
�>���G �A�/�, �B�M�b�m�@�y�k�R�k�9�9�k�8

�?�i�i�T�b�,�f�f�B�M�b�m�X�?���H�X�b�+�B�2�M�+�2�f�B�M�b�m�@�y�k�R�k�9�9�k�8

�a�m�#�K�B�i�i�2�/ �Q�M �k �J���` �k�y�k�R

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

�a�?�2���` �r���p�2 �p�2�H�Q�+�B�i�B�2�b �B�M �i�?�2 �m�T�T�2�` �K���M�i�H�2 �Q�7 �i�?�2
�q�2�b�i�2�`�M ���H�T�b�, �M�2�r �+�Q�M�b�i�`���B�M�i�b �m�b�B�M�; ���`�`���v ���M���H�v�b�B�b �Q�7

�b�2�B�b�K�B�+ �b�m�`�7���+�2 �r���p�2�b
�*�?���Q �G�v�m�- �>�2�H�H�2 �S�2�/�2�`�b�2�M�- ���M�M�2 �S���m�H�- �G�B���M�; �w�?���Q�- �a�i�2�7���M�Q �a�Q�H���`�B�M�Q�- �*�B�7���H�T�b

�:�`�Q�m�T

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�*�?���Q �G�v�m�- �>�2�H�H�2 �S�2�/�2�`�b�2�M�- ���M�M�2 �S���m�H�- �G�B���M�; �w�?���Q�- �a�i�2�7���M�Q �a�Q�H���`�B�M�Q�- �2�i ���H�X�X �a�?�2���` �r���p�2 �p�2�H�Q�+�B�i�B�2�b �B�M
�i�?�2 �m�T�T�2�` �K���M�i�H�2 �Q�7 �i�?�2 �q�2�b�i�2�`�M ���H�T�b�, �M�2�r �+�Q�M�b�i�`���B�M�i�b �m�b�B�M�; ���`�`���v ���M���H�v�b�B�b �Q�7 �b�2�B�b�K�B�+ �b�m�`�7���+�2 �r���p�2�b�X
�:�2�Q�T�?�v�b�B�+���H �C�Q�m�`�M���H �A�M�i�2�`�M���i�B�Q�M���H�- �k�y�R�d�- �k�R�y �U�R�V�- �T�T�X�j�k�R�@�j�j�R�X ���R�y�X�R�y�N�j�f�;�D�B�f�;�;�t�R�e�e���X ���B�M�b�m�@�y�k�R�k�9�9�k�8��

https://insu.hal.science/insu-02124425
https://hal.archives-ouvertes.fr


Geophysical Journal International
Geophys. J. Int.(2017)210, 321–331 doi: 10.1093/gji/ggx166
Advance Access publication 2017 April 26
GJI Seismology

Shear wave velocities in the upper mantle of the Western Alps: new
constraints using array analysis of seismic surface waves

Chao Lyu,1,2,3 Helle A. Pedersen,2,3 Anne Paul,2,3 Liang Zhao,1 Stefano Solarino4

and CIFALPS Working Group�
1State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences,100029Beijing, China.
E-mail: zhaoliang@mail.iggcas.ac.cn
2 Universit́e Grenoble Alpes, ISTerre, F-38041Grenoble, France
3CNRS, ISTerre, F-38041Grenoble, France
4Istituto Nazionale di Geo�sica e Vulcanologia, CNT, I-16145Genoa, Italy

Accepted 2017 April 24. Received 2017 April 19; in original form 2016 December 29

S U M M A R Y
It remains challenging to obtain absolute shear wave velocities of heterogeneities of small
lateral extension in the uppermost mantle. This study presents a cross-section ofVsacross the
strongly heterogeneous 3-D structure of the western European Alps, based on array analysis of
data from 92 broad-band seismic stations from the CIFALPS experiment and from permanent
networks in France and Italy. Half of the stations were located along a dense sublinear array.
Using a combination of these stations and off-pro�le stations, fundamental-mode Rayleigh
wave dispersion curves were calculated using a combined frequency–time beamforming ap-
proach. We calculated dispersion curves for seven arrays of approximately 100 km aperture
and 14 arrays of approximately 50 km aperture, the latter with the aim of obtaining a 2-D
vertical cross-section ofVs beneath the western Alps. The dispersion curves were inverted
for Vs(z), with crustal interfaces imposed from a previous receiver function study. The array
approach proved feasible, asVs(z) from independent arrays vary smoothly across the pro�le
length. Results from the seven large arrays show that the shear velocity of the upper mantle
beneath the European plate is overall low compared to AK135 with the lowest velocities in the
internal part of the western Alps, and higher velocities east of the Alps beneath the Po plain.
The 2-DVsmodel is coherent with (i) a� 100 km thick eastward-dipping European lithosphere
west of the Alps, (ii) very high velocities beneath the Po plain, coherent with the presence of
the Alpine (European) slab and (iii) a narrow low-velocity anomaly beneath the core of the
western Alps (from the Brianc¸onnais to the Dora Maira massif), and approximately colocated
with a similar anomaly observed in a recent teleseismicP-wave tomography. This intriguing
anomaly is also supported by traveltime variations of subvertically propagating body waves
from two teleseismic events that are approximately located on the pro�le great circle.

Key words: Europe; Surface waves and free oscillations; Continental margins: convergent.

