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Abstract� A temporary network of �� short�period seismological stations was
installed in the southwestern Alps during the second half of ����� It complemented
the permanent monitoring networks� obtaining an average interstation distance
of � �� km� Travel time data from ��� local earthquakes and ��� quarry blasts
were inverted simultaneously for hypocenter parameters and three�dimensional
velocity structure� The P wave velocity model displays strong lateral contrasts
both at shallow and deeper levels� A low�velocity anomaly stands out at shallow
depths beneath the Digne and Castellane nappes in the southwestern part of the
investigated area� Farther east� the Monviso ophiolitic massif appears to have a
much larger extension at depth than previously assumed� The largest and strongest
anomaly is located under the Dora Maira massif and the westernmost Po plain�
It correlates with the well�known Ivrea body� which is classically interpreted as a
wedge of Adriatic upper mantle� At the best resolved depths 	�� and �� km
 it
appears as a rather thin 	�� to �� km
� north�south elongated� high�velocity 	��� to
��� km s��
 anomaly with very sharp edges� extending to the south as far as �� km
north of the surface trace of the Frontal Penninic Thrust� Special care was taken
with regard to the quantitative estimation of the resolution for the main anomalies
using the inversion of synthetic travel time data�

�� Introduction

The Alpine belt as a whole is by far the most exten�
sively studied orogen� However� detailed reliable infor�
mation on the lithospheric structure of its southwest�
ern termination remains scarce �Kissling� ������ The
�rst reason for this is the complexity of the three�
dimensional lithospheric structure� The few available
deep seismic and gravity data suggest an asymmetric
crustal root with a crust�mantle boundary separated
into three or more o	set subinterfaces� According to
the latest model elaborated byWaldhauser et al� ����
�
from a thorough review of available data and ��D mod�
eling of the Moho topography� the European Moho
dips toward the east and underthrusts the south dip�
ping Adriatic Moho� which is in turn overthrusted at
its southern rim by the shallow north dipping Ligurian
Moho� The precise geometry of this complex Moho to�
pography remains unknown because of the lack of seis�
mic data but also because available geophysical data
are dominated by the e	ect of the shallow high�density
and high�velocity Ivrea body� which masks deeper struc�
tures�

The Ivrea anomaly is the most documented geophys�
ical feature of the western Alps �see� e�g�� Closs and

Labrouste� ����� Berckhemer� ���
� M�enard and Thou�
venot� ��
�� The Bouguer anomaly map displays a
very strong positive anomaly between the Insubric Line
in the north and the south of the Dora Maira Mas�
sif� It was �rst modeled by Berckhemer ����
� as
a �bird�shaped�� shallow ����to����km depth�� high�
density body� Refraction and wide�angle re�ection pro�
�les recorded between ���
 and ���� proved the exis�
tence of a high�velocity body �apparent velocity of ��
km s��� which was interpreted as a wedge of anoma�
lous upper mantle �Closs and Labrouste� ����� Berckhe�
mer� ���
�� The Ivrea body also has a strong magnetic
signature� as recognized by Lanza ������ and Froide�
vaux and Guillaume ������� From ��D modeling of the
Bouguer anomaly combined with reinterpretations of
seismic data� M�enard and Thouvenot ���
� proposed
a new structural model based on a hypothetical �ak�
ing of the European lithosphere� In their interpretation
the Ivrea body is split up into three units� the surface
unit� located at very shallow depth under the Canavese
and Insubric Lines� is related to the outcrops of high�
grade metamorphic basic and ultrabasic rocks of the
Sesia Zone and Lanzo massif �see locations in Figure ���
the main unit� at � ���km depth� is connected to the
Frontal Penninic Thrust� and the lower unit� located at
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���km depth� is connected to the thrust of the External
Crystalline Massifs onto the Subalpine basement� When
this hypothesis of a lower allochthonous mantle unit
was �rst proposed by M�enard and Thouvenot ���
��
it relied mostly on the modeling of slight changes in
the gradient of the Bouguer anomaly� This hypothesis
was reinforced later by wide�angle seismic data recorded
along the ECORS�CROP �Etude de la Cro�ute conti�
nentale et Oc�eanique par R�e�exion et r�efraction Sis�
mique � Crosta Profonda� pro�le �see location in Fig�
ure �� which showed a re�ector at ���km depth below
the Piemont and Brian�connais zones south of the Gran
Paradiso Massif �ECORS�CROP Deep Seismic Sound�
ing �DSS� Group� ��
��� It was interpreted by ECORS�
CROP DSS Group ���
�� and Nicolas et al� ������ as
the top of a mantle wedge sliced o	 from the Euro�
pean lithosphere by extensive �aking and by Roure et
al� ������ as a result of wedge�shaped indentation of
Adriatic mantle into the European lithosphere� More
recently� Roure et al� ������ suggested that the re�ector
at ���km depth could be interpreted as the top of Euro�
pean lower crust rather than mantle material� Schmid
and Kissling ������ used the ECORS�CROP seismic
data� combined with the inversion of local earthquake
data by Solarino et al� ������� to support this idea�
Their main argument is that in the tomographic results
the Ivrea body appears as limited toward the west and
northwest by a low�velocity anomaly located between
��� and ���kmdepth� which would be incompatible with
the presence of mantle material�

