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S U M M A R Y
We use ambient noise tomography to investigate the crust and the uppermost mantle structure
beneath the junction between the Southern Alps, the Dinarides and the Po Plain. We obtained
Rayleigh wave empirical Green’s functions from cross-correlation of vertical component
seismic recordings for three years (2010–2012) using stations from networks in Italy, Slovenia,
Austria, Croatia, Serbia and Switzerland. We measure group and phase velocity dispersion
curves from the reconstructed Rayleigh waves in the period range 5–30 and 8–37 s, respectively,
and we invert the surface wave velocities for tomographic images on a grid of 0.1◦ × 0.1◦. After
the tomography, the group velocities are then inverted to compute the 3-D shear wave velocity
model of the crust and the upper mantle beneath the region. Our shear wave velocity model
provides the 3-D image of the structure in the region between Northeastern Italy, Slovenia
and Austria. The velocity variations at shallow depths correlate with known geological and
tectonic domains. We find low velocities below the Po Plain, the northern tip of the Adriatic
and the Pannonian Basin, whereas higher velocities characterize the Alpine chain. The vertical
cross-sections reveal a clear northward increase of the crustal thickness with a sharp northward
dipping of the Moho that coincides at the surface with the leading edge of the Alpine thrust
front adjacent to the Friuli Plain in Northeastern Italy. This geometry of the Moho mimics
fairly well the shallow north dipping geometry of the decollement inferred from permanent
GPS velocity field where high interseismic coupling is reported. From the northern Adriatic
domain up to the Idrija right lateral strike-slip fault system beneath Western Slovenia, the
crustal thickness is more uniform. Right across Idrija fault, to the northeast, and along its
strike, we report a clear change of the physical properties of the crust up to the uppermost
mantle as reflected by the lateral distribution of both group and phase velocity anomalies at
relevant periods. Idrija fault is therefore interpreted as a subvertical fault sampling the whole
crust. Our 3-D velocity model favours crustal thickening with Adria underthrusting the Alps
at a shallow angle north of the Friuli Plain where much of the convergence is absorbed and
where the destructive 1976 Ms 6.5 thrust Friuli earthquake sequence took place. In Western
Slovenia, the deformation is accommodated by strike-slip motion along the Idrija strike-slip
fault system where the destructive 1511 Mw 6.9 right lateral strike-slip event occurred.

Key words: Structure of the Earth; Europe; Seismic tomography; Surface waves and free
oscillations; Crustal structure.

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

The region investigated in this study is characterized by the junction
between the Southern Alps, the External Dinarides and the Po River
sedimentary basin (Po Plain): its present structure is the result of
complex tectonic processes that are due to the convergence between

the Adriatic plate and the European plate (Fig. 1). The area is also
characterized by high seismicity (Fig. 1), especially in the Friuli area
and Western Slovenia (Aoudia et al. 2000; Bajc et al. 2001; Fitzko
et al. 2005; Borghi et al. 2009) and transfers up to 3 mm yr−1 as
inferred from GPS data (e.g. Métois et al. 2015). Therefore, a better
knowledge of the 3-D distribution of the crustal and upper-mantle
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Figure 1. Seismotectonic setting at the junction between the Southeastern Alps and Dinarides (modified from Aoudia 1998). Main active faults and moment
tensor focal mechanisms (CMT, http://www.globalcmt.org/) are shown together with 1973–2016 seismicity (M ≥ 3.5, yellow dots) from National Earthquake
Information Center (NEIC, http://neic.usgs.gov). The inset shows a simplified map of the plate boundaries and major tectonic elements of the Italian Peninsula.
Yellow arrows show Africa-Europe plate motion predicted by NUVEL-1A (DeMets et al. 1994), while green arrows are taken from D’Agostino et al. (2008).
Numbers on vectors show approximate rates of velocities (in mm yr−1). Blue line: TRANSALP profile (TRANSALP Working Group 2002). Grey rectangle:
boundaries of the study area. PAL: Periadriatic Line.

properties is important to improve the understanding of the complex
continental collisional processes taking place in this region part of
the peri-Adriatic belt.

Despite the availability of a dense seismic network, the number
of studies that investigated the lithosphere in the region is limited.
The non-uniformity in the geographical distribution of earthquakes
in the eastern part of the Southern Alps and the Dinarides, does not
allow the use of classic seismic tomography methodologies to re-
construct a 3-D model of seismic velocities in the area. Therefore,
to image the lithospheric structure beneath the study region, we
used the ambient noise tomography (ANT) methodology. ANT has
become an increasingly well-established method to estimate surface
wave velocities (group and phase velocities) and therefore map Vs
at different scales (e.g. Sabra et al. 2005; Shapiro et al. 2005; Lin
et al. 2008). The use of ambient noise allows us to measure surface
wave dispersion at shorter distances and shorter periods compared
to teleseismic surface wave observations that are generally lim-
ited to long periods and thus mostly affected by mantle structure.
Therefore, surface wave tomography based on cross-correlations of

ambient seismic noise can image velocity structures in the crust and
the uppermost mantle.

Other studies that made use of ANT to investigate the crustal
structure in adjacent areas have recently been published. Li et al.
(2010a) and (2010b) obtained group velocity maps of Rayleigh and
Love waves in the Italian Peninsula, but with a limited coverage and
resolution in Northeastern Italy and Slovenia. Behm et al. (2016)
applied ANT to data from temporary networks in the Eastern Alps
and our study region is at the southernmost tip of their tomographic
maps.