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

The driving forces of tectonic deformation and associated surface
processes and hazards in mountainous regions (topography building
and subsequent erosion, landslides, earthquakes, etc.) are seated in
the mantle, and possibly in small-scale convection of the upper man-
tle (e.g. Faccennaet al.2014). A better understanding of processes

� CIFALPS Working Group: Coralie Aubert, Marco G. Malusà, Qingchen
Wang, St́ephane Guillot, Silvia Pondrelli, Simone Salimbeni, Stéphane
Schwartz, Thierry Dumont, Tianyu Zheng and Rixiang Zhu.

at play requires geodynamic modelling based on high-quality im-
ages on the structure and dynamics of the upper mantle. However,
seismic tomography is particularly challenging in mountainous ar-
eas due to strong lateral heterogeneities and therefore the need of
particularly dense seismic networks. A challenge remains recover-
ing high-resolution images ofVs, a key indicator of temperature
and compositional heterogeneity, across 3-D, narrow and strongly
heterogeneous structures such as the western Alps.

The European Alps are part of the complex boundary zone be-
tween the European and African plates. They are the result of the
Cretaceous to Palaeogene subduction of the Tethyan ocean and the
European continental margin beneath the Adriatic microcontinent,

C� The Authors 2017. Published by Oxford University Press on behalf of The Royal Astronomical Society. 321
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and the subsequent continental collision between the European and
Adriatic palaeomargins (e.g. Deweyet al.1989; Handyet al.2010
and references therein). The complex tectonic setting of the west-
ern Alps and their transition to the Apennines (arcuate shape, lateral
change in subduction polarity with Adria being the upper plate in the
Alps and the lower plate in the Apennines) results from a complex
history including complex geometry of the palaeotrench, lateral
changes in the polarity of the subduction, rollback of the Apen-
ninic slab leading to the opening of the Ligurian Sea and counter-
clockwise rotation of Adria (e.g. Jolivet & Faccenna2000; Malus̀a
et al.2015). A speci�c point of interest is that the subduction com-
plex of the western Alps, also including the eclogitized continental
crust of the internal crystalline massifs, displays well-preserved
outcrops of (U)HP rocks attesting deep burial and exhumation of
continental crust down to mantle depth (Chopin1984; Guillot et al.
2009; Zhaoet al. 2015). Another point of interest is the potential
role of the mantle in controlling the fast uplift of the external crys-
talline massifs, which include the highest summits of the Alps (e.g.
the Mont Blanc), in the last 2 My (Foxet al. 2015). This uplift
has been partly explained by the break-off of the Tethyan-European
slab (Nocquetet al. 2016) inferred from the seismic tomography
of Lippitsch et al. (2003). However, a recent seismic tomography
of the same region (Zhaoet al. 2016a) suggests that the European
slab is not broken off, and that a low-velocity anomaly exists in the
lower lithosphere and asthenosphere beneath the core of the Western
Alps. A high-resolution shear wave imaging of the mantle structure
of the Western Alps may provide key information complementing
the body wave model of Zhaoet al. (2016a) to further understand
the impact of mantle structure on surface processes and topographic
evolution.

Regional surface wave tomographies based on two-station mea-
surements and full-waveform inversion (e.g. Weidle & Maupin
2008; Legendreet al. 2012; Fichtneret al. 2013; Zhu et al. 2015;
Meier et al. 2016) have successfully provided large-scale images
of the upper mantle beneath Europe. Array processing techniques
using large arrays (a few hundred kilometres aperture) have already
been used by many groups to obtain very well-constrained upper-
mantle structure (e.g. Friederich1998; Pollitz 1999; Brunetonet al.
2004; De Barroset al.2008; Tang & Chen2008; Alvizuri & Tani-
moto2011; Maupin2011; Saläunet al. 2012; Pedersenet al.2013;
Ikeda & Tsuji2014) and ambient noise tomography techniques are
now standard for investigating crustal structure for the Alpine region
(see Stehlyet al. 2009; Molinari et al. 2015). While the usage of
arrays is becoming standard for estimating great-circle deviations
(e.g. Alsina & Snieder1996; Maupin 2011; Fosteret al. 2014a;
Pedersenet al. 2015), and has been used to improve two-station
measurements (Baumontet al.2002; Bourovaet al.2005; Kaviani
et al.2007; Tanimoto & Prindle2007; Fosteret al.2014b), the us-
age of small arrays is rather sparse for investigating the lithosphere
(e.g. Cotteet al. 2002; Pedersenet al. 2003). We here explore the
complementary imaging opportunities given by array analysis of
surface waves across the western Alps, using arrays with an aper-
ture smaller than the wavelengths under study. A fundamental as-
sumption behind this approach is that the observed phase velocities
approximately correspond to the phase velocity of a tabular medium
(‘structural velocity’; Wielandt1993) with interfaces at the same
depth as those locally beneath the array within a laterally varying
medium. This is a necessary condition to invert the observed phase
velocities into a meaningful model. Through waveform modelling
including multiple scattering, Bodin & Maupin (2008) explored dif-
ferences between observed (array analysis) and structural velocities
of fundamental-mode Rayleigh waves within a 3-D structure (with

a low-velocity anomaly at 40–100 km depth). They demonstrated
that also in a 3-D structure, and if events from different azimuths
are used in the data analysis, the observed phase velocities are cor-
rectly located in the horizontal direction, and that the phase velocity
change above the low-velocity anomaly may be somewhat damped,
depending on wavelength, array size and anomaly size.

