west to east (Grinthal and Wahlstrom, 2012; Giardini
etal, 2014), in agreement with eastward enhanced strain
rates (Kreemer et al,, 2014). The highest cumulative seis-
mic moment release is currently observed in the south
Aegean/western Anatolian region, along the northern
boundary of the Anatolian plate, along the Apennines in
Italy and in northern Algeria (Fig. 2). Some of the main
seismotectonic regions in the Mediterranean are summa-
rized below:

() Western Mediterranean region: The present-day
tectonic stress pattern in the western Mediterranean
region is mostly transpressional mixing strike-slip
and reverse faulting with an overall NWSE-trending
Sumax Orientation resulting from the Africa-Eurasia
plate convergence, which is also in agreement with

neotectonics stress indicators (e.g. Fernandez-Ibafiez
etal, 2007; Custédio etal, 2016; Soumaya etal,
2018). Recent studies combining geodetic and geo-
logical data showed that the current deformation pat-
tern in this region is compatible with a slab dragging
tectonics (Spakman etal, 2018). Small deviations
from the average orientation could be related to steep
gradients of crustal thickness variations in the region.
In contrast to other orogenic regions such as the Alps,
a fan-shaped pattern of Sy, perpendicular to the
topography has not been recovered in the Alboran
Sea.

(i) Alpine orogeny: The overall agreement between dif-
ferent types of stress indicators in this region was
first pointed out by Scheidegger (1981). Here, the
prevailing Sy,q, Orientation is perpendicular to the
Alp orogenic arc resulting in a counterclockwise rota-
tion of the Synq, pattern from East to West by ap-
proximately 40° (Reinecker etal., 2010). In this re-
gion, an overall good agreement exists between seis-
mic and surface deformation (Houlié et al., 2018).

(iii) Italian Peninsula: The stress field over the Italian
peninsula displays strong variations, including nor-
mal faulting stress regime in the central part along
the Apennines and a first order rotation in the north-
ern part following the structure of the Alpine orog-
eny. The southern section around Sicily and the Io-
nian Sea represents one of the most complex regions
in the Mediterranean, potentially containing all three
stress regimes (Montone et al., 2004). Pierdominici
and Heidbach (2012) investigated the variability of
the stress field with depth in Italy and adjacent re-
gions and also elaborated on the wave-length of the
stress pattern. Their results indicate a rather con-
stant stress field orientation with depth, but short
wave-lengths of the Sy, Orientation pattern. The
latter suggests that the stress field orientation is con-
trolled by regional and local sources rather than by
the first-order plate tectonics only.

(iv) Aegean region: The Aegean region has been the tar-
get of intense research due to its high seismicity and
associated seismic hazard. Stress field mapping
within the Aegean Sea reported a predominantly nor-
mal faulting stress regime with the S; axes mostly
sub-vertical (Konstantinou et al., 2017) and a NS ex-
tension observed by GPS (Reilinger etal, 2006;
Kreemer et al,, 2014). This region including the Hel-
lenic volcanic arc is dominated by the southward di-
rected roll-back of the subduction zone of the to-
wards Africa that results in a southward moving Ae-
gean micro-plate with up to 30 mm/year with respect
to a fixed European plate (Kreemer and Chamot-
Rooke, 2004; McClusky et al., 2000). The convergence
rate between the Aegean and African plates has been
estimated to be 35 mm/yr (McClusky etal., 2003;
Reilinger etal, 2006) and 33-34 mm/yr (Kreemer
and Chamot-Rooke, 2004). The curved plate bound-
ary along the Hellenic arc together with a uniform
NNE-trending subduction below the Aegean-Anato-
lian domain results in a systematically varying angle
between down-dip orientation of the oceanic litho-
sphere and the trend of the plate margin as derived



Western

Central

Eastern

Mediterranean L Mediterranean Mediterranean -
50° —
; \ 1 Eurasian
Atlantic ~ kL
Ocean 8
45° 4
: fj X
40° -
Mediterranean
—  Sea "
35"
African plate
30° , ‘ ; e .

=10 0° 10° 20° 30° 40°
Geodynamic Legend Stress indicators  Regime

. . / focal mechanism ® SS

L spreading ridge -4—4- reverse fault # borehole breakouts ¢ TF
. ;/y drill. induced frac. il

maijor fault strike-slip fault overcoring
J I P /a/ hydro. fractures oU
i u normal fault / geol. indicators

Figure 1. Main geodynamic units and plate boundaries of the Mediterranean region as well as stress data with A-C quality from the WSM database release
2016 (Heidbach et al, 2018). Geodynamic data is compiled after Jolivet et al. (2009).

from stress inversion of interpolate seismicity focal
mechanisms (Bohnhoff et al.,, 2005).

