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ABSTRACT

Stress and strain-rate fields:
a comparative analysis for the Italian territory
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We present a comparative analysis between the contemporary Italian crustal stress
map and the strain-rate field inferred from GPS velocities. We use the most complete
and updated stress map of Italy which consists of 630 data mainly from borehole
breakouts, earthquake focal mechanisms, and active faults with an unprecedented
spatial coverage of several tectonic areas within the Italian territory. Stress and strain
rate are physical quantities, linked by a causal relationship, with parallel eigenvectors
in case of a perfectly elastic mean. Comparing surface geodetically inferred strainrate
orientations with the stress measured in the crust allows a quantitative analysis of
the relation between surface deformation and deep tectonic processes acting at the
different depths in the brittle crust. Data from over 500 GPS stations with a minimum
time span of 2 years are weekly analyzed, according to the international standards, to
estimate a velocity field aligned with the ITRF frame (IGb08). We use a least-squares
collocation algorithm to interpolate the horizontal GPS velocities and estimate the
strain-rate eigenvectors at the position of those stress data surrounded by a sufficient
number of GPS stations. The stress data set consists of borehole breakout (305, A-D
quality) and earthquake focal solution (392, C quality) measurements. We identify five
tectonic provinces covered by a large population of GPS sites and rather homogeneous
stress orientations: three of them, Friuli, Emilia, and outer Apennines area undergoing
compression, while central and southern Apennines are subject to extension
perpendicular to the belt axis. We compute the difference in azimuth of minimum
horizontal stresses between each breakout or focal mechanism measurement, and the
geodetically inferred direction. Our analysis shows that the geophysical and geodetic
measurements predict in most cases (~60%) the same orientation for the crustal stress
and surface strain-rate tensors, within one standard deviation. The largest azimuthal
differences (>80°) are observed in the outer Apennines area for a few stress data from
focal solutions of relatively deep events. This might suggest that the observed strainrate
at the Earth surface is decoupled from deformation processes at crustal depth.

Key words: contemporary stress data, strainrate, Global Positioning System, tectonics.

1. Introduction

The knowledge of the contemporary state of stress in the Earth crust comes from a variety
of sources and techniques such as earthquake focal mechanisms, fault data, borehole breakouts
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in deep wells and seismic sequence data. In-situ measurements are confined to a depth of
few km, whereas focal mechanisms represent a stress indicator up to the lower boundary of
the seismogenic layer, typically ~20 km. Results from the World Stress Map Project (WSM;
http://www.world-stress-map.org; Zoback, 1992; Heidbach et al., 2016) have shown that stress
orientations throughout the brittle upper crust are quite homogeneous and representative of
the regional tectonic stress. In the most recent works relying on a large number of stress data
(Heidbach et al., 2010; Yang and Hauksson 2013; Montone and Mariucci, 2016), the multi-
wavelength nature of the stress field is described as a three-orders pattern where broad areas of
uniform crustal stress (wavelength >500 km) are interspersed by regional (100-500 km) to local
(<100 km) heterogeneities typically related to active faulting, topography, gravitational collapse
or density contrasts.

The updated present-day Italian Stress Map (Fig. 1), published (2016), by Montone and
Mariucci, contains 630 data mostly from the analysis of borehole breakouts, focal mechanisms
and active faults. This unprecedented database allows to identify third-order patterns of the
Italian stress field that, as argued by Pierdominici and Heidbach (2012), has a predominant wave-
length of ~150 km. Stress directions estimated by Montone and Mariucci (2016) are consistent
with the previous maximum horizontal compressive stress azimuths statistically interpolated by
Carafa and Barba (2013) on the base of the WSM 2008 data set (Heidbach et al., 2008).

On the other hand, the measurement of the horizontal gradient of GPS velocities is related to
the present day strain rate at the Earth surface. Classically, strain-rate eigenvectors are estimated
through the interpolation of velocities from at least three GPS sites (e.g., Haines and Holt, 1993;
Shen et al., 1996; Caporali et al., 2003; Kréemer et al., 2014). Geophysical data provide the
direction of the principal stresses of a very localized area, whereas geodetic data entail average
strain-rate values representative of areas of a few tens of kilometres. For dense GPS networks
in regions subjected to active deformation of a wavelength larger than the spacing between
the GPS sites, the average strain rate and stress directions should be comparable, provided that
the geodetically inferred deformation on the surface remains constant at the average depth of
the stress measurements. The principal directions of the strain-rate tensor coincide with those
of the stress rate, in a plane stress approximation, assuming that stress and strain are linearly
dependent, i.e., an elastic rheology. This assumption is acceptable if we confine to the brittle
upper crust.