We are here taking the next natural step in the array analysis:
using it to provide a shear velocity cross-section of the Alps, us-
ing small adjoining arrays. As the measurements are sensitive to
noise, care should be taken to not overinterpret individual array
measurements. On the other hand, such measurements give valu-
able unique constraints of absolute shear velocities with a lateral
resolution that is presently not possible to obtain from any other
techniques. The CIFALPS (China-Italy-France Alps seismic) array
(Zhaoet al. 2016b) was therefore designed as a test case for this
approach, with a central, densely instrumented, pro�le well adapted
for body wave tomography, receiver function analysis, etc., with
additional sparse stations installed approximately 40 km from the
central line. We additionally bene�ted from data from permanent
stations on both sides of the CIFALPS line.

2 DATA A N D M E T H O D S

2.1 Data and pre-processing

The CIFALPS (Zhaoet al. 2016b) was a temporary broad-band
seismic network that operated for 14 months between 2012 July
and 2013 September. In this study, we used vertical component data
from 55 CIFALPS temporary broad-band stations, with the addition
of 37 neighbouring permanent stations from the RESIF network in
France (network code FR; RESIF1995) and Italy (network codes
GU, University of Genova1967; and IV, INGV Seismological Data
Centre1997) for which continuous data streams were available (see
station con�guration in Fig.1). Approximately half (46) of the
stations were located along a 320 km long WSW-ENE transect with
an interstation distance of approximately 5 km in the central part of
the Alps, and 10 km in the external parts. Off-pro�le (45) stations
were part of the array geometry with the aim of making it possible
to perform array analysis. We later refer to the linear pro�le A–A�

that follows the CIFALPS transect, also shown in Fig.1.
The initial data set was composed of all worldwide events of

magnitude 6 and more that were recorded during the CIFALPS ex-
periment, with the addition of regional events (epicentral distance
< 20� ) of magnitude 5.5 and more. Prior to further processing, we
applied for each event data standard processing: removing mean and
trend, applying zero-phase bandpass �lter (0.005–0.1 Hz), decima-
tion and deconvolution from instrument response. Traces with easily
identi�able instrumental problems such as spikes, poor signal-to-
noise ratio and faulty components were automatically removed. Fig.
S1 in the Supporting Information shows an example of a seismic
section of �ltered data.

All pre-processed data were subsequently �ltered with phase-
match �lter (Levshinet al. 1989) to extract the fundamental-mode
Rayleigh waves by a semi-automatic approach. We �rst calculated
and visually inspected the output of multiple �lter analysis of data
from OGAG, a permanent station located near the centre of the
pro�le. The group velocity dispersion curve and the width of the
applied time window (at least 300 s) were chosen interactively and
the output of the �lter was also visually inspected. We only kept
events for which the Rayleigh wave fundamental mode was clearly
identi�able and separated from other arrivals, such as, for example
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Figure 1. Map of seismic stations and large arrays. CIFALPS and permanent stations are shown as red and blue triangles, respectively. Groups of stations
connected by black dashed lines are the large arrays, numbered A1–A7. The continuous black line shows pro�le AA�. The origin of distance measurements
along AA� (x = 0 km) is shown by O. CH: Switzerland.

higher modes. For each accepted event, we then applied the �lter to
all stations, correcting for the difference in epicentral distance. The
small interstation distances as compared to the epicentral distance
justify this procedure, as the group velocity dispersion curve at
different stations within the array is practically the same. In the
events of lack of data or poor signal-to-noise ratio at OGAG, we used
a neighbouring temporary station with high signal-to-noise ratio.
For all events, we plotted seismic sections of all the �ltered data
in different period intervals to identify and if necessary manually
discard data from stations with poor data quality. The �nal event
data set (see event con�guration in Fig.2) after quality selection
comprises �ve events with magnitude� 5.5 and epicentral distance
< 20� and 93 events with magnitude� 6 and epicentral distance
between 20� and 110� .

2.2 Array analysis

The data analysis was aimed at obtaining phase velocity dispersion
curves, and subsequently estimates of 1-DVs(z) pro�les, beneath a
set of arrays. Most array processing methods for teleseismic events
are based on the hypothesis of plane incoming waves, and further
assuming that averaging over a set of events with a good backaz-
imuth distribution will suppress possible in�uence of diffraction
outside the array. As shown in Fig.2, the azimuth distribution of
the events we used was good, despite some dominance of events
in the northeast quadrangle. In an area of laterally homogeneous
crust and upper-mantle structures, and in absence of scattering out-
side the array, increasing the array size reduces the measurement
error. In a very heterogeneous area, such as the Alps, this effect is
counterbalanced by an increase in coherent noise due to non-plane
waves and local scattering. We therefore present results from two
different array sizes: relatively large arrays (all shown in Fig.1,

Figure 2. Earthquake map (Lambert azimuthal equal-area projection). We
used 98 seismic events (red stars) to calculate phase velocity dispersion
curves. The green triangle indicates the centre of the CIFALPS array. Great
circles between events and the centre of the array are shown with red lines.
The blue stars refer to events for which traveltime delays of body waves are
shown in Fig.5(e).