In this study, we applied the ANT technique to image the crustal
velocity structure in northeast Italy and Slovenia. We collected con-
tinuous data recorded between 2010 and 2012 from 66 broad-band
permanent stations in Italy, Slovenia, Austria, Croatia, Serbia and
Switzerland to extract Green’s functions from the ambient seismic
noise field. We calculated tomographic maps for Rayleigh wave
group velocity in the period range 5–30 s and phase velocity in
the period range 8–37 s. As a final step, we inverted the Rayleigh
wave dispersion curves to obtain the 3-D crustal structure (S-wave
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velocity) underneath the region that comprises the junction between
the Southern Alps, the Dinarides and the Po Plain. With the station
distribution in the study region, we were able to provide a more
homogeneous sampling over the study region than previous studies
and regional seismic tomography using earthquakes.

2 S T U DY A R E A

The Alps and Dinarides are orogens with different subduction po-
larities: Adria is the collision upper plate in the Alps, while it is
the lower plate in the Dinarides (e.g. Schmid et al. 2008, Fig. 1).
These three units represent that part of the so-called Adriatic, or
Adria, plate which is located south of the Periadriatic Line (PAL).
The PAL, also named Insubric Line, is a right-lateral transpres-
sive fault of Oligocene–Neogene age that marks the boundary be-
tween the Southern and the Eastern Alps (e.g. Dal Piaz et al. 2003).
The Southern Alps are a major structural division of the Alpine
Chain that overthrust the Adriatic foreland and the Po Plain to the
west and the External Dinarides to the east. The Southern Alps are
characterized by a dominantly south-vergent fold-and-thrust belt
(e.g. Castellarin et al. 2006). The area underwent intensive post-
collisional back thrusting, since Palaeogene times, which generated
the south-vergent structure (Doglioni & Bosellini 1987; Castellarin
et al. 1992).

The easternmost part of the Southern Alps is characterized by the
ENE–NE trend in the Friuli structural belt, dominated by prominent
NE–SW trending thrusts, SE-verging folds (Castellarin & Cantelli
2000). The Po Plain is a sedimentary basin filled by the Late Neo-
gene sediments of Alpine and Apenninic origin.

The External Dinarides are a thrust-and-fold belt, part of the
Alpine orogenic system; they can be considered as the detached,
back thrust and highly deformed upper crust of the Adria during
subduction to the NE (e.g. Korbar 2009). The long-lived compres-
sional eastern contact between Adria and Europe has formed and
consequently deformed the Dinarides thrust-and-fold belt. The Di-
naric area is characterized by dextral subvertical faults, with orien-
tations from NW–SE to NNW–SSE, the most important of which are
the Idrija fault and the Raša Fault (Moulin et al. 2016, see Fig. 1).

According to Doglioni & Carminati (2002), the European plate is
subducted under the Adriatic plate along the whole Alpine arc, while
the Adriatic plate is subducted under the Dinarides and Apennines.
Lippitsch et al. (2003) suggest, instead, the presence of two sepa-
rate past subduction zones beneath the Western and Eastern Alps,
respectively. Brückl et al. (2010) support the idea of the subduction
of Europe below Adria from north to south and underthrusting of
Adria below Pannonian from southwest to northeast.

The kinematics of Adria plate and its interaction with the Alps
and Dinarides has been assessed from GPS measurements. Bennet
et al. (2008) results are consistent with subduction of Adria litho-
sphere beneath the Dinarides. D’Agostino et al. (2008) and Métois
et al. (2015) suggest that Adria plate rotates in such a way to ac-
commodate Europe-Africa relative motion, moving independently
relative to both Europe and Africa. The convergence between Adria
and Europe plates being absorbed within the Southeastern Alps,
where the Adriatic lithosphere underthrusts beneath the mountain
belt (Cheloni et al. 2014).

The investigation of the crust in this region was conducted using
deep seismic sounding experiments, local scale tomographic studies
and some teleseismic tomographic analysis of the upper mantle. For
the Friuli region, Bressan et al. (1992, 1998) used local earthquakes
to obtain a local 3-D P-wave velocity model in the area that revealed

strong lateral and deep heterogeneities in the upper crust, related to
the presence of a southward-verging thrusted wedge of basement.
Gentile et al. (2000) performed a 3-D joint inversion for hypocentres
and velocity structure in the Friuli area and they found again that the
upper crust is characterized by strong heterogeneities, with a high-
velocity body in the central part of the area at about 6 km depth;
they also found high VP/Vs values associated with highly fractured
zones related to the main faulting pattern. Similarly, the inversion
for hypocentres and velocity structure in Slovenia (Michelini et al.
1998) revealed a high P-wave velocity body in the western part of
Slovenia between 3 and 15 km depth. Stipčević et al. (2011) inves-
tigated the crustal and uppermost mantle structure using receiver
functions for some locations: in the NW Dinarides they found a
Moho depth of about 40 km.