Palano (2015) carried out an analysis of stress and strain-rate fields of Italy. He performed
a comparison of GPS inferred strain-rate data and 308 stress data interpolated at each node of
a regular grid. Here, we present a direct comparison of principal horizontal directions of stress
and strain-rate directions of extension estimated, using a collocation algorithm (Caporali et
al., 2003), at the position of each stress measurement in our data set. We use GPS data coming
from over 500 stations distributed on the Italian peninsula (Fig. 2) and weekly processed at the
University of Padova using EUREF processing standards (Bruyninx ef al., 2013). Wherever the
distribution of the GPS sites provides a redundant coverage of the area of interest, the geodetic
strain-rate tensor is interpolated at the location of wells and focal mechanism solutions in the
Italian stress map. We use all the stress orientations from earthquake focal mechanisms (392
data with maximum uncertainty of 25°) whereas we select only A-D quality stress data from
borehole breakouts (305 data, uncertainty <40 degrees; Fig. 1). We define five provinces (Friuli,
Emilia, and central, outer and southern Apennines; polygons in Fig. 1) characterized by rather
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Fig. 1 - Minimum horizontal stress orientations from Montone and Mariucci (2016). Only data from borehole (dash
with star) and focal mechanisms (dash with circle) are used in this work. Quality ranks (A-D) are represented as a
four level length scale of the dashes. As in Montone and Mariucci (2016), colors represent the tectonic regime (red:
normal-faulting, yellow: normal-strike, green: strike-slip, blue: thrust, light blue: thrust-strike). Black symbols refer to
stress data for which the geodetic strainrate is not estimated. Grey polygons represent the five analyzed tectonic regions
(Friuli, Emilia, central Appenines, outer Apennines and southern Apennines).

homogeneous tectonic regimes and well covered by GPS sites as well as by stress data and
calculate the angular differences between geodetic and geophysical minimum horizontal stress
orientations. We show that, overall, the two data sets agree within given tolerance for all the
study areas. The residuals have a nearly random distribution around zero with a rms (root mean
square) spread comparable with the uncertainty of the stress data.
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Fig. 2 - Horizontal GPS velocities given with respect to the Eurasian Plate from continuous stations processed at the
University of Padova. Red lines show major faults.

2. Crustal deformation of the Italian territory

Central Mediterranean represents a complex mosaic of plate and microplates whose
kinematics is driven by the convergence of the almost rigid African and Eurasian Plates that,
according to DeMets et al. (2010), takes place at a rate of ~7 mm/yr in NW-SE direction. At
a smaller scale various geodynamic processes such as subduction, rifting, backarc spreading
and faulting are observed in close proximity, leading to a strong variability of tectonic regimes.
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Extensional, compressive and strike-slip structures coexist within short distances, producing
different stress regimes and orientations.

GPS data together with seismicity distribution, geological and geophysical observations,
represent a strong constraint to the identification of the main areas of deformation (e.g.,
Nocquet, 2012; Faccenna et al., 2014).

Despite convergence is the overall process that controls the kinematics of the central
Mediterranan region, the present-day active tectonics of Italy (Fig. 3) is dominated by the
extension from the northern to the central and southern Apennines and compression along the
Sicilian Maghrebides (e.g., Sgroi et al., 2012; Sani et al., 2016). Shortening is observed across
the Po Plain, Montello, Friuli, and southern Tyrrhenian regions (e.g., Billi et al., 2011; Carafa
and Bird, 2016; Serpelloni et al., 2016). Strike slip regime is limited to the Gargano area where
the Mattinata Fault displays an almost E-W right-lateral movement (Di Bucci et al., 2009) and
to north-eastern Sicily where a right-lateral strike slip lineament, running from the Aeolian to
Malta island, separates the southern Tyrrhenian into two different seismotectonic areas (e.g.,
Serpelloni et al., 2005, 2010; Billi et al., 2011; Mastrolembo et al., 2014). Strike slip active
deformation is finally visible along the Giudicarie and Dinarides belts in the southern eastern
Alps, as a consequence of the northward indentation of the Adria block (Kastelic and Carafa,
2012; Caporali et al., 2013). The main seismogenic areas of the Italian territory are well
depicted by the Database of Individual Seismogenic Sources (DISS: DISS Working Group,
2015). The repository includes, in addition to the Individual Seismogenic Sources (ISS), also the
Composite Seismogenic Sources (CSS). These are elongated regions containing an unspecified
number of aligned seismogenic ruptures that cannot be singled out but are characterized by high
rates of seismicity (Fig. 3).