(v) Anatolian Plate: The Anatolian Plate is laterally ex-
truded by up to 25 mm/yr relative to Eurasia due to
the collision of the Arabian plate with the Eurasian
plate in the east and the roll-back of the Hellenic sub-
duction zone and the consequent back-arc spreading
of the Aegean Sea in the west (McClusky et al.,, 2000,
2003; Westaway, 1994; Heidbach and Drewes, 2003;
Le Pichon and Kreemer, 2010; Bohnhoff et al.,, 2016).
As a result, the Anatolian plate displays a westward
motion combined with a counterclockwise rotation
(Reilinger etal., 2006) and substantial NS extension
at its western part. The stress field has been esti-
mated for selected regions, in particular for the Sea of
Marmara region due to the high seismic hazard and
its implicit risk due to its vicinity of the Istanbul met-
ropolitan area. A transtensional stress regime com-
bining right-lateral strike-slip as along most part of
the North Anatolian Fault Zone (NAFZ) and NS-ori-
ented normal faulting appears to be predominant in
this region and led to the opening of the Sea of Mar-
mara as a pull-apart structure, however, with lateral
changes of the stress pattern at relatively short spa-
tial scales (Hergert and Heidbach, 2010; Orgiili,

2011; Wollin et al,, 2018).
3. Stress inversion procedure and data processing

For first-order mapping of principal stress orienta-
tions and the stress regime, the P-, T- and B-axes of earth-
quake focal mechanisms could be used as proxies for the
orientations of the principal stress axis (Zoback, 1992),
however, with obvious limitations in reliability (Wallace,
1951; McKenzie, 1969; Célérier, 2010). Given this, the
Sumax derived from these are assigned at best to C-quality
according to the WSM quality ranking scheme indicating
that they are only reliable to within +25° (Zoback, 1992;
Heidbach et al,, 2010). To better constrain the stress ori-
entations, an inversion of several focal mechanisms is
used to derive the deviatoric stress tensor (e.g. Michael,
1984, 1987; Hardebeck and Hauksson, 2001). In contrast
to borehole breakouts or individual focal mechanisms,
stress inversion provides an integrated stress tensor sam-
pling the entire region of all earthquakes used for the in-
version. The output of the stress inversion are the orien-
tations of the three principal stresses and the stress ratio
R:
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Figure 2. (a) Input seismic data color encoded with the cumulative moment release of all earthquakes contained in the corresponding Voronoi cell (stress
region). Grey dots represent seismic events rejected during the grouping process. Green stars mark the earthquakes with M > 6.8 contained in the catalog.
Purple lines denote the different Voronoi cells (stress regions) obtained in the grouping procedure. (b) Histograms displaying different statistics of the input
data. From left to right: Quality of focal mechanisms, magnitude-frequency distribution of the employed seismicity and number of focal mechanisms per
stress region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where 07, 0, and g; represent the three principal stresses,
from most to least compressive.

Even though the WSM database has compiled almost
5000 focal mechanisms in the Mediterranean area, only
91 data records from stress inversions from regional
studies are included (e.g., Frepoli and Amato, 2000;
Kiratzi, 2002; Kastrup et al., 2004; Bohnhoff et al., 2005;
Ousadou et al,, 2014). However, an analysis using a tech-
nically consistent and modern stress inversion for the en-
tire Mediterranean thatincludes the entire set of available
focal mechanisms has not yet been performed and is the
backbone of this study. We focus our analysis on the area
within the geographical coordinates: 30°/50° North
and -12°/40° East (Fig. 1). We employ all 4886 focal
mechanisms available within this region from the WSM
database release 2016 with earthquake magnitudes rang-
ing between 0.4 and 8.0 (Figs. 1, 2a). This focal mecha-
nism catalog is unconventional in the sense thatit consists
of different sub-catalogues with different magnitudes of

completeness. The median magnitude of the earthquakes
in the catalog is M 4.1 and the dataset covers the entire
instrumental time period from 1908 to 2016 (Fig. 2b).

Within the WSM database, the quality of the stress
field orientation derived from a single focal mechanism is
assigned according to the magnitude of the corresponding
event, with Quality C corresponding to events with mag-
nitude M > 2.5 and Quality D corresponding to smaller
earthquake magnitudes. About 85% of employed seismic
events correspond to quality C, which is associated with a
stress field orientation uncertainty of about 25 degrees
(Fig. 2b).

The focal mechanisms need to be grouped into subdo-
mains for the subsequent inversion for the deviatoric
stress tensor. Therefore, the focal mechanisms from the
WSM were spatially grouped by us employing an objec-
tive iterative technique based on a k-means algorithm
(see Martinez-Garzon etal, 2016b, for details). In this
technique, the only parameter to be set is the minimum
number of focal mechanisms per region. This parameter
is selected based on a number of synthetic tests per-
formed to achieve a resolution of the stress tensor of



about 10° (Martinez-Garzén etal, 2016b). In the first
step, the algorithm performs an objective splitting of the
focal mechanisms based on the maximization of the sil-
houette coefficient. In the next step, each of the groups ob-
tained from the preferred data discretization is further
subdivided into smaller regions until the desired amount
of focal mechanisms per domain is achieved. This way,
each of the groups of focal mechanisms corresponds to
one Voronoi cell region (see purple lines in Fig. 2a).
Assuming a generic uncertainty of individual focal
mechanisms of about ~20°, previous synthetic tests have
shown that about 30 focal mechanisms that sample differ-
ent orientations are appropriate as a minimum for con-
straining the deviatoric stress tensor (Martinez-Garzon
et al,, 2016b). Therefore, the here obtained domains con-
tain between 20 and 50 (median: 26) focal mechanisms
(Fig. 2b). It is also important to quantify the focal mecha-
nism variability contained in each group. In this case, we
estimated the focal mechanism variability as the 3D rota-
tion angle (Kagan, 1991) between each pair of focal

mechanisms within a domain, and then calculate the me-
dian of the distribution. This way, we obtained that the fo-
cal mechanism diversity of our employed groups varies
between 30 and 80 (median: 59) degrees.