A series of controlled source seismic experiments were conducted
in the last decade in order to constrain the structure of the crust and
upper mantle in central Europe. Several studies provide informa-
tion about the crust beneath the junction between the Eastern Alps,
the Southern Alps and the Dinarides. In 2002, the TRANSALP
programme (TRANSALP Working Group 2002) produced the first
seismic profiles for the Eastern and Southern Alps (from Germany
to Italy) from seismic reflection data, revealing the main double
vergent structure of the Alps. The resulting models reveal that the
European Moho is dipping south at an angle of 7◦, whereas the
Adria plate is dipping north at a shallower angle. Bleibinhaus &
Gebrande (2006) proposed P-wave velocity models obtained from
active source traveltime tomography that show significantly higher
P-wave velocities in the Adriatic crust (stronger, more rigid crust)
than the European crust. Their findings suggest the existence of
an S-directed subduction of the European plate and the presence
of a deep thrust fault in the Southern Alps at about 20–25 km.
Brückl et al. (2007) showed that the European Moho dips to the
south and reaches a maximum depth of 47 km below the transi-
tion from the Eastern to the Southern Alps. The Adriatic Moho
continues further south at a significantly shallower depth, support-
ing the idea of southward subduction of the European lithosphere
below the Adriatic. Brückl et al. (2010) explained the results of
controlled source seismic experiments with the subduction of Eu-
rope below Adria from north to south and underthrusting of Adria
below Pannonian from southwest to northeast. They also suggest
that the active tectonic processes at surface are strongly related to
the Moho fragmentation, with a thickening of the Adriatic crust
under the Southern Alps.

Behm et al. (2007) and Behm (2009) interpreted 3-D seismic
wide-angle reflection and refraction data to obtain VP and Vs mod-
els within the longitude range between 14◦ and 19◦ E. Their re-
sults suggest a fragmentation of the crust in the Eastern Alps
into three main blocks, with different Moho depths and dipping
characteristics.

Vosteen et al. (2003) from petrophysical heat-flow data showed
that the Alpine roots are characterized by significantly higher tem-
peratures compared to the Adriatic. The lower temperatures and the
high velocities of the Adriatic crust (Bleibinhaus & Gebrande 2006)
also indicate a stronger, more rigid crust than on the European side.

Lippitsch et al. (2003) from high-resolution teleseismic tomog-
raphy found a high-velocity anomaly in the eastern Alps that
can be traced down to about 300 km, with a clear connection to
Adriatic lower lithosphere that dips to the northeast and is sub-
ducted beneath the European plate. Mitterbauer et al. (2011) ob-
tained tomographic images of the upper mantle from teleseismic
waveforms. They revealed a shallow slab below the Eastern Alps
down to about 250 km, interpreted as European lower lithosphere
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(a) (b)

Figure 2. (a) Topographic map of the Eastern-Southern Alps region with the distribution of the broad-band stations used in this study inside the area (blue
dots). (b) Map with the full set of the stations used in this study.

detached from the crust subducted during collision between Adria
and Europe.

3 DATA A N D I N V E R S I O N

3.1 Data

We collected continuous broad-band vertical component seismic
data recorded between 2010 and 2012 by 66 stations in Italy, Slove-
nia, Austria, Croatia, Serbia and Switzerland from the following
sources: Central Eastern European Earthquake and Research Net-
work (Costa et al. 2010; Bragato et al. 2014), Serbian Network of
Seismic Stations and Switzerland Seismological Network (Swiss
Seismological Service 2015). The stations used in this study are
plotted in Fig. 2. We used data also from some stations of the
Mediterranean Very Broad-band Seismographic Network located
outside of the study region in order to increase the aperture of the
station network and therefore extend the period range. Given the
distribution of the seismic stations used and the maximum distance
between station couples (a reliable dispersion measurement at any
period requires an interstation spacing of at least three wavelengths,
as stated by Bensen et al. 2007), we decided to focus our ambient
noise tomographic analysis in the period range 2–40 s, restricting
the resolving power of our data set to the crust and the uppermost
mantle.

3.2 Processing and dispersion analysis

A detailed discussion of cross-correlation processing for ambient
seismic noise is given by Bensen et al. (2007) and our processing
scheme follows that approach. We used continuous vertical compo-
nent seismograms to obtain two-station cross-correlation functions
on one-day long waveforms to estimate Rayleigh wave Green’s
functions. We first prepared data for each station removing the
instrument response, the mean and the trend from one-day data
files; then we bandpass filtered the signals (2–40 s), applied the

running-absolute-mean normalization (Bensen et al. 2007) prior
to cross-correlation, and finally a spectral whitening. Time-domain
normalization is a procedure for reducing the effect on the cross-
correlations of earthquakes, instrumental irregularities and non-
stationary noise sources near to stations.

After the time-series has been processed for each day, we then
computed daily cross-correlations between all station pairs and then
stack the results. We cross-correlated daily time-series for all the
station pairs and then stacked the daily cross-correlations over the
period of about 2 yr; this time span is sufficiently long to guar-
antee that the ambient noise is randomly distributed (Stehly et al.
2006). We also cut the cross-correlation function into positive and
negative time lags and then add the two lags to build an average
cross-correlation in order to reduce the effects of inhomogeneity
of the seismic noise source distribution and enhance the signal-
to-noise ratio (SNR; Yang & Ritzwoller 2008). Fig. 3 shows an
example of a record section of cross-correlations with respect to the
common station TRI. This figure shows that a variety of azimuths
produce visible signals and a clear moveout of the prominent signals.
Prominent signals appear at both positive and negative correlation
lag times on each stacked cross-correlation, which represent waves
traveling in opposite directions between stations.