Apennines are a ~500 km long fold-and-thrust belt that runs in NW-SE direction and host
most of the fastest slipping active normal faults (Valensise and Pantosti, 2001) and strongest
seismic events of the Italian territory. Their tectonic evolution has been explained as driven
by the retreating subduction of the Adriatic-Ionian lithosphere (Malinverno and Ryan, 1986;
Faccenna er al., 2001). Focal mechanisms data (Pondrelli et al., 2011; Fig. 3) along with in situ
measurements (Montone and Mariucci, 2016; Fig. 1) display a predominance of extensional
regime along the central Apennines with the main extensional axes perpendicular to the belt,
while in the northern sector (Po Plain area) extension and shortening coexist in close proximity
(e.g., Viti et al., 2015). In the Po Plain, thrust events usually show hypocentral depths greater
than 20 km (Pondrelli et al., 2006) suggesting a strict correlation with the passive sinking of
the Adriatic lithosphere beneath the Apennine chain. Seismic tomographic data suggest slab
detachment for the central Apennines (Wortel and Spakman, 2000), where various mechanisms
have been discussed as source of the observed extensional faulting. Based on modelling of GPS
data, D’Agostino et al. (2008) explained the extensional regime of Apennine belt as related to
the NE-ward motion of Adria Plate relative to Eurasia. The nature of the forces controlling the
extension in the Apennines is debated. D’Agostino et al. (2014) concluded that no subduction
forces are needed to explain the active deformation within the Apennines, resulting from lateral
variations in the gravitational potential energy of the lithosphere. On the other hand Carafa et al.
(2015) point out that lithostatic pressure forces related to the gravitational potential energy do
not suffice to generate extension along the Apennines, and external forces to the lithosphere are
necessary (Barba et al., 2008; Petricca et al., 2013).
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Fig. 3 - Seismotectonic map for central Mediterranean region. Earthquake focal mechanisms are taken from Harvard-
CMT, INGV-RCMT, ETH-RMT and EMMA catalogues. Historical events between 1905 and 2010 with M >4 are
shown. Orange boxes represent the horizontal projection of the CSSs included in the DISS database, the dark orange
line indicate fault traces. Main tectonic areas described in the text are indicated.

The active tectonics of outer northern Apennines is characterized in the outer belt by
compression, with the orientation of the maximum compression being perpendicular to the
belt axis (Pierdominici and Heidbach, 2012; Montone and Mariucci, 2016; Figs. 1 and 4). In
the northern sector (offshore Marche region, Fig. 3) focal mechanism solutions of earthquakes
depict a transpressive stress regime (Pondrelli ez al., 2011). Seismic data from the 2013 Marche
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Fig. 4 - Eigenvectors of the strain-rate tensor inferred from GPS velocities interpolated at the position of those wells
and focal mechanisms in the stress map sufficiently covered by GPS data. Extension is shown in red and compression
in blue. Green lines show major faults.

seismic sequence, analyzed by Mazzoli et al. (2015), confirmed that seismicity in this area is
more likely related to crustal strike-slip faulting.

Further to the south, the extension-compression pair is still observed across the Calabrian
Arc. Here, the tectonic pattern along the Ionian coast is not well identified by geodetic and
seismic data (e.g., Serpelloni ef al., 2007; D’Agostino et al., 2008) while along the Tyrrhenian
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side focal solutions and historical normal-faulting earthquakes clearly depict an on land
extensional tectonics (e.g., Tortorici et al., 1995; Chiarabba et al., 2005; Neri et al., 2006;
Pondrelli et al., 2011). Principal directions of extension follow the curvature of the Calabrian
Arc, then progressively varying from almost ENE-WSW at the northern tip to NW-SE across
the Messina Straits. Extension propagates southwards, perpendicular to the northern Sicilian
Maghrebides belt extending along the Tyrrhenian coast of Sicily. Focal solutions of shallow
earthquakes offshore northern Sicily are highly consistent, and outline a narrow compressive
belt (Billi et al., 2011; Pondrelli et al., 2011; Montone and Mariucci, 2016), with P-axes ~N-S
oriented. East of Aeolian Islands, extensional to strike-slip mechanisms occur along a nearly
NNW-SSE alignment, which connects the archipelago to Mount Etna, and continues toward the
south along the eastern Sicily escarpment (Billi ez al., 2007).

The roughly N-S convergence between African and Eurasian plates is the first-order
mechanism that leads the kinematics of the Adria Plate or the ensemble of independent
microblocks of which it is composed [according to Calais et al. (2002), D’Agostino et al.
(2008), and Sani et al. (2016)]. The push of the Adriatic lithosphere against the southern and
eastern Alps results into a broad compressional indentation that extends between Giudicarian
Alps to the west and Dinarides to the east. In this area, geodetic, structural, seismic and
geophysical data agree in depicting a prevailing compressive kinematics with mainly ~N-S
direction of compression (e.g., Caporali and Martin, 2000; Montone adnd Mariucci, 2016;
Sani et al., 2016; Serpelloni et al., 2016) which are in part interleaved with strike-slip faults
(Montone and Mariucci, 2016; Sani et al., 2016).

3. Input data

3.1. Italian contemporary stress map

Montone and Mariucci (2016) released an updated stress map that includes data from
different stress indicators such as borehole breakouts, earthquake focal mechanisms, active
faults and formal inversion of seismic sequences (Fig. 1). The new stress map shows minimum
horizontal stress orientation (Sh__ ) for 630 points, with a good coverage of the most seismically
active areas in the Italian territory. The stress orientations included in the map of Montone and
Mariucci (2016) have quality A to C and a maximum associated uncertainty of 25°. D-quality
data have an uncertainty between 25° and 40°. Based on the World Stress Map guidelines
(Heidbach et al., 2010) all single focal mechanisms have to be considered C quality (stress
orientation uncertainty in the range of £25°).