arrays A1–A7) that will indicate average dispersion over an area
of approximately 100 km× 100 km, and a set of smaller arrays,
a1–a14 of approximately 50 km× 50 km located on the north and
south sides of the CIFALPS transect (all shown in Fig.5a, arrays
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Figure 3. Example of inversion strategy (array A2). (a) Dispersion curves (fundamental-mode Rayleigh waves). Blue: observed phase velocity and associated
error bars. Green: theoretical dispersion curve for the model obtained in Inversion 1 (200 km thick constant-velocity layer in the upper mantle). Red: theoretical
dispersion curve for the �nal model obtained in Inversion 2, corresponding to our �nal model. Thick dashed black line: dispersion curve for AK135. Thick
solid black line: dispersion curve for PREM (Dziewonski & Anderson1981) modi�ed by replacing crust model with that of AK135. Thin black dashed lines:
theoretical dispersion curves for models with identical crustal structure and different upper-mantle velocities (constant 4.48, 4.4, 4.3 and 4.2 km sŠ1) across
200 km thickness in the uppermost mantle. (b) Earth modelsVs(z): dashed black line: AK135. Solid black line: PREM. Blue line: starting model for Inversion
1. Solid green line: end model of Inversion 1. Solid red line: �nal model, which is the output model of Inversion 2. Dashed red lines: uncertainties of the
resulting 1-D shear wave velocity of Inversion 2.

a1–a14). The latter cover an area suf�ciently small to make a cross-
section along the CIFALPS transect, and each takes into account the
crustal structure obtained by receiver functions (Zhaoet al.2015),
as the lateral resolution of the two methods becomes comparable
(and comparable to the width of the crustal blocks with laterally
homogeneous structure).

The main steps of the array method are discussed brie�y here; we
refer to Pedersenet al. (2003) and supporting information of Ped-
ersenet al. (2013) for further detail. It is essentially a mixed time–
frequency domain beamforming with an output relatively similar to
that obtained by beamforming using, for examplef–k analysis (for
a comparison, see Pedersenet al. (2015), but with a slightly better
outlier control, and a frequency-dependent smoothing of the phase).

The Rayleigh surface wave phase velocity of one array was mea-
sured in three main steps.

(1) For each eventk, the time delay� ti jk ( f ) between each pair
(i , j ) of stations in the array was measured as a function of fre-
quencyf using Wiener �ltering. We use Wiener �ltering to smooth
the spectrum of the cross-correlation of the two signals by mul-
tiplying the cross-correlation with a Hanning window (centred on
the time of maximum in the cross-correlation). One problem of
this method is that the Hanning window must contain several os-
cillations of the longest period. On the other hand, applying short-
time windows will decrease the in�uence of noise. Considering
the wide period interval used (15–100 s), different orders of the
Hanning window were therefore adapted to different period inter-
vals. We used three overlapping windows (periods 10–50, 40–80
and 70–100 s) and calculated the phase of the smoothed spectrum
in each window. In overlapping parts, we used a linear-weighted
average so that at each endpoint of the overlapping section, we en-
sured continuity with the neighbouring points. By this procedure,
we obtained the smooth phase difference� i jk ( f ) and consequent-
lythe time delay� ti jk ( f ) was calculated as� i jk ( f )/2� f . Note that
due to the short interstation distance, there is no 2� uncertainty:

incorrect phase unwrapping gives unrealistic, and therefore de-
tectable, apparent interstation velocities.

(2) Assuming a plane wave propagating across the array, for each
event and at each frequency, we estimated the phase velocityCk( f )
and backazimuth� k( f ) by using the L1 norm to minimize the sum of
the absolute time difference between predicted and observed time
delays. It was then possible to calculate the interstation distance
Dk( f ) projected onto the slowness vector. The output of this step
was, for each event and frequency, observed time delays associated
with estimated projected interstation distances. Furthermore, events
and frequencies for which the estimated velocity was outside the
interval 2–5 km sŠ1 or for which the data �t (L1 norm) was above
0.4 were rejected from further analysis.

(3) For each frequency, (Dk( f ), � ti jk ( f )) couples over all the
events should �t a straight line through the origin, with the slope
being the slowness at frequencyf. We therefore calculated the best-
�tting slope, using the L1 norm. To further control outliers, we
used only data points for which the coherence associated with the
observed time delay was more than 0.9. The associated uncertainty
was calculated as explained in Pedersenet al. (2003), where we
used the median �t to the line for the uncertainty estimation, based
on the velocity change incurred if the median �t was subtracted from
the time delays predicted at the furthest distance. By combining
information from different frequencies, we constituted the phase
velocity dispersion curve and associated uncertainties between 15
and 100 s period. An example, for array A2, is shown in Fig.3.

A biproduct of the analysis step (2) is that� k( f ) gives insight
to the great-circle deviation, that is, the difference between the ob-
served backazimuth� k( f ) and the great circle between earthquake
and the centre of the array in question. We generally con�rm pre-
vious results by Pedersenet al. (2015), Fig. S2 in the Supporting
Information which shows that the average deviation over all events
is 8� –10� for periods less than 30 s, and decrease to a constant level
(5� ) which may in part be created by data uncertainty, at periods
over 50 s. Individual array observations and events did show a large
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scatter, which may be partly due to local structure, and partly due
to noise in data. We do indeed have some observations of system-
atic changes of great-circle deviations across the array. The average
deviation and details on how this average was obtained is found in
Fig. S2 in the Supporting Information, as well as three examples for
individual earthquakes in Fig. S3 in the Supporting Information. A
thorough discussion of great-circle deviations and their dependency
on station and source locations is beyond the scope of this work; we
refer to Fosteret al.(2014a) and Pedersenet al.(2015) for in-depth
studies on this subject.