We evaluated the quality of the cross-correlations quantitatively
according to the criteria suggested by Bensen et al. (2007). We first
calculated the SNR for each interstation cross-correlation. SNR is
defined as the ratio of the peak amplitude within the time win-
dow containing the Green’s function to the root-mean-square of
noise trailing the signal arrival window. Then, we rejected cross-
correlations if their SNR < 10. Then, we applied the repeatability
criterion according to which for a measurement to be accepted, it
needs to be repeatable in the sense that measurements obtained at
different times should be similar. For each station pair, we consid-
ered several overlapping 3-month stacks and computed the SNR
for each of them. The cross-correlation is retained if more than
10 stacks have an SNR > 10. For those station pairs, we mea-
sured the dispersion on all sequential 3-month stacks and then com-
puted the standard deviation of the measurements to estimate the
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(a) (b)

Figure 3. Example of cross-correlations obtained from 2 yr of data between station TRI and all other stations (a) used in this study (2–40 s period) plotted as
a function of distance (b).

uncertainties. After the application of quality control criteria, we
remained with 2067 reliable cross-correlations.

3.3 Group and phase velocity measurement

For each accepted station pair cross-correlation, the group and
phase velocity dispersion curves were measured using traditional
frequency–time analysis (FTAN); a detailed description of the
methodology can be found in Levshin & Ritzwoller (2001). We
resolved the phase ambiguity common to all phase velocity mea-
surements using average phase velocities as the reference (e.g.
Farina 2006).

We measured both group and phase velocities to better constrain
the shear wave velocity model in the study area. Even if the group
velocities are conventionally easier to measure, Lin et al. (2008)
pointed out that phase velocities have several advantages among
which smaller uncertainty with respect to the group velocities and a
deeper sensitivity kernel, therefore phase velocities sample deeper
velocity structures.

We computed Rayleigh wave group velocity for 2067 interstation
paths, in the period range 5–30 s and phase velocities in the period
range 8–37 s. According to Bensen et al. (2007), the dispersion
measurements from cross-correlations are reliable only for distances
at least three wavelengths. For this reason, each dispersion curve
is accepted only up to a maximum cut-off period of above d/12 in
seconds, where d is the distance. A recent study showed how surface
wave phase velocity dispersion curves are reliable for distances
up to only one wavelength (Luo et al. 2015). For this reason, we
slightly relaxed the three-wavelength criterion for phase velocities,
reaching a maximum period of 37 s, but never considering less
than two wavelengths. As an additional criterion to select the most
reliable dispersion measurements for tomography, we required that
measurements must cohere with one another across the data set;
coherence relates to the mutual agreement of measurements that
cross the same region and it will be verified during tomography,
trying to fit the data with smooth tomographic maps. As an example
of group and phase velocity measurements, Fig. 4 shows a cross-
correlation between a couple of stations, and the resulting dispersion
curves.

4 S U R FA C E WAV E T O M O G R A P H Y

We constructed group and phase velocity maps from the estimated
Rayleigh waves Green’s functions at periods from 5 to 30 and 8 to
37 s, respectively. We used the group and phase dispersion mea-
surements to invert for tomographic maps on a 0.1◦ × 0.1◦ grid
across the region using the method of Yanovskaja & Ditmar (1990).
The method does not require any a priori parametrization of the
basis functions but is based on the assumption of the smoothness
of the velocity function depending on a regularization parameter.
According to Yanovskaya et al. (1998), the regularization param-
eter was chosen so that the output velocities are within the range
defined by the observed dispersion curves and the final unaccounted
traveltime residuals are distributed randomly. The density of paths,
the azimuthal coverage and the average paths length control the
spatial resolution of the results. According to the method described
by Yanovskaya (1997), information of the resolution is summarized
by a single scalar at each node, called the horizontal spatial reso-
lution. Examples of resulting tomography maps are shown in Figs
5 and 6, with velocities represented as percentage variation with
respect to the mean velocity. The tomography maps at 5, 10, 16, 20
25 and 30 s for group velocity and at 8, 12, 16, 20, 30 and 37, s
for phase velocity are shown. The plots are arranged in order of in-
creasing period in order to represent the increasing penetration into
the Earth. Different velocity scales are used for different periods to
take into account the increasing of velocity at higher periods. The
black contour lines plotted on each map represent the isolines of the
estimated horizontal spatial resolution at each period. The lateral
resolution of group and phase velocities is about 40 km in many
parts of the study area and for periods until 30 s, it degrades toward
the margins of the map where the paths are few and not crossing
each other. The ray path coverage at each period is also plotted in
the inset; except for the shorter periods (5–8 s), the path coverage
is quite good over the whole study area.

4.1 Rayleigh waves group and phase velocity maps

Surface waves at different periods are sensitive to structures at dif-
ferent depths. To guide the qualitative interpretation of tomographic
maps, Fig. 7 shows the sensitivity kernels for Rayleigh wave group
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(a) (b)

(c) (d)

Figure 4. Example of dispersion measurement. (a) Ray paths between station TRI and RETA. (b) Cross-correlation for station pair TRI-RETA bandpass
filtered at different periods. (c) FTAN diagram showing the group velocity dispersion curve for the path TRI-RETA. (d) Group and phase velocity dispersion
curves measured for the path TRI-RETA.

and phase velocities computed using the AK135 model. The depth
of maximum sensitivity is about one-third of a wavelength. At the
short-period end of this study (5–10 s), group velocities are strongly
affected by shallow crustal structure, with short-period low-velocity
anomalies being a good indicator of sedimentary basins. At the
intermediate periods (15–25 s), group velocities are sensitive to
middle and lower crustal shear velocities. At periods longer than
30 s, Rayleigh waves are influenced by the Moho depth and the
shear velocities in the lower crust and uppermost mantle, where
Vs exhibits a significant increase. Thanks to those large velocity
contrasts across the Moho, the group and phase velocities after 30 s
period should vary approximately inversely with crustal thickness,
with high velocities in regions with thin crust and low velocities
in regions with thick crust. In general, at any given period, phase
velocity is sensitive to structure at depths greater than group ve-
locity. The average group velocities of our tomographic maps, that
vary from 2.77 to 3.14 km s−1 in the period 5–30 s, are consistent
with the values presented by Li et al. (2010a,b), which are however
characterized by a lower spatial resolution.