Once the data was grouped, we performed the formal
deviatoric stress tensor inversion for each group. We fol-
lowed the stress inversion methodology proposed by
(Martinez-Garzon et al., 2016b). The inversion employed
is a refined and upgraded version of MSATSI (Martinez-
Garzon et al., 2014) which is subsequently refined from
the SATSI algorithm (Hardebeck and Michael, 2006).
First, each of the focal mechanism groups is inverted in-
dependently for the deviatoric stress tensor following the
iterative approach proposed by (Vavrycuk, 2014). Within
this approach, out of the two fault planes available in each
focal mechanism, we select the fault plane best oriented
for failure within the recovered stress field orientation.
The proximity of the corresponding fault plane to the op-
timally oriented fault plane within the given stress field is
estimated by using the instability coefficient (Vavrycuk,
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Figure 3. Mapping of Symq, Orientation in the Mediterranean region. The fan-shaped symbol indicates the 95% confidence interval of Sy, Orientation,
color encoded with the corresponding stress regime (red: normal, green: strike-slip, blue: reverse, black: oblique). (b) Different statistics, from left to right:
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variability. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



2011) which is defined as:
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where 7 and o represent the shear and normal stresses on
the fault plane, u represents the friction coefficient and
the subindex C refers to the optimally oriented fault plane
within that particular stress field. I = 1 and I = 0 repre-
sent the optimal and worst orientation for failure, respec-
tively. In this approach, a coefficient of friction needs to
be assumed. We then performed a grid search in which we
tested for each group a friction coefficient varying be-
tween 0.1 and 1 in steps of 0.1. For each group, we se-
lected the friction coefficient that maximizes the overall
instability of the fault planes contained within the corre-
sponding group. Nevertheless, small changes in the fric-
tion coefficient are not observed to significantly modify
the obtained results.

Once the most unstable fault plane out of each focal
mechanism has been selected and the optimal friction co-
efficients have been obtained, we performed the final
stress inversion for each grid according to these values.
The Symax Orientation is then calculated from the stress
inversion result following Lund and Townend (2007). Un-
certainty of the stress field orientation and related param-
eters is calculated by bootstrap resampling of the focal
mechanisms within each group (Michael, 1987). The con-
sistency between the retrieved principal stress axis and
the input focal mechanism data is evaluated by means of
the misfit angle between the slip vector § and the shear
traction vector? on the nodal plane selected by the highest
instability coefficient:

v
_u

(3)

cosf =

2
hall

This parameter can be used to test the hypothesis of
stress homogeneity within a certain region, or, alterna-
tively, how heterogeneous the stress field from a certain
region may be. In addition, we calculated the A, parame-
ter (Simpson, 1997) for each inversion. This parameter
provides a continuous scale for the stress regime. It is ba-
sically a combination of the Andersonian faulting regime
index n (Anderson, 1905) and the stress ratio R and it is
defined as:

Ap=(@m+05)+ (=" (R —0.5). (4)

The integer n is set to 0 for normal faulting, 1 for
strike-slip and 2 for reverse faulting. An A4, value of 0.5
represents pure normal faulting, 1.5 is strike-slip and 2.5
pure reverse faulting.

While the methodological focus of this study is on the
formal stress inversion of the entire dataset considering
all seismicity available with depth < 30 km, in Section 4.2
we also investigated the variability of the stress field ori-
entation with depth. To do so, an additional set of 12
stress inversions was performed. The inversions were
performed including seismicity from 10 km depth inter-
vals, moving in steps of 2 km. The peak of seismicity at 10

km depth was removed from these inversions to avoid us-
ing events with lower hypocentral depth quality (see de-
tails in Section 4.2). For each of these subsets, we followed
a spatial data grouping and a formal stress tensor inver-
sion as described above for the entire dataset.

4. Results
4.1. Principal stress orientations from stress inversion

Applying the grouping technique to the set of focal
mechanisms from the Mediterranean region described in
Section 3, we obtained 122 stress regions for which we
resolved the stress tensor orientation, the stress ratio R
and the orientation of Sy,4, (Fig. 3a). The Syq, Orienta-
tion together with 95% confidence intervals and other
stress-related parameters derived for each of the regions
are provided in Table S1.