We focus our analysis on stress data from borehole breakouts (A to D quality) and earthquake
focal solutions. The latter is the most abundant set of data in the Italian Stress Map (~60%), and
together with borehole measurements represents over 90% of the whole stress data set. The two
techniques sample almost the whole thickness of the brittle seismogenic crust with borehole
breakouts providing information about the state of stress in the first kilometres (typically up
to ~5 km) while focal solutions are the only stress indicator available at higher depth [mostly
up to 20 km and sometimes reaching depths of 40 km (Zoback and Zoback, 1989; Heidbach
et al., 2010; Montone and Mariucci, 2016)]. Directions of the principal stresses from focal
mechanisms of events with M >4 are estimated as the average orientation for compression,
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null and extension axes (Zoback and Zoback, 1989; Heidbach et al., 2010). Borehole breakouts
represent a shear failure of the borehole wall along Sh . , the azimuth of the minimum horizontal
stress. For each well, the instantaneous state of stress in its vicinity is statistically estimated as
the weighted mean direction of a population of breakouts measured along the borehole (Zoback,
1992; Ljunggren et al., 2003). They are a valuable stress indicator especially in aseismic
regions, where stress data from focal mechanisms and faults are not available.

3.2. GPS data and velocity field

INGYV, some universities and local administrations developed a network that currently
includes over 600 permanent GPS sites distributed all along the Italian territory, which are
routinely processed according to internationally agreed standards (http://epncb.oma.be/_
documentation/guidelines/guidelines_analysis_centres.pdf) to generate velocities in the latest
realization of the ITRF frame (IGbOS at this time). The database of position and velocities
maintained at the University of Padova (http://retegnssveneto.cisas.unipd.it) is updated regularly
and provides logsheets, weekly solutions, cumulative solutions (from weekly normal equations
stacking), time series and a “discontinuity file”” with the solution numbers introduced to account
for discontinuities in the time series of each processed site. Velocities of over 500 sites with at
least two years of continuous tracking and accurately verified time series are published.

Fig. 2 shows the horizontal GPS velocities with respect to Eurasia (ETRF2000) for the
Italian peninsula and surrounding regions. The better distribution and the increased number
of GPS stations allow to identify the main kinematic features characterizing the study area.
Velocities clearly depict the Apennines axis as a boundary between two kinematic domains, with
NE-ward and NNW-ward oriented vectors along the Adriatic and Tyrrhenian side, respectively.
The Corsica-Sardinia block and north-western Italy behave as rigid blocks with almost null
residuals in an Eurasia-fixed frame. On the NE (Veneto and Friuli regions), GPS velocities
show a counterclockwise rotation related with the motion of Adria Plate with respect to Eurasia.
NNW-ward velocity vectors increase in magnitude moving toward east from Emilia region to
Friuli, while a rapid decrease is observed moving toward the Alps. In the southernmost sectors
of the study area, Sicily and the Calabrian Arc show a strongly variable velocity field where
the Messina Strait acts as a structural discontinuity. Moving toward east, vectors rotate from
NW-ward direction in the Sicilian domain to NE-ward direction along the Calabria region. A
complex pattern of velocity gradients is also observed within Sicily island linked to its internal
fragmentation.

4. From GPS velocities to strainrate: methodologies

Various approaches have been proposed to study the crustal deformation at regional or
globalscale, most of them use discrete observation on the Earth surface to estimate continuous
strain-rate fields (Kreemer er al., 2014). A complete analysis of the various computation
algorithms is beyond the scope of this work, and we present here just a brief overview. The
classic procedure to estimate geodetic strain is based on triangulation of the study area (e.g.,
using Delauney method) and estimation of deformation within each triangle. Shen et al.
(1996) used this approach to estimate an interpolated velocity field that takes into account
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the distribution of GPS stations and velocities uncertainties. In their approach strain and
rotation rates are estimated from the velocity data through weighted least squares where the
contribution of each station is weighted inversely to its distance. However, the discretization
of the investigated area into triangles implies a lack of redundancy of data and outliers are
difficult to detect. Pietrantonio and Riguzzi (2004) implemented an algorithm to estimate
geodetic strain-rate fields following an estimation strategy where the starting hypothesis of
homogeneity is tested and a subdivision into sub-domains is allowed once the condition of data
redundancy is verified. To account for the different length scales that characterize deformation
phenomena at the Earth surface, Tape et al. (2009) proposed a multiscale approach based on
the linear combination of spherical wavelets to describe the velocity field on the Earth surface.
According to this approach, velocities at given points are computed as a superposition of values
estimated at different spatial scales. Unlike studies based on physical model parametrization,
where an a-priori description of the system is required [e.g., block bounding faults geometry
into the block modeling of Meade and Loveless (2009)], this non-physical procedure allows to
detect signals from unknown sources. In 1993, Haines and Holt (1993) developed a method to
calculate continuous velocity gradient tensor field at the plate boundary zones using bi-cubic
spline function to interpolate sparse geodetic data. The Haines and Holt (1993) method, adopted
by many subsequent studies of crustal deformation (e.g., Hackl et al., 2009; Kreemer et al.,
2014) includes also strain-rate observations from seismological and geological data. Caporali et
al. (2003) analyzed the relation between crustal stress and strain estimating the geodetic strain-
rate field from a dense network of GPS stations. He proposed an approach based on a least-
square collocation algorithm where the scattered GPS velocities are interpolated at the interest
points, and their contribution is weighted by a covariance function inversely proportional
to their squared distance and scaled by the velocity data themselves. The velocity gradient
is then estimated trough horizontal differentiation of the interpolated velocities. For a given
data set, different approaches might yield to different estimations of strain. Each developed
computation algorithm has its own strengths and weaknesses and shows different levels of
sensitivity to different parameters, such as data sparseness or error budget. Wu et al. (2011)
carried out an analysis of several methods to compute GPS strain-rate fields. They defined
and compared two groups of strain computation methods, segment and gridded methods, and
run various simulations to test their robustness, reliability and stability. The authors concluded
that least-square collocation method yields to best results in terms of robustness, edge effect,
error distribution and stability recognizing as the most important strength of this approach the
capability of reproducing the real distribution of GPS velocities.