2.3 Inversion for shear velocity Vs(z)

To invert the Rayleigh wave dispersion curves forS-wave velocity
as a function of depth, we used an iterative, weighted inversion
(Herrmann2013) which allows to de�ne strong discontinuities as
well as depth intervals with a smooth velocity model, through a
smoothing parameter imposed by the user. The crustal model is
constrained by receiver functions and gravity modelling along the
CIFALPS transect (Zhaoet al.2015), and by receiver functions at a
larger scale (Lombardiet al.2008) so we imposed the layer thickness
in the crust based on these studies while we imposed smooth velocity
variations in the mantle. With good constraints on strong interfaces,
we inverted forVsonly. Small remaining errors in interface depth
would translate into slightly biased velocities immediately above
and/or below them, and there is, even if interface depths are exact,
a trade-off between lower crustal and uppermost mantle velocities.
We therefore only interpreted our �nal models below 80 km depth. It
was not possible to retrieve information on anisotropy, �rst because
azimuthal variations of phase velocity could either be attributed
to heterogeneities outside the array, and secondly because of data
scatter.

Because the dispersion characterizes integration over a depth
range of the velocity structure, the inversion problem is strongly
non-unique and in�uenced by relatively subjective choices, whether
the inversion method is linearized or non-linear. We deliberately
aimed at obtaining the simplest possibleVs(z) model while obtaining
a reasonable data �t. The inversion therefore took place in two steps.

In the �rst inversion, we used a starting model made of (from
top to bottom): (1) the initial crustal model described above, (2)
a 200 km thick constant-velocity layer beneath Moho and (3) a
number of 50 km thick layers down to 700 km depth with initial
velocities from AK135 (Kennettet al. 1995). While the inverted
model was, at best, resolved to 200 km depth, we inverted to 700 km
depth to avoid the propagation of errors from the deep parts of
the model into the resolved part. In this �rst inversion, we used
�ve theoretical dispersion curves with identical crustal structures
and different velocities in the upper mantle to set the initial shear
velocities in the top 200 km of the mantle. Using this simple model,
the �rst inversion re�ned the average shear velocity in the upper
mantle, which was subsequently used in the starting model for the
second inversion.

In the second inversion, we re�ned the 200 km thick constant
layer velocity of upper-mantle structure into 5 km thick layers, and
applied smoothing to how the velocities can evolve with depth. The
same approach was used for the crust but adapting the thickness of
the layers so as to respect the depth of the major interfaces. The
convergence rate was variable for different dispersion curves, but
due to the strong smoothing of the mantle velocities the inversion
was stable also over many iterations. We iterated the inversion four
times to obtain the �nalVs(z) model.

Fig. 3 illustrates the two steps. The observed dispersion curve
(blue points with associated error bars in Fig.3a) and constant-
velocity uppermost mantle dispersion curves (thin dashed black
lines in Fig.3a) made it possible to de�ne an initial model (blue
continuous curve in Fig.3b) for the �rst inversion, which after
inversion gave the input model (green continuous curve in Fig.3b)
for the second inversion. The equivalent dispersion curve (green
line in Fig. 3a) was, in this case as for all the other arrays, a good
�rst approximation to the observed dispersion curves, despite some
systematic differences. The second inversion yielded a smooth and
simple mantle model (red continuous curve in Fig.3a), with a good
�t to the observed dispersion curve.

3 R E S U LT S

3.1 Lateral variability of lithospheric structure from seven
large aperture arrays

The choice of the large aperture (� 100 km) arrays was constrained
by the station con�guration, but mainly determined by present
knowledge of the lithospheric structure of the Western Alps. The
criteria were that the array should if possible (1) be located above
a relatively homogeneous crustal structure as inferred from the re-
ceiver function model of Zhaoet al. (2015); and (2) not be located
above a strong lateral heterogeneity as determined by theP-wave
upper-mantle tomography by Zhaoet al. (2016a) that integrates
CIFALPS data. We �nally identi�ed seven useable arrays (A1–A7
in Fig. 1, with Table S1 in the Supporting Information showing the
stations used for each large array).

For the inversion of dispersion curves from arrays A2, A3 and
A7, we used the receiver function model computed by Zhaoet al.
(2015) along the CIFALPS transect. This model has a subhorizontal
Moho beneath those arrays. For arrays A1, A5 and A6, we used
the crustal model of Lombardiet al. (2008). A4, located in an area
including the Ivrea Body, represents a challenge as the crust and
uppermost mantle have very strong heterogeneities across the array,
including a vertical stack of crust–mantle–crust layers (Zhaoet al.
2015). For that array, we estimated an equivalent Moho depth of
47 km, based on lateral averages of the Zhaoet al. (2015) model.