In Figs 5 and 6, we clearly recognize at short periods the signature
of the main shallow geological features. A low-velocity anomaly
in group velocity map at 5 s can be associated to the Po Plain,

characterized by Plio-Pleistocene sediments, that may reach an av-
erage thickness of 7–8 km (Molinari et al. 2015), and the Adria mi-
croplate. The anomaly clearly marks the boundary between Adria
and Southern Alps to the north, and between Adria and External
Dinarides to the east, indicating that Istria peninsula belongs to the
Adria foreland. The slow anomaly in the eastern part of the map
appears to be associated with the region where Southern Alps, Di-
narides and Pannonian Basin intersect. The lowest velocity indicates
the presence of the Tertiary cover at the periphery of the Pannonian
Basin that can reach a thickness of 6 km. The low velocity propa-
gates towards west until the area that corresponds to the Ljubljana
basin. Higher velocities seem to characterize southwest Slovenia
and in general the northernmost Dinarides. The highest velocity
anomaly is located in correspondence of the Southern Alps and their
boundary with the Eastern Alps. Behm et al. (2016) also found in-
creasing group velocities moving northward from the northwestern
corner of Slovenia, with values from 2.7 to 2.9 km s−1 across the
PAL. Group velocity map at 10 s and phase velocity map at 8 s show
similar characteristics and clearly outline the boundaries between
Adria plate (low velocities), Southern and Eastern Alps (very high
velocities), Dinarides and the periphery of the Pannonian Basin
(low velocity).
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Figure 5. (a)–(f) Maps of group velocities resulting from ambient noise tomography at the indicated periods (s) in percentile deviation from the average
velocity (Ref. Vel.). The black contour lines represent the horizontal spatial resolution in kilometres. The ray coverage for each period is also shown (insets).
Black lines are the main lineaments as traced in Fig. 1.
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Figure 6. (a)–(f) Maps of phase velocities resulting from ambient noise tomography at the indicated periods (s) in percentile deviation from the average
velocity (Ref. Vel.). The black contour lines represent the horizontal spatial resolution in kilometres. The ray coverage for each period is also shown (insets).
Black lines are the main lineaments as traced in Fig. 1.
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Figure 7. Depth sensitivity kernels of group (left) and phase (right) velocity versus shear wave velocity computed with the AK135 model.

At intermediate periods, 16 s for group velocity and 12 s for phase
velocity, low-velocity anomalies reduce. Sensibly lower group ve-
locities persist in the Adria microplate and high velocities in corre-
spondence of the Alpine chain. At the junction between Southern
Alps, Dinarides and Adria, the distribution of velocities appears
more irregular, indicating a more complicated structure in middle
crust. At periods sensitive to lower crust, group (20 s) and phase
velocities (16–20 s) indicate the transition from crust to upper man-
tle. Group velocity maps delineate a discontinuous distribution of
velocities, while phase maps are more regular, with lower than aver-
age velocities beneath the Alps and higher velocities at the northern
tip of the Adriatic microplate and the periphery of the Pannonian
Basin. From 25 s, tomographic maps reflect the velocity contrasts
across the Moho and therefore correlate with crustal thickness in the
Alps, with deep crustal roots, and the surrounding basins. Group
velocities at 30 s delineate a discontinuity in the structure of the
Dinarides at depths relative to lower crust/Moho that emerges from
phase maps also. Such discontinuity seems to support the hypothesis
of fragmentation of the crust and uppermost mantle into Adriatic,
Europe and Pannonian plates, as proposed by Behm (2009), Brückl
et al. (2010) and Mitterbauer et al. (2011).

5 I N V E R S I O N F O R 3 - D S H E A R WAV E
V E L O C I T Y S T RU C T U R E

More detailed interpretation of group and phase velocity maps re-
quires an inversion to determine the Vs structure of the crust and
uppermost mantle. The group and phase velocity maps from ANT
obtained in this study provide unprecedented constraints on crust
and upper-mantle properties beneath the study region. To quantify
our results in terms of Vs, we constructed dispersion curves for
each grid node of our group and phase tomographic maps, from 5
to 30 s in group velocity and from 8 to 37 s in phase velocity. We
then inverted together phase and group velocity dispersion curves
to obtain a 1-D isotropic Vs model for each node.