Fig. 3a shows the orientation of the maximum hori-
zontal stress in each region derived from the formal stress
inversion. The obtained stress field resolution reproduces
correctly the main tectonic features and stress provinces.
As a first order feature, the Sy, Orientation of adjacent
domains appears to be consistent in the majority of the
explored areas (e.g. western Mediterranean), even when
the results were calculated without introducing any
damping factor. However, our stress mapping is also ca-
pable of capturing stress heterogeneities such as sharp
variations of Sy, Or changes in the stress regime within
short distances. These are primarily observed in highly
complex regions such as around Sicily or in the Alpine
orogeny. In Fig. 3a, the stress regime (i.e. normal, strike-
slip, reverse and oblique faulting) of each stress region is
encoded with color of the fan-shaped symbol following
the stress regime assignment of Zoback (1992). About
43% of the analyzed stress regions display strike-slip
stress regime, while 25% display normal faulting and only
12% of the resolved areas display a reverse stress regime.
The remaining areas (20%) display a mixed stress style.

To estimate the size of the region for which the re-
solved stress field orientation is representative, we esti-
mated the median distance between each pair of earth-
quakes contained within a stress region. This measure is
preferred over the area of the corresponding region, as
sometimes the employed earthquakes are substantially
more clustered in space. The median distances between
pairs of earthquakes within the employed stress regions
range between 0 and 120 (median: 35) km (Fig. 3b).

The focal mechanism diversity tends to increase with
the size of the stress region (Fig. 3b). However, a number
of regions of relatively small size are found to display
large focal mechanism diversity. The median misfit angle
B (Eq. (3)) is often used as a measure of the stress heter-
ogeneity. In general, the median misfit angle tends to in-
crease with median distance between pairs of earth-
quakes within a region (Fig. 3b), although this relation is
not unambiguous.

In agreement with the different tectonic patterns of
the Mediterranean region, a variation in the diversity of
Sumax 1S observed, with a generally higher diversity in the
central part of the analyzed region. In the western Medi-
terranean, (Lon < 5°E), the average and standard devia-
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Figure 4. Mapping of Symax Orientation in the Mediterranean region utilizing the seismicity from different depth intervals (a) 1-9 km, (b) 11-20 km, (c)

21-30 km. Symbols and color meaning is analogous as in Fig. 3.

tion of the Sy,,4, Orientation is 146° and 31°, respectively.

In the central Mediterranean (6°E < Lon < 23°E),
these values are 96° and 53°. Finally, in the eastern part
of the study region, the average Sy, and standard devi-
ation are 96° and 39°, respectively.

4.2. Variations of stress inversion results with depth

To evaluate the uniformity of Sy, with depth in the
Mediterranean region, we applied the stress inversion
methodology to a series of moving depth window inver-
sions covering a depth range of 10 km each, and moving
in depth steps of 2 km. As the WSM database 2016 does
not include an estimation of the depth uncertainty of each
individual event, we used 10 km depth intervals assuming

an average depth uncertainty of +5 km. Nevertheless, a
large number of earthquakes from the WSM database cat-
alog display a hypocentral depth of 10 km (typical starting
depth during hypocenter inversion, see Fig. S1 for a depth
distribution of the events from the catalog). For this rea-
son, all events with a hypocentral depth of precisely
10 km have been removed in these inversions. Three of
these inversions are shown in Fig. 4, corresponding to
depth intervals of [1-9] km (Fig. 4a), [11-20] km (Fig. 4b)
and [21-30] km (Fig. 4c). These three layers contain 40,
41 and 14 individual stress inversions, respectively
(Fig. 4).

To evaluate the variability in Sy,,4, orientation with
depth along the analyzed region, we selected areas of 1°
by 1° and estimated the standard deviation of S,,4, from
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on the extremes showing the sampling depth interval) and median focal
mechanisms variability normalized by the corresponding median distance
between earthquakes shown in (a) (blue line). In this case the hypocentral
depth is taken as the mean of the sampled interval. (c) Same as (b) but for
the median misfit angles. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

all the stress inversions of different depths contained
within each of these 1° by 1° areas (Fig. S2). The largest
depth-dependent variability of Sy, Orientation quanti-
fied as largest standard deviation between the stress in-
versions in that area are found in northern Italian Penin-
sula, east and west extremes of the Alpine orogeny, and
small regions in northern Sicily-Messina Strait and within
the Alboran Sea near Spanish coast (Fig. S2b).

Comparison with all WSM data records

The proportion of each stress regime is generally pre-
served within the different examined depth ranges. As the
magnitude of the vertical stress increases with depth, a
larger proportion of normal faulting with depth could be
expected (Brudy etal., 1997). However, this change from
reverse or strike-slip to normal stress has been observed
to occur around the upper 4 km depth, which is beyond
the resolution achieved here based on limited depth res-
olution of the earthquake hypocenters. The most notori-
ous change here observed is an increase in the amount of
oblique faulting in the 21-30 km depth range, from 19%
of the stress inversions displaying oblique faulting within
the 11-20 km depth range to up to 50% of oblique fault-
ing in the 21-30 km depth range. Within the Mediterra-
nean region, the seismicity from this depth interval is
mainly related to subduction zones (e.g. the Hellenic arc
and selected areas of the lonian Sea, see Fig. 4c). There-
fore, this oblique faulting at 21-30 km depth could be re-
lated to the seismicity occurring in the subduction plane.