Fig. 4 shows the seven dispersion curves and associated mantle
models. These models are a �rst indication of large lateral varia-
tions in shear wave velocities in the study area. West of the Alps
(A1, A2 and A3), the average velocities in the uppermost mantle
down to 100 km depth are compatible with previously observed
seismic shear velocities in Phanerozoic Europe of approximately
4.4 km sŠ1 as observed in regional studies (e.g. Weidle & Maupin
2008; Legendreet al.2012), excepted areas having undergone, for
example recent basaltic volcanism (Meieret al.2016). We addition-
ally observe that velocities decrease at depth. The exact thickness
of the lithosphere is dif�cult to estimate using fundamental-mode
surface waves (e.g. Bartzschet al. 2011). However, our smoothed
Vs(z) pro�les are west of the Alps, they are compatible with a litho-
spheric thickness of approximately 100 km, as observed in other
areas of Phanerozoic Europe or in regional studies using surface
waves (e.g. Dost1990; Cotte et al. 2002) and S-receiver func-
tions (Geissleret al. 2010). Artemievaet al. (2006) also provide
lithospheric thicknesses of approximately 100 km beneath most of
Phanerozoic Europe, based on global models such as Shapiro and
Ritzwoller (2002), and on integrated modelling.

We observe high velocities east of the study region (A7, Po Plain),
a result in agreement with models of a subducting slab beneath the
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Figure 4. Dispersion curves (coloured dots) and shear velocity modelsVs(z) of the seven large arrays A1–A7. (a) and (b) Dispersion curves (fundamental-mode
Rayleigh waves). The colours refer to the array number, see also Fig.1. (c) and (d) Shear velocityVs(z) as inferred from the dispersion curves in (a) and (b).
Solid coloured lines: the �nal model output model of Inversion 2, using the same colour coding as in (a) and (b). Dashed coloured lines: uncertainties of the
resulting 1-D shear wave velocity of Inversion 2.

Po plain (Kissling1993; Spakmanet al. 1993; Lippitsch et al.
2003; Piromallo & Morelli 2003). A4, A5 and A6, located in the
central part of the western Alps, have associatedVs(z) that are very
variable and complex (A5 and A6), exemplifying that the array size
may not be adequate due to the small lateral scale of lithospheric
heterogeneity in those areas. They do however give an indication
of anomalously low-mantle velocities beneath both A4 and A5, a
feature that we shall further explore in the following section.

3.2 2-D S-wave velocity cross-section along the CIFALPS
transect from 14 small arrays

The primary objective of this section is to obtain a cross-section of
shear wave velocities along the CIFALPS transect, based on phase
velocity measurements in� 50 km aperture arrays. Decreasing array
size implies a trade-off as the measurement error increases due to
random noise but decreases with regards to scattering and interfer-
ing waves (non-plane wave fronts). The trade-off will vary along the
transect, depending on the array size and heterogeneity of the local
structure. After numerous tests, we chose to de�ne 14 arrays, by us-
ing stations from the CIFALPS transect and at least two off-transect

stations. Arrays a1–a5 were located south of the CIFALPS transect,
while arrays a6–a14 were located north of it. Fig.5(a) shows the
geometry of 14 arrays, and Table S1 in the Supporting Information
lists the stations used for each array. As an additional quality check,
we veri�ed that the average dispersion curve over adequate selec-
tions of small arrays was compatible with the dispersion curve from
the nearest and/or overlapping large array (see Fig. S4, Supporting
Information).

An extra advantage of using the small arrays is that their lateral
extension makes it relevant to use information from receiver func-
tions along the CIFALPS transect (Zhaoet al.2015), as the scale of
resolution for the two methods are approaching. We �rst attempted
joint inversions of dispersion curves and receiver functions from
nearby stations, but the individual receiver functions were of insuf-
�cient quality to allow for inversion beneath the central part of the
Alps. In particular, the amplitude ratio between the convertedP-to-
S wave at Moho and the incidentP wave was in several locations
too high to be modelled with simple 1-D models, thereby inducing
unrealistic velocity jumps at Moho. Late arrivals in the receiver
functions, which we attribute to 3-D effects, additionally resulted
in spurious mantle discontinuities. Finally, in the western and east-
ern parts of the transect, the receiver functions were in�uenced by
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Figure 5. Vs model and relative body wave traveltimes. (a) Geometry of small arrays a1–a14. Station list for each array can be found in Table S1 in the
Supporting Information. (b) Topography along the pro�le AA�. (c) AbsoluteVsalong the CIFALPS pro�le AA� based on the results from 14 small arrays, each
Vspro�le projected onto the CIFALPS pro�le using the centre of mass of the array. (d) RelativeVs. The perturbations are relative to the horizontal average
calculated at each depth, that is, relative to the averageVs(z) pro�le (see Fig. S4 in the Supporting Information). This representation corresponds to what is
obtained by teleseismic body wave tomography, with the aim of comparing to the model by Zhaoet al. (2016a), which is shown as the coloured background,
using an identical colour scale. (e)P andS relative time delays with respect to the westernmost stations for two events located approximately in the same
azimuth as the CIFALPS reference pro�le (blue stars in Fig.2). Event 1 was located at epicentral distance 170.5� towards the ENE of the CIFALPS pro�le.
Two phases were observed for Event 1: PKIKP (blue line) with an incidence angle to vertical of 1.3� and SKKS (red line) with an incidence angle to vertical
of 6.5� . Event 2 was located 92.6� towards the WSW of the CIFALPS pro�le. The analysed phase, SKS (green line) has an incidence angle to vertical of 7.5� .
The incidence to vertical is shown by the solid arrows. Relative time delays (with respect to the westernmost station) assuming vertical propagationwithin the
crustal model of Zhaoet al. (2015) and using a homogeneous mantle below, are shown as black stars.
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strong resonance effects beneath the thick basins of SE France and
of the Po plain. We therefore used the �nal model by Zhaoet al.
(2015) to de�ne the depth to crustal interfaces. Within each crustal
layer, we letVs in the crust free to vary during the inversions, as
theVsin the crust was not constrained from receiver functions. Due
to the conservative choices on model parametrization and inversion
approach, the errors and their changes with depth on these models
are very similar to the ones shown in Fig.4.