The inversion for the isotropic shear wave velocity structure
was carried out using a linearized least-squares inversion scheme

(Herrmann 2013). Our parametrization assumed a 1-D model with
layer thicknesses of 1 km in the upper 6 km, 2 km from 6 to 60 km
and 5 km from 60 to 100 km depth. We run the inversion to a depth
of 100 km to avoid forcing structure to artificially shallow depths
even if at that depth we are at the limit of resolution of our data set,
as we can see from the sensitivity kernels in Fig. 7. The linearized
inversion technique shows some dependence on the initial model.
To account for this dependence and non-uniqueness, we repeated
the inversion using 60 different starting models and five damping
factors (the two parameters that mostly influence the inversion re-
sults) with a strategy similar to that adopted by Julià et al. (2005),
Caldwell et al. (2009) and Rapine et al. (2003). The starting models
were defined within the velocity values obtained by previous studies
in the area (e.g. Bressan et al. 1992; Behm et al. 2007; Michelini
et al. 1998; Farina 2006; Brückl et al. 2007). The final S-wave veloc-
ity structure is the average of the inversion solutions. The standard
deviation of the family of the final models is 0.03–0.20 km s−1

depending on depth.
With the ensemble of 1-D shear wave velocity profiles deter-

mined for each node of the grid in the study area, we can assemble
3-D models interpolating from the spatial grid. Fig. 8 shows the
shear wave velocity model at depths of 4, 14, 25 and 40 km, dis-
played using an absolute velocity scale. The well-resolved areas in
these maps at each depth depend on the resolution of surface wave
velocities at periods whose sensitivity is maximum at that depth.
The structures in the resulting 3-D shear wave velocity model are
similar to those observed in the group and phase velocity maps.

The 4 km deep section displayed in Fig. 8 shows the uppermost
part of the crust, with Vs velocities ranging from 2.7 to 3.3 km
s−1, the lowest values typical of unconsolidated sediments in the Po
Plain, characterized by Plio-Pleistocene sediments and the Tertiary
cover at the periphery of the Pannonian Basin in the eastern part of
the map. The distribution of shear wave velocities seem to mark the
boundary between Southern Alps and Eastern Alps (PAL): lower
velocity in the Southalpine Mesozoic and Tertiary units and higher
velocity in the Austro-Alpine units which consist of the Palaeo-
zoic crystalline basement and several Mesozoic cover sequences.
The shallow velocity distribution in Slovenia is consistent with that
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Figure 8. Maps of the shear wave velocity model obtained after inversion of local group and phase velocity dispersion curves at depths: 4, 14, 25 and 40 km.
The colour scale changes with depth. Black lines are the main lineaments as traced in Fig. 1.

obtained by Behm et al. (2007), with higher velocities in the Ex-
ternal Dinarides west of the Idrjia Fault, compared to central and
eastern Slovenia. At depths corresponding to middle crust (14 km)
lower velocities characterize the SE corner of the study region (Po
Plain and Adriatic plate); lower VP velocities in this area were also
found by Dihel et al. (2009) from local body wave tomography. Vs
values of 3.5–3.6 km s−1 are found beneath the Alps, with slightly
higher velocities north of the PAL. At 25 km depth, corresponding
to mid-lower crust, we start seeing reverse velocity anomalies with
respect to the upper-middle crust: reduced velocities are mainly
associated with the crustal roots of the Alps, while increased ve-
locities likely correlate with upper-mantle velocities of the Adriatic
plate. The same trend is visible in the velocity models proposed
by Dihel et al. (2009) and Di Stefano et al. (2009). The distribu-
tion of Vs across the Alps seems to have no correlation with the
PAL, suggesting that the boundary between the Southern and the
Eastern Alps is confined in the upper crust. At 40 km depth,
the distribution of Vs anomalies is correlated with Moho depth. Vs
values typical of lower crust (3.6–3.9 km s−1) are still present be-
neath the Alpine chain, while upper-mantle velocities (4.3–4.45 km
s−1) are revealed beneath the Adria plate and the eastern part of

the map. The composite distribution of velocities at 25 and 40 km
in central Slovenia may reflect the existence of a transition zone
from the Adria microplate to the Pannonian plate, as hypothesized
by Brückl et al. (2010). From the S-wave velocity models, we could
also provide a Moho map (Fig. 9). We place the Moho where the
shear wave velocities are close to or exceed the value of 4.3 km
s−1 (e.g. Christensen & Mooney 1995). Our models result in Moho
depths between 35 and 46 km. Crustal thickness increases from
south to north, moving from the Adria Plate towards the Southern
Alps. Thick crust characterizes also the central part of Slovenia in
correspondence of the central Dinarides, where according to Brückl
et al. (2010), there exists a transition from the thicker Dinaric crust
and the thinner Pannonian crust, characterized by complex tectonic
interactions. Our Moho map agrees in general with Moho maps
computed at a larger scale (e.g. Behm et al. 2007; Grad et al. 2009;
Tesauro et al. 2008) and provides more info as our resolving power
in the study region is higher.

Figs 10 and 11 show eight cross-sections across different paths
in the central part of the study region imaging therefore the in-
teractions between the Adriatic microplate, the Southern Alps and
the external Dinarides. The most significant features visible in the
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Figure 9. Map with Moho depth values obtained in this study. We place the
Moho where the shear wave velocities are close to or exceed the value of
4.3 km s−1. Black lines are the main lineaments as traced in Fig. 1.

cross-sections are represented by the geometry of both the upper
crust–lower crust transition and the Moho. A common feature of
the sections is the correlation between deeper Moho and higher
elevation in the Southern Alps.