In this work we apply the approach described in Caporali ef al. (2003) which uses the
collocation algorithm to estimate a continuous 2D strain-rate field starting from a data set of
more than 500 GPS velocities scattered on the Italian peninsula and surroundings. To compare
geophysical and GPS inferred stress directions we need to estimate geodetic strainrates at the
same locations (P) as boreholes and focal mechanisms. For this purpose, it is necessary that
a sufficiently large number of GPS stations are available to compute a horizontal gradient
in the neighborhood of each P, point within a correlation distance d, of the order of some
tens of kilometres. The concept of correlation distance for the computation of a strain rate is
conveniently embodied into the algorithm of least squares collocation. Least squares collocation
is an autoregressive algorithm, where the velocity interpolated at a point P is expressed as a
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weighted average of the velocities measured at points i (i=1..n), with weight function decreasing
with the distance from P to the i-th GPS site. To decrease the weight of spurious data, perhaps
affected by local disturbances, we apply a low pass filter that results in smoothing the estimated
velocity field. The horizontal gradient of the computed velocities at P, follows from their
differentiation in the north and east directions. The 2D strain rate is the symmetrical part of the
velocity gradient. The eigenvalues and eigenvectors of the strain-rate tensor are computed by
matrix diagonalization, yielding a maximum/minimum strain rate (typically the most extensional/
compressional, corresponding to a positive/negative horizontal derivative of the velocity field),
and the azimuth ¥ of the most extensional strain rate. Hence # corresponds to Sh_. . We compute
one correlation distance d; for each point P, by analyzing the correlation profile of the local
GPS site velocities. For each point we compute the shear strain rate at increasing values of the
correlation distance, to find the value of ¢, which maximizes the shear strain rate. This ensures
that all the correlated velocities contribute to the computation of the strain-rate tensor.

5. Results

5.1. Geodetic strain-rate field

We use the least-squares collocation algorithm described above to interpolate velocities
from over 500 GPS stations and estimate the strain-rate eigenvectors at the locations of wells
and focal solutions in the Italian stress map (Fig. 4). Only stress data surrounded by a reliable
number of GPS stations (minimum 4 within the correlation distance) are used as interpolation
points (Figs. 1 and 2). Although a significant number of boreholes is found offshore (Fig. 1),
their proximity to the coast often provides a sufficient coverage of GPS data and only 21 wells
are discarded from strain-rate computations. We were able to estimate strain-rate eigenvectors
for 317 focal mechanisms data over a total number of 392. Most of the rejected focal solutions
are distributed around Tyrrhenian basin, Adriatic and Ionian seas, areas with a total absence of
GPS observations. In the end, each strain-rate value is computed with the contribution of an
average number of 10 GPS stations lying within an average correlation distance of 62 km. For
both, wells and earthquake data, we find correlation distances between 50 and 140 km with
populations of GPS sites ranging from 4 to 27. About 90% of the strainrates are computed by
comparing velocities of at least 14 GPS stations within the correlation distance.