Velocities in the lower crust and uppermost mantle should be
interpreted with great caution due to the trade-off between crustal
and upper-mantle velocities. It is nevertheless notable that in the
western part of the pro�le (fromŠ130 to+ 20 km), theVsis quite
homogeneous and lower than 4.0 km sŠ1 suggesting that the lower
crust beneath the western Alps is relatively felsic (e.g. Goffé et al.
2003) as observed beneath Tibet (Mechieet al. 2012). Eastward,
beneath the internal Alps (+ 50 in Fig. 5c), Vs increases up to
4.2 km sŠ1. It can be either interpreted as an increase of the ma�c
component or an increase of the velocity with the increase of the
metamorphic grade. Considering that the tip of the European lower
crust is of the same composition as the western part, theVsincrease
is compatible with the progressive eclogitization (Zhaoet al.2015)
of a dominant felsic lower crust.

Fig. 5 shows the output of the inversions in the form of a cross-
section, where the centre of mass of each array is projected onto the
A–A� pro�le (see the geometry of small arrays a1–a14 in Fig.5a
and station list is in Table S1 in the Supporting Information).
Fig. 5(b) shows the topography along the pro�le AA�. As abso-
lute Vs yields insight to the physical properties of the medium,
we show both a cross-section with absolute velocities (Fig.5c),
and a cross-section where, at each depth, we calculated variations
in percent to the horizontal average (Fig.5d). The averageVs(z)
is shown in Fig. S4 in the Supporting Information. This average
Vs(z) is virtually identical whether we calculate the average over
arrays a1–a14 or over four large arrays that cover approximately
the same area (see Fig. S4, Supporting Information), indicating
that the dispersion curves from the small arrays are not systemat-
ically biased even at long periods where the array size is approx-
imately a �fth to a tenth of the wavelength. The representation
in Fig. 5(d) is equivalent to output from teleseismic body wave
tomographies, which yield velocity variations with respect an un-
known velocity model that is laterally homogeneous, but that varies
with depth.

A �rst observation, as seen from Fig.5(c), and as discussed in
the beginning of this section, is the very good lateral continuity
between the independent measurements of each array, which lends
additional reliability to the data analysis and the associated quality
control. In terms of structure, the main feature of Fig.5(c) is the
decrease in seismic velocities below 100 km depth in the western
part of the cross-section, tentatively associated with the lithosphere–
asthenosphere boundary and in agreement with the observations
from arrays A1–A3 (see also previous section). It is tempting to
interpret the deepening of the top of the low-velocity layer that
is approximately parallel to the European Moho as an eastward
dipping lithosphere–asthenosphere boundary, in agreement with the
interpretation of a previous body wave tomography of the area
(Lippitschet al. 2003), but this interpretation is supported by only
two array measurements. Indeed, due to poor data quality for stations
located in the Po plain, we only have twoVs(z) pro�les available east
of the Alps. On the other hand, the very high velocities (� 5 km sŠ1)
of the lithospheric mantle beneath the Po plain are well constrained
in the inversions both in the two easternmost small arrays (a13 and
a14), as well as in the larger array A7. A �nal observation is that

very low velocities (< 4 km sŠ1) are visible in the deepest part of
the model (z> 120 km) belowx = 50 km.

Fig. 5(d) highlights additional features, and makes it possible to
further understand the lateral variations. Previously available body
wave tomographies in the area do not have suf�cient station cov-
erage to resolve the smaller scale features of ourVs section, but
our results are in overall agreement with the higher resolution to-
mography by Zhaoet al. (2016a), from which we extracted the
cross-section shown as background in Fig.5(d). From west to east,
we observe limited lateral variations in the external Alps (a1–a9,
km Š150 to 0), a hitherto unknown strong low-velocity anomaly in
the western internal Alps below 120 km depth (a10–a12, km 0–50)
and high velocities beneath the Po plain (a13–a14, km 90–150). The
strong low-velocity anomaly beneath the internal Western Alps is
also present in the results of theP-wave traveltime tomographies
by Zhaoet al. (2016a) and Lippitschet al. (2003), with weak am-
plitude in the latter. The small discrepancy of the location of the
strong low-velocity anomaly between body wave and surface wave
tomographies may be due to the fact that the Alps in this area has a
3-D geometry. Indeed, the surface wave models appear as located on
the CIFALPS pro�le, while in reality they are spatial averages over
arrays shifted several kilometres towards the north of the pro�le
(see Fig.5a).