In Fig. 10, profile AA′ crosses the Idrjia and Raša faults from the
Adriatic in the Southwest to central Slovenia in the northeast: low
velocities characterize the upper crust especially in correspondence
of the Adriatic and towards the Pannonian Basin. Higher velocities
(4.5–4.6 km s−1) are found in the uppermost mantle of the Adria
microplate, compared to the Dinarides (4.3–4.4 km s−1); this is con-
sistent with the results of Šumanovac & Dudjak (2016) that explain
the high-velocity anomaly as a signature of the Adriatic lithosphere
sinking beneath the Dinarides. Profile BB′ crosses profile AA′ and
runs parallel to the Idrjia and Raša faults: the profile appears quite
uniform in this direction. The cross-section along the Southern Alps
(CC′) runs from west to east and shows shear velocities between 3.2
and 3.5 km s−1, typical of the upper crust, in the depth range 10–
30 km. In correspondence to the Southern Alps, the first 5 km of the
crust show velocities 10–15 per cents lower than the crust beneath
the Eastern Alps. From the west end of the CC′ section, it is clear
that the Moho rises towards east, beneath the Southern Alps. This
section extends parallel to the easternmost part of the Alp02 profile
(Brückl et al. 2007). In Fig. 10 (section CC′), we sketched the top
of the Adriatic mantle and the hypothetical boundary between the
European and Adriatic plate as suggested by Brückl et al. (2007)
along the ALP02 profile. The uplift of the Adriatic mantle is con-
sistent with the trend of the Moho in our cross-section. The jump in
the Moho depth is located by Brückl et al. (2007) in correspondence
to the transition from the Alpine domain to the Pannonian domain,
and explained as crustal thinning due to tectonic escape from the
Alpine collision area. The transition between European and Adri-
atic plates at crustal depths is not resolved in our model, but the
crustal thickening and a deeper European mantle can be inferred
from our section. Section DD′ covers the southernmost part of the
path of the Alp01 profile (Brückl et al. 2007) and the ALPASS1
profile (Behm et al. 2016). Like in Behm et al. (2016), we evidence
a thickening of a low-velocity layer near the surface south of East-
ern Alps. The crustal thickness is maximum beneath Eastern Alps
near the PAL, and Moho depth gently increases towards the south.
At the end of the profile, higher velocities (4.5–4.6 km s−1) mark
the Adriatic mantle. The trend exhibited by section DD′ is coher-
ent with the Alp01 model proposed by Brückl et al. (2007), and

therefore with a south-dipping European lithosphere and a gently
north-dipping Adriatic Moho. Like in CC′ profile, we are not able
to resolve the transition between Europe and Adria within the crust;
the evident feature is the presence of upper mid-crustal velocities
at depth beneath Eastern Alps.

In Fig. 11, the five cross-sections have in common the starting
point located in the Adriatic Sea, which is associated with low
velocities down to ∼10 km, likely caused by the continuation of
the sedimentary pile from the Po Basin, and a crustal thickness of
∼36 km. The five profiles sample the plate boundary between the
Adriatic domain and the European plate extending laterally from the
Dinarides in the east up to the Southern Alps in the west. Moving
westwards from profile OA to profile OE, we can observe in corre-
spondence to the PAL, or transition from Southern Alps to Eastern
Alps: (1) an increase of the shear velocities in the first 10 km of
the crust that can be likely associated with a reduction of the sedi-
mentary cover; (2) upper crustal velocities that reach depths down
to ∼30 km; (3) increase of crustal thickness; (4) deepening of the
Moho. In Fig. 11 (section OE), we sketched the trend of the Adri-
atic and European crust as inferred along the TRANSALP profile
(TRANSALP Working Group 2002). Even if the hypothetical tran-
sition between the two plates is not resolved in our velocity model,
the trend of the lower crust and Moho is coherent with the biverging
character of the Alps: the European plate dipping south underneath
the Adriatic plate, which is dipping north with a lesser inclination.
The inclination of the Adriatic plate seems even gentler in sections
OB, OC and OD, where the signature of the dipping European plate
is no more visible. Our results are in agreement with the seismic
images obtained by the TRANSALP Working Group (2002) that
revealed a thickened crust related to the back thrust and indentation
of the Adriatic lithosphere underneath the Alps. This supports the
idea that active convergence between Europe and Adria is associated
with thickening of the crust, caused by the continued indentation of
the Adriatic microplate to the north under the Southern Alps (Brückl
et al. 2010). Specifically on sections OD and OE, the geometry of
the Moho mimics fairly well the geometry of the decollement right
above it inferred by Cheloni et al. (2014) from GPS data set and
that is also in good agreement with the faulting geometry of the
1976 Friuli earthquake (Aoudia et al. 2000). On the Dinaric side in
Western Slovenia the sharp change, striking NW–SE, within both
group and phase velocity maps reveals the high dip angle and the
lithospheric nature of the Idrija right lateral fault system mapped
at the surface. This has serious implications on earthquake hazard
as already highlighted by the occurrence of a magnitude 6.9 earth-
quake in 1511 (e.g. Fitzko et al. 2005; Moulin et al. 2016) along one
of the fault segments of the Idrija fault system. Furthermore, a clear
change of the physical properties within the crust across the Idrija
fault system as revealed by the tomographic maps implies a sizeable
lateral variation within the rigidity that needs to be accounted for
in any model investigating the mechanics of the deformation in the
region. On the Alpine side in Eastern Italy, the sudden bending of
the Adriatic crust coincides with the leading edge of the mountain
front at the surface, mimicking both the topography along strike and
the geometry of the 1976 Friuli earthquake shallow dipping fault
(Aoudia et al. 2000) towards its easternmost part.