We then compared the statistics of several stress-re-
lated parameters from the stress inversion distributions
at the three representative depth ranges from Fig. 4 uti-
lizing all the moving-depth window stress inversions per-
formed. The distance between pairs of earthquakes from
the same stress region, representing the size of the sam-
pled area in each stress inversion significantly increases
with depth, from a median value of 42 km in the 0-9 km
depth range, to 80 in the depth range 11-20 km and up to
130 km in the 21-30 km depth range (Fig. 5a). Despite the
smaller sampled areas, the focal mechanism diversity is
comparable at 1-9 km depth than at 11-20 km depth
(Fig. 5b). When we normalize the focal mechanism varia-
bility by the corresponding area of the represented re-
gion, a decreasing trend of the normalized focal mecha-
nism variability is observed, reaching its maximum within
the interval 5-14 km depth and decreasing with depth, il-
lustrating a higher stress heterogeneity in this shallower
portion of the crust (Fig. 5b). A similar effect is observed
for the median misfit angles 5, where misfit values are
generally comparable despite of the larger differences in

a0 70 . .
J# ] n=122
48°N 5‘ e 80 median = 8°
; 70
: = 0wl B
44°N Sl i e 5
0. g ]
50 240
= =
4N T 140 E § 30
‘ 3 E
1 30 € ]
36°N 5 < 20
20
32°N 18
0
10°wW 0° 10°E 20°E 30°E 40°E 0 20 40 60 80

= SHmax from stress inversion

a angular difference

Shmax from all WSM stress data records

Difference (°)

Figure 6. Comparison of stress inversions obtained in this study with stress data records from WSM database release 2016. Left: Symax from stress tensor
inversions (red lines) together with the mean Sy, ., estimation using stress2grid v1.1 (Ziegler and Heidbach, 2019) and all WSM stress data records with
A-C quality (dark blue lines). Right: Histogram of the differences between the mean Sy, estimate and the results from the stress inversion. Square symbols
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Figure 7. Detailed stress pattern of the western Mediterranean region. (a) Ternary diagram showing the input focal mechanisms from the western Medi-
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(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the sampled area. However, when we normalize by the
distance between earthquakes in the corresponding area,
again we observed a maximum in the normalized misfit
angle starting at the depth interval 5-14 km and generally
decreasing with depth (Fig. 5c).

In summary, an overall consistency of the Sy, Orien-
tation with depth is observed. However, larger focal
mechanism diversity and misfit angles f normalized by
the area covered in each stress inversion suggests the
largest stress heterogeneity within the depth interval
5-14 km and a trend towards decreasing afterwards.

4.3. Consistency between stress inversion and WSM
stress data records

In the following, we compare our stress inversion re-
sults from Section 4.1 with the data records from the WSM
database 2016. We estimate the mean Sy, Orientation
on a regular 0.1° grid using the Tool stress2grid v1.1 from
Ziegler and Heidbach (2019) where a weight according to

distance and data quality is set. We fix the search radius
to 250 km for each grid point and use all WSM 2016 data
records with A-C quality. For the comparison the nearest
mean Syax Orientation from the grid to the centroid of
the Voronoi cell is picked.

We generally observe a very good agreement between
this realization and our result from the stress inversion
with a median difference of only 8° (Fig. 6). This is not sur-
prising, since the largest proportion of stress data records
originate from earthquake focal mechanisms (Heidbach
etal, 2018), which were here used as our input data for
the inversion. Two isolated stress inversion results near
the Adriatic Sea and the southwestern portion of the
North Anatolian fault display large discrepancies. In addi-
tion, the western portion of the Alpine orogeny appears to
display increased differences between the two estima-
tions over a large area. This could indicate a larger heter-
ogeneity of the stress field in this region, with different
stress indicators providing non-consistent results.
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5. Stress and tectonic pattern of individual Mediter-
ranean regions

In the following, we utilize our mapping of stress pa-
rameters to elaborate on the seismotectonic setting of se-
lected regions where data coverage is sufficiently high:

5.1. Western Mediterranean - Alboran Sea region

The input focal mechanisms from this region show a
predominance of strike-slip, reverse faulting or mixed
strike-slip/reverse (Fig. 7a). The median Sy,.y orienta-
tion in this region is 155° in good agreement with the
convergence direction between the Eurasia and the Afri-
can plates at this location. The western part of this region
(Gibraltar - south of Spain - Moroccan coast) has a rela-
tively consistent Sy,ax Orientation, exceptin the stress re-
gions within the Alboran Sea. There, a rotation of >30° is
observed and the elevated misfit angle f may signify in-
creased stress heterogeneity (Fig. 7b). In contrast to this
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relatively consistent Symax the tectonic stress regime
here is observed to rapidly change spatially. Reverse
faulting is observed at the western border of the Betics
Orogeny, signifying the elevated horizontal stresses to
balance the gravitational potential energy from the topog-
raphy and vice versa; at higher elevated areas within the
Betics Orogeny normal faulting is prevailing. Along the Af-
rican coast line, the Sy, Orientation rotates gently ro-
tates from N145°E to N168°E following the trend of the
continental shelf. At the same time, the stress regime
changes from strike-slip to reverse stress from west to
east, reaching a high value for 4, in the eastern coast of
Algeria (Fig. 7c). There, a transpressional regime combin-
ing strike-slip and reverse faulting is observed in agree-
ment with recent observations (Soumaya etal,, 2018). A
main set of fault structures running sub-parallel to the
coast of Africa are nearly perpendicularly oriented with
respect to the regional Sy, orientation. Median misfit
angles tend to be < 20°, except for near Oran in Algeria
and for some of the inversions capturing the seismicity
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around the Al-Hoceima sequences (Fig. 7c). The elevated
misfit angles from some of these small areas could be re-
lated e.g. to an increased focal mechanism variability of
the aftershock sequences.