Additional input to the analysis comes from traveltime delays of
body waves. We selected two events for whichP and/orSarrivals
were clear, for which the incidence is subvertical, and which are
located approximately on the great circle through A–A�. Their loca-
tions are shown as blue stars in Fig.2. We chose the highest quality
data among those available: SKS phase (incidence 7.5� to vertical,
from the west), SKKS phase (incidence 6.5� to vertical, from the
east) and PKIKP phase (incidence 1� to vertical, from the east). The
traveltime differences of these phases with respect to the western-
most station CT01 are shown in Fig.5(e). These traveltime delays
are not corrected for crustal effects, but as shown in Fig.5(e),
predicted relative time delays of vertically propagatingP waves
through the Zhaoet al. (2015) crustal model are modest (note that
the delays include the effect of topography). Indeed, the effect of the
very deep European Moho below the Ivrea body is counterbalanced
by the presence of mantle material above. The observed traveltime
differences are therefore dominated by very early arrivals due to
the presence of a high-velocity subduction slab beneath the eastern
part of the array as known from severalP-wave tomographies (e.g.
Lippitschet al. 2003; Piromallo & Morelli 2003). TheS-wave ad-
vance is surprisingly large, but clear in the seismic traces (Fig.5e).
The effect of the anomalously low velocities beneath the internal
Alps (approximately km 0–50 on the A–A� pro�le) is observed in
the S-wave relative traveltimes as a slight positive anomaly added
on top of the large negative anomaly. While the data at hand does
not allow for a depth inversion, the eastwards shift of this anomaly
for the event located west of the array, and westwards shift for the
event located east of the array is compatible with a mantle origin of
the delays.

4 C O N C LU S I O N S

This study demonstrates that array analysis, using arrays of� 50 km
aperture, is indeed possible for fundamental-mode Rayleigh waves
and yields stable results across an extremely heterogeneous 3-D
structure. This approach makes it possible to estimate absoluteVs
over length scales of approximately the aperture of the array, and
contains complementary information to other imaging methods, in
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particular receiver functions andP-wave tomography, and to re-
gional surface wave studies. Due to the small size of the array as
compared to the wavelengths under consideration, caution must be
taken to avoid that spurious oscillations in the phase velocity disper-
sion curve has a signi�cant in�uence on the inversion results. We
therefore recommend �rst to take a conservative inversion approach
of the dispersion curves, and secondly that the interpretations should
be based on several arrays rather than on individual ones. Such strict
considerations can probably be relaxed in less heterogeneous struc-
tures than that of the western Alps. In simpler structures, it may also
be feasible to do fully joint inversions of receiver functions from
individual or small groups of stations with array-based dispersion
curves. In terms of array geometry, the combination in CIFALPS of
a dense linear array with off-pro�le stations in an approximately reg-
ular grid is an ef�cient setup, and realistic in terms of the additional
number of stations required off pro�le.

In terms of deep Alpine structure, we highlight three main results:

(1) TheVs(z) pro�les are coherent with an approximately 100 km
thick European lithosphere, in line with observations in other areas
of Phanerozoic Europe unaffected by recent volcanism. Our results
show dip values of the European lithosphere–asthenosphere bound-
ary that are coherent with the Moho dip measured from controlled-
source seismology and receiver function analysis (e.g. Nicolaset al.
1990; Waldhauseret al.1998; Spadaet al.2013; Zhaoet al.2015).

(2) AbsoluteVsis high in the upper mantle beneath the Po plain,
due to presence of the subducted Alpine slab, in agreement with both
Vsmodels from full-waveform inversion (Zhuet al.2012; Fichtner
& Villaseñor 2015) and Vp perturbation models from traveltime
tomography (e.g. Lippitschet al.2003; Piromallo & Morelli 2003;
Zhaoet al.2016a).

(3) OurVs(z) pro�les con�rm the results of teleseismicP-wave
tomography (Zhaoet al.2016a) showing anomalously low velocities
in the upper mantle beneath the uplifting core of the western Alps.
The possible relationships between such low-velocity anomalies and
uplift at the surface would require further investigation by mantle
�ow modelling. On the other hand, it is unlikely that such low
velocities and related surface uplift are related to slab break-off, as
suggested instead by Lippitschet al. (2003).
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Supplementary data are available atGJI online.

Figure S1.Vertical component records after the pre-processing of
CIFALPS stations (CT01–CT46) along the pro�le AA� for the 2013
June 24, earthquake arriving approximately along the great circle
that goes through the pro�le.
Figure S2.Mean absolute deviation (difference between observed
arrival direction and the theoretical one as predicted for the centre
of the array) as a function of period. For each period, the colour of
data points corresponds to the number of events contributing to the
average. To stabilize the measurement, the arrival angle� k(f) here
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is calculated by using all the stations in neighbouring arrays A1 and
A2 which are located on similar crustal structures.
Figure S3.Azimuth deviations across the CIFALPS pro�le for three
events, as observed using the 14 small arrays. The deviations are
calculated as the difference between the observed arrival direction
and the direction of the great circle as predicted for the centre of
mass of the array.
Figure S4.AverageVs(z). Red solid line: shear velocityVs(z) cal-
culated as the average model for arrays a1–a14. ThisVs(z) serves
as reference pro�le for Fig.5(b). Green solid line: shear velocity

Vs(z) calculated as the average model forarrays A2, A3, A4 and A7,
which cover the approximately same geographical area as arrays
a1–a14.
Table S1.Con�guration of the arrays A1–A7 and a1–a14.
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