6 C O N C LU S I O N S

A new, 3-D shear wave velocity model for the crust and the upper-
most mantle of the region that comprises the Southern Alps, the
External Dinarides, the Po Plain and the northern Adria microplate
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Figure 10. Vertical sections through the 3-D shear wave velocity model along the profiles showed in the map: AA′, BB′, CC′ and DD′. The black dashed lines
show the isolines of velocity from 3.8 to 4.2 km s−1. SA Southern Alps; PAL Periadriatic Line; EA Eastern Alps; IF Idrjia Fault; RF Raša Fault; DI Dinarides;
AP Adriatic Plate; EA Eastern Alps. The TRANSALP, ALP01 and ALP02 profiles are also plotted (yellow dashed lines). Section CC′ and DD′: (blue dashed
lines) depth to the top of the mantle, for ALP02 and ALP01 models respectively (Brückl et al. 2007).
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Figure 11. Vertical sections through the 3-D shear wave velocity model along the profiles showed in the map: OA, OB, OC, OD and OE. The black dashed
lines show the isolines of velocity from 3.8 to 4.2 km s−1. SA: Southern Alps; PAL: Periadriatic Line; EA: Eastern Alps; IF: Idrjia Fault; RF: Raša Fault; DI:
Dinarides; AP: Adriatic Plate and EA: Eastern Alps. The TRANSALP, ALP01 and ALP02 profiles are also plotted (yellow dashed lines). Sections OD and OE:
(purple line) sketch of the decollement geometry as inferred by Cheloni et al. (2014); (blue dashed line) lower crust boundaries for the TRANSALP profile
(TRANSALP Working Group 2002).

has been obtained after an ambient noise tomographic study. Our
results provide an unprecedented mapping of the properties of the
different lithospheric units.

The surface wave tomographic maps from ambient noise cross-
correlation highlight the complex nature of the lithosphere in the
region and clearly mark the separation between the Alpine, the

Adria and the Dinarides domains. The group velocity anomalies in
the period range that sample the upper crust show good quantitative
agreement with known geological features, in particular the sedi-
mentary cover in the Po Plain and the periphery of the Pannonian
Basin. The Alps are associated with high group velocities at short
periods, correspondent to the crystalline basement, and low group
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velocities at longer periods, consistent with the presence of thicker
crust. Between Italy and Slovenia, the transition between the Alpine
and the Dinarides domain is characterized by a complex and com-
posite nature, as showed by surface wave and shear wave velocity
maps.

Especially in the Southern Alps, the vertical cross-sections reveal
a clear increase of crustal thickness and bending of the crust from
east to west, related to the dipping of the Adriatic plate.

A sharp northward dipping of the Moho that coincides at the
surface with the leading edge of the Alpine thrust front adjacent to
the Friuli Plain in Northeastern Italy mimics fairly well the shallow
north-dipping geometry of the decollement inferred from perma-
nent GPS velocity field where high interseismic coupling is re-
ported. From the northern Adriatic domain up to the Idrjia right
lateral strike-slip fault system beneath Western Slovenia the crustal
thickness is more uniform. Right across Idrjia fault, to the north-
east, and along its strike, we report a clear change of the physical
properties of the crust up to the uppermost mantle as reflected by
the lateral distribution of both group and phase velocity anomalies
at relevant periods. Idrjia fault is therefore interpreted as a subverti-
cal fault sampling the whole crust. Our 3-D velocity model favours
crustal thickening with Adria underthrusting the Alps at a shallow
angle north of the Friuli Plain, where much of the convergence is
absorbed and where the destructive 1976 Ms 6.5 thrust Friuli Earth-
quake sequence took place. In Western Slovenia, the deformation is
accommodated by strike-slip motion along the Idrjia strike-slip fault
system where the destructive 1511 Mw 6.9 right lateral strike-slip
occurred.
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Šumanovac, F. & Dudjak, D., 2016. Descending lithosphere slab beneath
the Northwest Dinarides from teleseismic tomography, J. Geodyn., 102,
171–184.

Swiss Seismological Service (SED) at ETH Zurich, 2015. The Site Charac-
terization Database for Seismic Stations in Switzerland, Federal Institute
of Technology, Zurich, doi:10.12686/sed-stationcharacterizationdb (re-
trieved 28 September 2017 from http://stations.seismo.ethz.ch).

Tesauro, M., Kaban, M.K. & Cloetingh, S.A.P.L., 2008. EuCRUST-07: a
new reference model for the European crust, Geophys. Res. Lett., 35,
L05313, doi:10.1029/2007GL032244.

TRANSALP Working Group, 2002. First deep seismic images of the Eastern
Alps reveal giant crustal wedges and transcrustal ramps, Geophys. Res.
Lett., 29(10), 92-1–92-4.

Vosteen, H.D., Rath, V., Clauser, C. & Lammerer, B., 2003. The thermal
regime of the Eastern Alps from inversion analyses along the TRANSALP
profile, Phys. Chem. Earth, 28, 393–405.

Yang, Y. & Ritzwoller, M.H., 2008. Characteristics of ambient seismic noise
as a source for surface wave tomography, Geochem. Geophys. Geosyst.,
9, Q02008, doi:10.1029/2007GC001814.

Yanovskaja, T.B. & Ditmar, P.G., 1990. Smoothness criteria in surface wave
tomography, Geophys. J. Int., 102, 63–72.

Yanovskaya, T.B., 1997. Resolution estimation in the problems of seismic
ray tomography, Izvestia, Phys. Solid Earth, 33(9), 762–765.

Yanovskaya, T.B., Kizima, E.S. & Antonova, L.M., 1998. Structure of the
crust in the Black Sea and adjoining regions from surface wave data, J.
Seismol., 2, 303–316.

Downloaded from https://academic.oup.com/gji/article-abstract/211/3/1509/4111154
by Universita' degli Studi di Trieste user
on 16 February 2018

15

http://stations.seismo.ethz.ch