5.2. Central Mediterranean - Alpine Orogeny - Italian
Peninsula

The central Mediterranean displays a complex tec-
tonic and stress pattern as the result of the convergence
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point of several different geological units. The input focal
mechanisms from this area indicate that the three faulting
regimes (normal, strike-slip and reverse faulting) as well
as numerous mechanisms displaying mixed regimes are
present (Fig. 8a). The available catalog allowed to resolve
in detail the stress part in the western part of the Alpine
orogeny. Overall, the results from stress inversions sur-
rounding the Alpine orogeny indicate a clockwise rotation
from West to East of the Sy,,¢ Orientation which is main-
tained roughly perpendicular to the main orogenic belt
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(Fig. 8b). In addition, increasing values for 4, indicating a a sharp change in the stress field orientation of about 90°
transition from normal stresses to strike-slip are ob- occurs along the eastern coast ofItaly and below the Adri-
served within the Alpine orogeny from west to east atic Sea. There, the stress regime changes towards re-
(Fig. 8c). To the northwest of the Alps, a well-defined verse faulting and Sy, is roughly oriented perpendicu-
Sumax Orientation of N151°E is recovered, which is ori- lar to the coast, reflecting the collision of the Adriatic in-
ented roughly perpendicu]ar to the A]pine mountain denter with Eurasia along the Dinarides (Mantovani etal,
range at this location. Similarly, a strike-slip stress regime 1990). Finally, the island of Sicily tends to display a Sypmay
with Symax perpendicular to the Alpine range is recovered orientation consistent with that of the Italian Peninsula
in the southern-central border. At these two regions, the (Fig. 8b). At this location, the 4, values tend to be larger,
stress regime appears to be a combination of strike-slip reflecting mainly strike-slip tectonic regime and rela-
and transtensional. Since the overall depth of the seismic- tively larger horizontal stress magnitudes than in the Pen-
ity from this region is comparable to that of the seismicity insula. However, the northeastern tip of the island ap-
from the Betics orogeny (see Section 5.1), the magnitude pears to have an anomalous stress field, with Sy, ori-
of the horizontal stresses here is smaller than in the Betics ented at N20°E and having a normal stress regime. This
orogeny. At the western border of the Alpine range, Symax sharp stress rotation could be related with the different
experience an anti-clockwise rotation following the shape tectonic units that get in contact in this region (see e.g. Jo-
of the orogenic belt, with a median recovered Sypax = livet et al,, 2013), or alternatively, related to the high to-
32°, although Sypa.x rapidly varies in space. As in the pography of the active Etna volcano.
Betics, normal faulting is mainly observed below the
orogeny, in agreement with enlarged vertical stress 5.3. Eastern Mediterranean - Aegean - western Anato-
within the mountain range. A sharp increase of the 4, lian region
value is observed in the southeastern border of the Alpine
range, coinciding with the reverse fault that runs semi- The eastern Mediterranean region including the Ae-
parallel to the eastern coast of the Italian peninsula gean subplate is characterized by a large rotation of Sy«
(Fig. 8). The majority of the median misfit angles tend to which is maintained perpendicular to the Hellenic arc
be f < 30°, except for some isolated stress inversions sur- (Fig. 9). Focal mechanisms from this region indicate also
rounding the Alpine orogeny and one stress inversion in the existence of the three faulting styles, and a relatively
the Tyrrhenian Sea. larger proportion of deep events (> 20 km) is apparent
Along the Italian Peninsula and in particular along the originating within the Benioff zone (Fig. 9a). Regions with
Apennines mountain range, Symax is uniformly oriented the largest A, displaying transpressional and reverse
N134°E (roughly coinciding with the strike of the moun- stress regime are found along the eastern coast of Greece,
tain range), and normal faulting is prevailing (Fig. 8). The following the Hellenic subduction zone. Within the Ae-
local normal faults that run along the Apennines moun- gean subplate and in the eastern portion of Greece, a nor-
tain range appear to be well oriented for failure (i.e. about mal faulting stress regime with Sy, roughly oriented E-
30°) within the regional stress field orientation. However, W is observed (Fig. 9b). Increased median misfit angles 8
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< 30° appear around the Gulf of Corinth and some loca-
tions of the eastern part of the Hellenic Peninsula, possi-
bly indicating larger stress heterogeneity or mixed stress
regimes contained in these areas.