The uncertainties associated with the strain-rate values are estimated on the base of the
uncertainties of the GPS velocities. Assuming a minimum number of 4 GPS stations, an average
radius of about 60 km, a conservative uncertainty of 0.2 mm/yr for the GPS velocities and
their statistical independence, we find an uncertainty of ~8 nstrain/yr to be associated with
each strain-rate estimation. Then, being ~40 nstrain/yr the average value of strainrate in our
investigated area, we infer about 10° as mean uncertainty on the azimuth angle of the geodetic
principal stress. Fig. 4 shows the computed eigenvectors of the strain-rate tensor. Owing to
the uneven spatial distribution of the geophysical stress data, most of the arrows displaying
the maximum extensive and compressive strainrates are concentrated in a few areas resulting
in an irregular and unclear graphical interpretation of the strain-rate field. However, the main
deformation patterns are identifiable across the principal active tectonic regions on the Italian
peninsula. In agreement with the available seismic, geological and geophysical data, we find
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Fig. 5 - Difference (in absolute value) in azimuth of minimum horizontal stresses between each borehole or focal
mechanism measurement, and the geodetically inferred strain-rate direction of extension. Diamond symbols refer to
stress data from borehole breakouts (BBs), circles to focal mechanisms (FMs); rings represent the hypocentral depth
of each earthquake. Color homogeneity of circles and their own rings indicates correlation between magnitude of
azimuthal discrepancies and hypocentral depth of the earthquake. Insert on the top-right corner shows the angular
distribution of the azimuthal differences between stress orientation from BBs or FMs and geodetic strain-rate direction.
The rose histograms show the weighted azimuthal differences between each stress and strain-rate direction. The width
of the bins is defined on the base of the stress data uncertainties: for BBs data we estimate a square root of the average
quadratic uncertainties of ~18° that is approximated to 20° as angle bin. For FM data, we approximate the 25° fixed
uncertainty to a 30° bin.
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that a mostly extensive deformation characterizes the whole Apennine mountains belt with the
maximum extension running almost perpendicular to the belt axis. Strong compression in a
roughly N-S direction is observed across the Emilia and Friuli regions and southern Tyrrhenian,
though the latter is characterized by a more complex pattern with the direction of compression
rotating clockwise moving eastwards along the northern coast of Sicily. In agreement with what
argued by Mazzoli et al. (2015), geodetic data highlight an undefined deformation pattern for
the outer Apennines region where a mix of compressive and extensive strainrate of variable
orientations are observed within one hundred kilometres.

5.2. Comparison between geodetic strain and geophysical stress orientations

We focus on the difference in azimuth of minimum horizontal stresses (geodetic
Sh . - geophysical Sh . ) between each focal mechanism or borehole measurement, and the
geodetically inferred direction. We consider separately the two data sets because they are
different stress indicators with a different degree of reliability. All the focal mechanisms data
are ranked C quality (25° of uncertainty), whereas wells data have uncertainties varying from
0 to 40°. To account for the different quality levels of the stress orientations of breakouts,
we calculate the angular discrepancy with the geodetic Sh . as the weighted difference, with
weights inversely proportional to the uncertainties on the geophysical data. Overall, we observe
a slightly better agreement between geodetic and boreholes stress orientations with a weighted
mean discrepancy of -17° and a wrms (weighted root mean square) uncertainty of 33°. The
mean angular difference between GPS and focal mechanisms Sh . is -4° and the rms (root mean
square) uncertainty is 40° (insert in Fig. 5).

The selection criterion used by the least-squares collocation approach guarantees the
contribution of a minimum number of GPS data in the computation, but does not account
for their homogeneous spatial distribution. We focus our analysis on stress data in regions
with a dense coverage of GPS sites, and subdivide them according to the stress regime. We
define five provinces (polygons in Fig. 1): two of them, central and southern Apennines, are
subject to extension roughly perpendicular to the belt, Emilia and Friuli regions show a mainly
compressive tectonics, while the outer Apennines region is characterized by compressive-
transpressive stress. In Table 1 we give the number of boreholes or focal mechanisms stress
data falling within each of the five analyzed regions, the mean difference between geophysical

Table 1 - Analysis of angle gap between minimum horizontal stress orientations from borehole (A-D quality) or
focal mechanisms measurements (Montone and Mariucci, 2016) and geodetically inferred stress directions. For each
investigated tectonic area we give: number of stress data, mean and root mean square of the difference between geodetic
and geophysical Sh__ . For the boreholes data, characterized by variable uncertainties, we indicate the weighted values of
mean and rms. Weights are inversely proportional to the uncertainties associated with the boreholes stress orientations.

BOREHOLE BREAKOUTS FOCAL MECHANISMS
TECTONIC REGION # Wmean (deg)| WRMS (deg) # mean (deg) | RMS (deg)
Friuli 0 - - 16 9.0 18.5
Emilia 19 17.3 29.7 20 0.4 29.8
C. Apennines 4 - - 97 -1.3 23.0
S. Apennines 54 5.8 31.7 28 4.8 25.2
O. Apennines 40 -19.3 30.1 13 -34.5 54.3
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and geodetic Sh_. and the associated rms. Data from wells measurements are provided with the
weighted values. Weights were computed on the basis of the uncertainties of the geophysical
data. Results are graphically shown in Fig. 6. For each region we plot a map with the geodetic
strainrate and geophysical minimum horizontal stress orientations and a rose diagram with the
distribution of the angle between them. For boreholes data the histogram shows the weighted
differences and the width of each bin is defined on the base of the stress data uncertainties. We
approximate the 25° of fixed uncertainty on focal mechanisms stress orientation to a 30° bin.
For boreholes data we estimate a square root of the average quadratic uncertainties of ~18° that
is approximated to 20° as angle bin.