The North Anatolian Fault is a right-lateral transform
fault separating the Anatolian and Eurasian plates. The
plate-bounding fault runs as a strike-slip fault along most
of its part. Its eastern end that is also the oldest portion
with 13 Ma is at the Karliova triple junction in eastern An-
atolia (e.g., Sengor, 2005) while its western end and the
transition into the North Aegean is not very well defined
(Armijo etal, 1999; Bohnhoff etal.,, 2016). We obtain a
relatively stable strike-slip stress regime along the North
Anatolian Fault and also from the eastern Sea of Marmara
region to west of the Dardanelles strait in the west (North
Aegean Sea). The median Sy, trend is N111°E. How-
ever, results from individual stress inversions in this re-
gion may deviate up to +20° from this value in accordance
with changes of the fault strike. This characteristic strike-
slip stress field of the North Anatolian Fault is observed
as far south as latitude 39° in the central Aegean Sea,
which could suggest that the North Anatolian fault may
extend at least until there (Fig. 9b). The majority of the
median misfit angles § < 20°, suggesting relatively more
homogeneous stresses here than in the Hellenic Penin-
sula.

Finally, the western portion of the Anatolian subplate
is characterized by a north-south extensional normal
faulting stress regime and remarkably low values for 4,
(Fig. 9b, c). This suggests that the magnitude of the verti-
cal stress axis is remarkably larger than the magnitude of
the two horizontal stresses, which, in turn, may result in
a poorly defined trend of Sy« Likely, this is the reason
of the relatively large variety obtained for Sy, orienta-
tions in this region accompanied by larger uncertainties.

6. Comparison with strain observations and strain
data

6.1. Derivation of coseismic strain from potency ten-
sors

Asintroduced in Section 3, the stress and strain tensor
orientations are only expected to coincide if: (1) the char-
acteristic symmetry of the fault slip pattern is no less than
orthorhombic, (2) the material is mechanically isotropic,
(3) there is a linear constitutive relationship between the
global stress and strain rates (Twiss and Unruh, 1998).
Although stress field orientation is commonly inverted
from earthquake focal mechanisms due to its relevance in
seismology, focal mechanisms represent a measurement
of the strain field.

To investigate how consistent the horizontal stress
and strain field orientations are in the Mediterranean re-
gion, we resolved the coseismic strain pattern for each of
our stress regions by summing the normalized seismic
potency tensors (Ben-Zion and Zhu, 2002) of the seismic
events contained within each region. The seismic potency
density tensor can be calculated directly from the strike,
dip and rake of the fault plane and it is defined as:
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where €’ is the coseismic strain tensor, V is the source
volume and i and j denote the three Cartesian directions
(Ben-Zion, 2003, 2008). The orientation of the principal
strain axes can be estimated from the normalized summa-

tion of earthquake potencies ﬁijSM in each of the regions
(Bailey et al,, 2009, 2010; Abolfathian et al., 2018). By em-
ploying potencies normalized to their scalar potency
value, we can suppress the dominance of the largest
events. The maximum horizontal shortening strain is then
estimated following an analogous procedure as for the
stress field (see Section 3).

In the majority of the studied regions, the orientation
of the maximum horizontal (coseismic) shortening strain
€umax’ and the Sy.« from our stress inversion are iden-
tical within error bounds, with a median difference of only
3° (Fig. 10). This suggests that in these regions, the stress
and strain tensors are related with a linear constitutive
law and that the other conditions from Twiss and Unrubh,
(1998) are also fulfilled. Only six regions out of the 122
studied here (reflecting only about 5% of the dataset) dis-
play differences larger than or equal to 25°. These isolated
regions are located in the western Alpine orogeny, north-
ern Apennines, Sicily, a small region in the Aegean, and
northwestern Anatolia. Since for these inversions the
stress and strain fields do not appear to coincide, the re-
sults from these six stress regions should be treated with
caution.

6.2. Comparison with horizontal strain rate tensor
from geodetic data

In the next step, we compare Sy« Orientation from
the stress inversion with the orientation of the maximum
horizontal shortening strain-rate orientation at the sur-
face (€gmax”), as derived from geodetic measurements.
While the potency estimations discussed above only re-
flect the co-seismic portion of the strain tensor, the strain
rate tensor derived from geodetic measurements is more
representative of the strain rate tensor during the inter-
seismic period. However, geodetic data can only capture
the deformation at the surface, while both, stress inver-
sion and potency tensors sample the formation at seismo-
genic depth.

We employed the Global Strain Rate Model (GSRM)
data derived from integrating numerous GPS datasets at
global scale (Kreemer et al., 2014). This data provides the
orientation of the principal axes of the 2D horizontal
strain rate tensor and the second invariant of the strain
rate E;; on a regular 0.1° grid. The distribution of the
£qmax’ trend from this model indicates approximately
constant orientations around the entire western Mediter-
ranean region as well as the Adriatic Sea, and a more het-
erogeneous pattern along Italy and the Anatolian Plate
(Fig. S3a). The second invariant of the strain rate tensor
clearly increases along the main active tectonic regions,
i.e. along the North Anatolian Fault Zone and the Hellenic
subduction zone. Increased second invariant of the strain
rates are also observed along the Apennines in Italy and
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at the Messina strait in northern Sicily (Fig. 8c, Fig. S3b).

For each stress region, we calculated the orientation of
the largest horizontal shortening strain rate orientation
Eumax’ and the second invariant of the strain rate tensor
from the median values out of the 25 nearest GRSM grid
points to the centroid of each corresponding region. Then,
we estimated the absolute difference between the orien-
tations of £gmax’ and Symax from our stress inversion as
previously done with the coseismic strain from potencies.
The €gmax’ and Symax Orientations appear to be generally
consistent at regional scale, with a median difference of
12° between them (Fig. 11a, b). This difference is larger
than the median coseismic strain derived from summa-
tion of seismic potencies. Interestingly, the difference be-
tween gymax® and Symax is generally <5° in the entire
western Mediterranean as well as in the Anatolian Plate
and the Aegean region, but they largely diverge in the cen-
tral Mediterranean (i.e. Italian Peninsula) from the Alpine
region to Sicily (Fig. 11a).
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As the strain rate tensor can be better resolved when
the second invariant is large, the second invariant of the
strain rate tensor should be inversely proportional to the
uncertainty of the strain rate tensor in that region. Ac-
cordingly, all regions from our study with a relatively
large second invariant (> 100 nanostrain/yr) display a
abs(Egmax® — Stmax) < 20° (Fig. 11b). In addition, all re-
gions with a greater difference between £ymax’ - SHmax
are characterized with a second invariant <100 nanos-
train/yr.

As in the Central Mediterranean region the second in-
variant tends to be relatively large (see Fig. S3b), the
greater discrepancy of the orientations in central Medi-
terranean can only be partially explained by the resolu-
tion of the GSRM model. Interestingly, this region was also
shown to display slightly larger differences between the
stress and the coseismic strain from potency tensors.
Therefore, it is possible that at this area, the strain field
representing the entire interseismic period does not



entirely coincide with the background stress field driving
the seismicity. Alternatively, the observed differences
could in principle be caused by the different depth ranges
sampled by the stress inversion and the geodetic data. In
this sense, the largest stress rotations with depth are
found in northern Italian Peninsula and Sicily, which are
included here within the area where the £y,,,,% and Symax
differs the most. Fig. 11b (central panel) shows that the
cumulative seismic moment release of each region tends
to scale with the corresponding second invariant of the
strain rate. This indicates that the regions with larger sec-
ond invariant of the strain rate tend to be more seismi-
cally active.

In addition, we also compared the maximum horizon-
tal shortening strain-rate orientation (eymax®) at the sur-
face derived from the geodetic data with the maximum
horizontal stress derived using the mean Sy, orienta-
tion on the regular grid based on all stress data with A-C
quality from the WSM database release 2016 except those
from single focal mechanisms. Interestingly, increased
discrepancies are observed, with a median difference of
40° between both of them (Fig. S4). Only a few locations
appear to have small differences between these orienta-
tions, in particular the Iberian Peninsula, the southern
portion of the Italian Peninsula (excluding Sicily) and the
southern portion of the Corinth Gulf. These increased dif-
ferences possibly highlight a non-simple relation between
stress and strain rate near the surface.

7. Conclusions

In this study, we mapped the stress field orientation
and related parameters in the Mediterranean region em-
ploying focal mechanism data from the WSM database re-
lease 2016. We utilized a parameter-free technique which
allowed us to achieve a higher resolution than previous
studies. Our main conclusions are as follows:

1) The here applied stress inversion methodology is
successfully capturing the main regional features of
the stress field orientation even in a tectonically com-
plex region as the Mediterranean, and it is capable of
resolving also local features such as larger lateral het-
erogeneity when the available data is sufficient.

2)  Symax orientations derived from our stress inver-
sions tend to be uniform with depth within uncertain-
ties. However, a trend of decreasing stress heteroge-
neity with increasing depth is recovered from 5 to 14
km to 21-30 km. The trend is recovered by means of
the focal mechanism variability as well as the misfit
angle between stress field orientations and slip vec-
tors from individual mechanisms.

3) Our stress inversion results are consistent with those
that integrate all WSM data records. Regions with in-
creased discrepancy are small regions near the Adri-
atic Sea, along the western North Anatolian Fault
Zone and the western portion of the Alpine orogeny.
The increased difference between the inversion and
other indicators may represent larger stress hetero-
geneity in these regions, between very shallow depth
(e.g.<5 km) sampled by borehole breakouts) and
seismogenic depth (sampled by focal mechanisms).

4) Both the coseismic elastic strain field derived from

summation of potency tensors and the horizontal
strain rate tensor from GPS data are highly consistent
with the co-seismic stress field orientation in the brit-
tle crust. This indicates that in the studied region,
stress and strain fields maintain a linear relationship
and that co-seismic strain release tends to be gener-
ally consistent with the interseismic strain accumula-
tion. Furthermore, this suggests that at this region,
plate boundary forces (e.g. the plate motion) play a
key control on the orientation of the stress tensor. A
notorious exception is the central Mediterranean re-
gion, including the Alpine Orogeny, Italian Peninsula
and the island of Sicily, where larger discrepancies
are found.

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.tecto.2019.228286.
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