5.2.1. Central Apennines

Central Apennines (Fig. 6a) are covered by a dense population of GPS sites and an elongated
array of 97 stress data from focal mechanisms along the belt axis. Both the estimated geodetic
strainrates and the stress data well depict the SW-NE orientation of the most extensional stress
in this tectonic region. For more than 60% of stress data we find azimuthal discrepancies smaller
than the associated mean square uncertainty with a symmetrical distribution around zero and a
rms value of 23°.

5.2.2. Southern Apennines

Same observations can be done for the southern Appenines (Fig. 6b). In this sector of the belt,
the stress field rests on 54 Sh . measurements in wells and 28 data from seismic events. Again
we find a symmetric distribution of the angular gap around the null value with a weighted mean
discrepancy of ~6° and ~5° for boreholes and focal mechanisms data, respectively. Residuals are
characterized by a slightly bigger dispersion with wrms values of ~32° and ~25°.

5.2.3. Outer Apennines

We defined a third tectonic province including part of the outer compressive-transpressive
sector of the Appenines, between the belt axis and the Adriatic Sea. We draw the boundaries
of our area based on the GPS sites distribution: we discard the offshore stress data for which
the availability of the minimum number of GPS stations required by the strain-rate estimation
is verified, but are still characterized by an unilateral spatial distribution of the geodetic data.
This region is drilled by 40 deep wells that measure a mainly compressive stress field in SW-
NE direction. The estimated Sh_. discrepancies are smaller than 20° for around 65% of the
analyzed regional data set. We find an almost perfectly symmetrical distribution around zero
with associated weighted rms of ~30°. The stress map in this area counts also 13 data from
focal mechanisms that are interpreted as thrust or strike-slip events. For most of them we find
an angular difference with the geodetic inferred stress orientation larger than 40°. The biggest
azimuthal discrepancies, of 80°, 85° and 86°, are found for three stress data from focal solutions
of deep events (labeled as 1, 2 and 3 in Fig. 6¢) lying in the north-western sector of the study
area. All of them refer to earthquakes with hypocentral depth between 30 and 40 km and are
interpreted as strike slip events with a roughly WSW-ENE orientation of Sh_. . Along the same
direction, GPS velocities are characterized by a compressive gradient (Fig. 4) resulting in an
almost perpendicular minimum horizontal stress orientation.
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.

Fig. 6 - Results of our statistical analysis of the azimuthal gap between focal mechanisms and/or boreholes and geodetic
Sh . for the five analyzed regions (lines a to e). Left column: at each stress point, geodetic strainrate (black) and stress
(symbology as in Fig. 1) orientations are shown. Depth of the focal mechanisms is represented as a color scale of the
small circles. Arrows show the smoothed GPS velocity field used to estimate the geodetic strain-rate field. Central and
rights columns: rose diagram with the angular distribution of the difference between geodetic and boreholes (BB) or
focal mechanisms (FM) Sh__ . See Fig. 5 for details.
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5.2.4. Emilia and Friuli

The northernmost analyzed tectonic regions, Emilia and Friuli (Figs. 6d and 6e), are small
areas densely populated by GPS sites but covered by a relatively small number of stress data.
Stress orientations from focal solutions and borehole breakouts show homogeneous patterns that
well describe the roughly N-S compression in the two areas. The regional compressive tectonics
is well imaged also by the GPS velocities and the inferred strain-rate eigenvectors. We find a
good agreement between the two data sets, with mean discrepancies between focal solution and
geodetic strain-rate directions of 0.4° and 9° for Emilia and Friuli, respectively. The weighted
mean difference between geodetic and borehole breakouts Sh . for the Emilia region is 17°. The
associated rms values are consistent with the uncertainties of the geophysical data.

6. Discussion and conclusions

We used horizontal velocities from more than 500 GPS stations to estimate a strain-rate field
for the Italian territory and compare it with the present-day Italian stress map. We selected data
from boreholes breakout and focal mechanisms which represent over 90% of the whole stress
database. In correspondence of each stress data surrounded by a sufficient number of geodetic
observations, we applied a least-squares collocation algorithm to interpolate the GPS velocities
and estimate the strain-rate eigenvectors. Assuming an elastic rheology for the upper crust
enables us to consider the orientation of the stress and strain-rate eigenvectors as roughly parallel.
We calculated the angle gap between minimum horizontal stresses from boreholes or focal
mechanism SDC measurements and the geodetically inferred strain-rate direction of extension.

Our analysis highlighted that Sh_. orientations form stress indicators and geodetic data are
roughly parallel for most of the investigated area. For more than 50% of the stress data from
focal mechanisms we find azimuthal discrepancies smaller than the associated uncertainty
of 25°. Comparison of boreholes and GPS Sh__ orientations shows that about 60% of the
angular differences are within one standard deviation. The residuals have a nearly symmetric
spread about zero with weighted rms of 33° and 40° for boreholes and focal mechanisms data,
respectively. The corresponding weighted averages are about -3° and -16°. Hence, we conclude
that the geophysical and geodetic stress orientations agree within one standard deviation.

Fig. 5 shows that geodetic surface deformation and crustal stress from seismic and well data
almost overlap, in terms of Sh . orientation, along the whole central and southern Apennine
belt. Both the strain-rate and stress fields show as main tectonic feature a uniform SW-NE
extension almost perpendicular to the belt axis. Such an agreement results in an elongated NW-
SE oriented strip of points that are, for the most part, characterized by azimuthal gaps lower
than 30°. Seismicity in this area is mostly concentrated within the first kilometres depth, about
80% of the focal solutions in the local stress map refers to earthquakes with hypocentral depth
lower than 10 km and nearly all, but just a few sparse events, lie within the first 20 km, in the
elastic layer of the crust. In the southern sector of the belt, stress data from seismic indicators
are flanked by an array of wells distributed parallel to the belt axis. Sh_. orientations inferred
from boreholes breakouts are in agreement with data from focal mechanisms.

In Friuli and Emilia regions Sh_. values are centred around 90°. This indicates a main E-
W direction of extension in agreement with the other available seismological, geological and
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geodetic data discussed above, that describe the two study regions as compressional domains
where compression is ~N-S oriented. Our results show that the orientations of minimum
horizontal stress inferred from seismic and borehole measurements and the geodetic strain-rate
directions of extension agree within one standard deviation for both the investigated areas.

Fig. 5 shows that all the analyzed points with angular residuals larger than 80°, then
approximately perpendicular intersection of stress and strain-rate fields, are placed along a
narrow bend that extends to the east of the northern-central Apennines, following the NW-ward
curvature of the belt axis from the Adriatic coast of Marche region up to the Po Plain area.
An abrupt change of the tectonic regime characterizes this transition zone lying between the
Apennine extensional domain and the mostly compressional outer Apennines. In the coastal
sector a reliable estimation of the surface deformation field is supported by a fairly dense
network of GPS stations, whereas in the inner zone, between the northern Apennine arc and the
Po Valley, it rests on a few scattered data. This region is sampled by a large number of stress
data from focal mechanisms, many of whose, from deep events. Interestingly, most of the stress
data in this area affected by discrepancies larger than 80° are estimated from earthquakes deeper
than 20 km.

We investigated the correlation between hypocentral depth and azimuthal differences
of Sh_. directions for all the stress data from focal mechanisms in our data set. Most of the
focal mechanisms data in the Italian stress map come from shallow events with hypocentres
within the first 20 km. However 15% of them refers to deep earthquakes within 20 and 40 km.
Analyzing the mean stress orientation at different depths for the Italian territory, Pierdominici
and Heidbach (2012) found no significant differences between shallow and deep neighboring
stress indicators. However, comparing co-located stress and strain-rate directions for the data
deeper and shallower than 20 km we find that they seem characterized by different behaviors.
Histograms in Fig. 7 show that azimuthal residuals of shallow data are normally distributed
around zero, whereas for the deeper data we find an almost random relationship between
number of points and their associated angular discrepancies. As discussed, comparing stress
and strain-rate eigenvectors implies comparing data sampled at the Earth surface (the geodetic
velocity gradient) with data from the whole thickness of the upper crust (the geophysical stress
data). The assumption that they are parallel down to ~20 km depth rests on a model of the brittle
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upper crust characterized by elastic rheology. When we take into account deep measurements
we also assume that crustal stress at depth and surface deformation are generated by the same
process as well as its depth independence. The tectonics of northern and outer Apennines
region is driven by the subduction of the Adria Plate beneath the Apennines that generates the
deep seismicity distributed along this segment of the Adriatic coast and following, on-land,
the Apennines belt (Salimbeni et al., 2013; Mazzoli et al., 2015). Hence, we cannot exclude
that the ground deformation observed by the GPS stations in this area is decoupled from the
mechanisms that generate seismicity at depth. In fault plane solutions the zones of compression
and dilatation vary with depth and this could be a reason for the stress at depth be different from
the deformation measured at the surface. However, several other explanations may be proposed.
More generally, local stress rotations not recorded by surface strain-rate data could explain
the observed discrepancies. This is the case, for example, when stress is transferred from an
earthquake to a nearby receiver fault in a regime of low regional stress.

Knowing the present-day state of crustal stress and deformation is a key point in terms
of seismic hazard. The fast development, in the last decades, of geophysical and geodetic
techniques has resulted in a significant increase in the availability of information and a better
quality and spatial coverage of data. This gives us the opportunity of comparing independent
measurements of such quantities investigating the tectonic processes at the different depths
in the Earth crust. Analyzing the stress and strain-rate fields for the Italian territory we find
an overall reasonable agreement between stress orientations included in the Italian stress map
and based on focal mechanisms or borehole measurements and the estimated strain-rate field
computed on the base of the horizontal GPS velocities for the whole study area.
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