These contradictory interpretations demonstrate the
controversy of the deep structure of the western Alps�
Moreover� since most data and interpretations concen�
trate along the ECORS�CROP line� the need for com�
plementary data farther south was the main motivation
of this study�

Getting a precise knowledge of the crustal structure
in this region is hampered by its ��D complexity� Be�
cause of its lack of cylindricity� the southwestern ter�
mination of the Alps has never been elected as a con�
venient site for deep seismic re�ection pro�ling even
though a better knowledge of the crustal structure is re�
quired to constrain orogenic models and to understand
the present�day strain pattern� In the framework of
the G�eofrance ��D Alpes project �Groupe de Recherche
G�eofrance �D� ������ the main goal of which is to im�
prove the understanding of the recent�to�present dy�
namics of the southwestern Alps� a passive seismological
experiment was conducted by French and Italian teams
in the second half of ����� Permanent monitoring net�
works were densi�ed by using portable seismic stations

and more than ���� regional earthquakes were recorded
during the experiment� This paper presents the results
of the local earthquake tomography conducted from this
data set�

�� Data and Analysis

���� Data Set

Between August ���� and January ����� French and
Italian teams installed a temporary network of �� �of
which � were three�component� portable seismographs
in the southwestern Alps �Figure ��� It complemented
the �� �of which � were three�component� permanent
stations of the Grenoble� Strasbourg� Nice� and Gen�
ova universities� thus decreasing the average intersta�
tion distance to � �� km� This experiment primarily
aimed at improving our understanding of the present�
day strain �eld of the region from precise earthquake
locations and focal solutions and at imaging the ��D
structure of the upper crust by local earthquake tomog�
raphy�
More than ���� regional earthquakes with local mag�

nitude between ���� and �� were recorded� among which
��� could be located reliably by using an updated ver�
sion of the HYPO�� program �Lee and Lahr� �����
which takes station elevation into account� For the in�
version of arrival times� �� events with at least �ve
P and three S arrivals� an azimuthal gap smaller than
�
��� and an RMS smaller than � s were selected� It
should be noted that this selected data set was veri�ed
by one person to insure the quality and the homogeneity
of data that had initially been picked by di	erent teams�
At this stage� the use of the interactive picking and loca�
tion software developed at the Observatoire de Grenoble
�Pickev��� proved essential� The picking error is ���� s
for P and ���� s for S arrivals with strongest weight� and
��� s for P and � s for S with smallest weight� The av�
erage number of picked arrivals for a single event is ���
among which �� are P and �� S�P� Since the maximum
depth of these events is � �� km� we added �� comple�
mentary earthquakes located at larger depths beneath
the Po plain and recorded by the permanent network of
Genova University outside the experiment period �Cat�
taneo et al�� ������ On average� these events have �� P
and �� S�P picked arrivals� Finally� picks of �� quarry
blasts recorded by the Italian network were added to the
data set to improve the quality of the inversion results�
As a whole� the data set is made of ����� arrival times
with nonzero weight �
�� P and ���
 S�P� for ���
events recorded at ��� stations� One hundred and three
stations were located inside the study region shown in
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Figure � ������N � �����N � ��E � 
�E �� while �� were
in the near outside� A map of epicenters and the pro�
jection of all hypocenters on an east�west cross section
are presented in Figure �a� Because of the limited pe�
riod of the experiment the map only partially shows the
concentration of epicenters along the two seismic arcs
�rst described by Roth�e ����� and imaged in detail by
Thouvenot ������� Sue ����
�� and Sue et al� �������
the Brian�connais arc in the Brian�connais zone and the
Piemont arc farther east� Most of the activity of the
latter clusters along a remarkable N����alignment be�
tween the southwestern termination of the Dora Maira
massif and the Argentera massif� The seismicity of the
external zones is more di	use� The cross section of Fig�
ure �a documents the increase of focal depths from west
to east� While the seismicity of the external zones and
the Brian�connais arc is shallower than � �� km� earth�
quakes of the Piemont arc are located mainly between �
and �� km depth� Farther east� they reach depths down
to �� km under the Po plain� In their analysis of this
anomalous deep seismicity� Cattaneo et al� ������ even
reported events with focal depths reaching ��� to ���
km� It can be expected that this heterogeneous distri�
bution of focal depths will have a strong in�uence on
the resolution of the inversion for layers deeper than ��
km�

���� Computation of the Initial ��D Model

The solutions of an inverse problem of ��D local
earthquake tomography and their reliability strongly
depend on the initial ��D reference model� as shown
by Kissling et al� ������ They claim that every ��D
inversion should start with a ��D inversion to compute
the so�called �minimum ��D model� de�ned as the ��D
velocity model with station corrections and hypocenter
parameters that minimizes the RMS residual of the full
data set� To compute this starting model� we used a
slightly di	erent procedure from the one proposed by
Kissling et al� ������ Our initial model was the mini�
mum ��D model computed by Sellami et al� ������ from
a seismicity data base covering all the western Alps�
This initial velocity model includes �� layers between
�� and �� km with a Moho located at �
�km depth�
Note that a plot of observed travel times as a function
of epicentral distance shows that the data set only in�
cludes arrival times of direct waves� i�e�� without any
Pn� Velocities in layers deeper than �� to �� km will
therefore only be constrained by arrival times from the
few deep events located below the eastern part of the
studied area�

We �rst compute an updated a priori model by con�

ducting a series of successive ��D inversions and relo�
cations following the procedure described in step � of
Kissling et al� ������ This second model is a re�ned
version of the previous one since it includes new ve�
locities� station corrections� and hypocenter parameters
which lead to a smaller variance than the initial model�
Note that no quarry blast data were included in the
��D inversion� as suggested by Kissling et al� ������
Second� we conducted a systematic search for the mini�
mum ��D model� From the updated a priori model� we
generated a set of ��� new VP and VS velocity models
by introducing random changes �uniform deviates� of
layer velocities as large as � km s�� for VP and ��

p
�

for VP �VS �see VP models in Figure �a�� Together with
station corrections and hypocenter parameters of the
updated a priori model� these random velocity models
were injected as initial models in the iterative inver�
sion for an ��D model� A plot of the velocity mod�
els resulting from the �� inversions that converge to a
variance smaller than ���� s� provides valuable knowl�
edge of the variations of resolving power with depth
�Figure �b�� Figure �b also shows that the standard
deviation on the velocities is still large for many layers�
making the choice of the best model di�cult� To reduce
these standard deviations� we repeated the procedure�
A new starting model was built by merging adjacent
layers with similar velocities and suppressing too thin
layers at poorly resolved depths� This new model was
in turn randomlymodi�ed �maximumvariations for VP �
��� km s��� and for VP �VS � ����

p
� � to get a new set

of �� initial models which were again injected in the
inversion process �Figure �c�� Since the standard de�
viation on the layer velocities was reduced signi�cantly
�Figure �d�� we considered the �nal model giving the
smallest variance after this new re�nement step as the
minimum ��D model� It was used down to ���km depth
as the initial VP model in the ��D inversion �Table ���
Because of poor resolution at large depths and also very
strong lateral depth changes under the studied region�
the Moho velocity jump does not appear in the results
of the ��D inversions� However� we considered a Moho
depth of �� km in the initial velocity model of Table
� in agreement with the maximum depth measured in
that region from seismic pro�ling� The ��D inversions
all lead to �nal VP �VS ratios between ���� and ���� for
all layers except the shallowest ��� and � km� and deep�
est ��� km� ones� Therefore we chose not to consider
these rather weak depth variations of VP �VS � and we
started the ��D inversion from a simple homogeneous
ratio �VP �VS������ estimated from a Wadati diagram
of the travel times TS versus TP � The hypocenter loca�





Table �� Initial ��D Velocity Model for the ��D
Inversion

Depth� km VP � km s��

�� ����
� ����
� ����
�� ����
�� ��	�
�� ��	

�� ��
	
�� ����

tions computed in the minimum ��D model and plotted
in Figure �a were also used as initial reference for the
��D inversion�

The main advantage of this procedure is that it guar�
antees the independence of the �nal ��D model with
respect to the updated a priori model by probing a
large part of the solution space� Note that we con�
ducted this set of ��D inversions by using both pro�
grams VELEST �Kissling et al�� ��
�� which assumes
constant velocities in layers� and SIMULPS �Thurber�
��
�� ����� Eberhart�Phillips� ������ which interpolates
velocities between layers of nodes� The two programs
gave similar results� With respect to a reference station
in the Brian�connais zone� we found negative station de�
lays east of longitude ��E in the region of the Ivrea body
with a maximum delay of ���� s� Strong positive cor�
rections as large as � s were found in the southwestern
corner of the studied region�

To evaluate the uncertainty on absolute event loca�
tions in the minimum ��D model� we used randomly
shifted hypocenters as initial locations for an inver�
sion for hypocenter location and measured the average
shifts in �nal locations� As suggested� for example� by
Haslinger et al� ������� a random shift between � and

 km was applied in each direction to every hypocen�
ter� The di	erences between relocated randomly shifted
hypocenters and initial locations of the minimum ��D
model are� on average� � km in the vertical and ��� m in
the horizontal directions for the �� events of the tem�
porary experiment data set� and ��� km in the vertical
and ��� m in the horizontal directions for the �� com�
plementary events recorded by the permanent Italian
stations only� Another possible way to assess absolute
locations is to shift blasts� but since they are concen�
trated in the Italian side of the model and recorded
by Italian permanent stations only� this method cannot
provide a reliable uncertainty estimate for the whole
area�

���� The ��D Inversion Approach

Arrival times were inverted simultaneously for veloc�
ity �VP and VP �VS� and hypocenter parameters us�
ing the now classical FORTRAN program SIMULPS
�v� ��� by Thurber ���
�� ����� and Eberhart�Phillips
������� Starting from a ��D velocity model and
the corresponding preliminary locations of hypocenters�
SIMULPS uses an iterative damped least squares inver�
sion technique to compute VP and VP �VS at nodes of
a ��D grid and new event locations that minimize the
residuals between observed and computed travel times�
Travel times in the ��D model are computed using the
approximate ray�tracing technique of Um and Thurber
���
��� Velocities are interpolated linearly between grid
points�
Critical parameters of the ��D inversion are the grid

spacing� the damping values� the number of iterations�
and the initial ��D velocity model� Our reference model
was the minimum ��D model computed with the VE�
LEST program and presented in section ���� To assess
the in�uence of the initial model on the inversion re�
sults� we made tests using the ��D model of Sellami et
al� ������ and the minimum ��D model computed with
the SIMULPS program as starting models� All the in�
versions gave similar results as far as the distribution
of the main velocity anomalies is concerned� However�
these tests showed� as expected� that the absolute veloc�
ities must be considered with caution since they di	er
when di	erent initial velocity models are considered�
The grid nodes used in the inversion are shown in

Figure �b� The grid area is ��� km wide in the north�
south and east�west directions� In the vertical direc�
tion we tested a number of di	erent grids with spacings
comprised between � and � km for the shallowest lay�
ers� We �nally chose to present the results obtained
with the coarsest grid with node layers at ��� �� �� ���
��� ��� ��� and �� km depth� This grid divides the
model in more regular blocks than the ��km spacing
and is therefore expected to be less prone to vertical
leakage� although our tests did not show signi�cant dif�
ferences� Only the outer nodes and those of the ���
km�depth layer were held �xed in the inversions� Since
the study area is located at the southern termination of
the Alpine arc where many structural directions inter�
fere� the choice of the grid orientation was not obvious�
We made the most simple choice of a north�south�east�
west grid� We tested another grid aligned parallel to
the Pelvoux�Argentera axis �i�e�� N������ which led to
very similar tomographic images� The density of sta�
tions and earthquakes was high enough to allow the use
of a lateral grid spacing of �� km� In the southern half
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of the Dora Maira Massif where the strong anomaly re�
lated to the Ivrea body is expected and where much of
the seismicity is concentrated� we reduced the lateral
spacing to � km �Figure �b��

Following the suggestion of Eberhart�Phillips �������
we tested two inversion procedures� the direct approach
where data are inverted directly for the �nely gridded
��D model and the gradational approach where a pro�
gressive series of inversions is done on more and more
detailed grids� In the gradational approach we inverted
�rst for a coarse model with a ��km grid �Figure �b��
then velocities of the ��km grid were interpolated lin�
early with a ���km grid� This new starting model and
relocated hypocenters were in turn used to invert for a
���km grid model and so on to the �nest gridded model
with ��� and ��km spacing� The gradational approach is
more natural than the direct one since it �rst captures
the long�wavelength anomalies before adding progres�
sively smaller details� For this reason� it is expected
to give more accurate results and a larger variance re�
duction �Hauksson and Haase� ������ However� it was
not the case in this study where both the direct and
gradational inversions resulted in similar variance re�
ductions �� and 
�� respectively� see Table ��� A
possible explanation is that we let the model evolve by
keeping the damping parameters �xed for all the itera�
tions while others �e�g�� Hauksson and Haase� ������ use
a variable damping that increases with increasing model
length� which stops the model changes very early� An�
other explanation may be the very uneven grid spacing
with blocks � or �� km in the horizontal directions
and only � km in the vertical direction which can lead
to very poor resolution�

The tomographic images di	er only in detail and the
result of the gradational inversion appears as a �ltered
version of the model obtained from the direct inversion

Table �� Data and Model Variances for the Initial ��D Model and the Two ��D Models DIR and
GRAD�

Global P S�P

Data Data Model Data Model
Damping Variance Variance Variance Variance Variance

Model P S�P s� s� km s���� s� km s����

Initial � � ������� ������� � ������� �
DIR ��� 	�� ������	 ����
	� ���			� ����

� �������

GRAD ������������ ����������	�� ������� ������� ������� ������� �������

Initial data variances were measured after relocation of hypocenters by SIMULPS in the minimum ��D model
iteration ��� Model DIR results from six iterations of the direct inversion for the �nely gridded velocity model�
Model GRAD results from the gradational inversion three inversions of three iterations each using progressively
�ner grids��

with the smallest wavelengths removed�
To �nd the best damping parameters� we ran a se�

ries of single�iteration inversions with a large number
of couples of damping parameters on VP and VP �VS
between � and ����� By plotting data mis�t versus
model variance� we can determine the damping value
which is the optimal compromise between a small data
mis�t and a large model variance� Our tests showed
that the two damping parameters could be chosen in�
dependently as the inversion for a VP model did not
depend on the damping on VP and VP �VS and vice
versa� All our tests showed that this was not the case
and that the two damping parameters could be cho�
sen independently� For the direct inversion for the �ne�
gridded model� we also checked the linear behavior of
the inversion by running tests with di	erent damping
values and di	erent maximumnumber of iterations� We
veri�ed that with a larger number of iterations and a
stronger damping ������ the inversion gave roughly the
same model as the one resulting from less iterations and
a weaker damping ������ To avoid strong and unreal�
istic anomalies in the VP �VS model� we used a larger
damping for VP �VS ���� than for VP ������ This also
accounts for the di	erent qualities of picks on P and
S arrivals� As mentioned earlier� these damping val�
ues were held constant for all iterations� We decided
to stop iterating when the reduction of data mis�t was
becoming negligible �i�e�� smaller than ��� that is after
� iterations for the direct inversion� For the gradational
inversion we conducted the damping tests at each inver�
sion step� The selected values of the damping parame�
ters are given in Table �� Three iterations of inversion
were done at each step� Figure  shows data mis�t as a
function of model length for both inversion approaches�
Note that they both end with similar data and model
variances for the P data set�
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As usually done in local earthquake tomography� data
recorded at large epicentral distances were weighted us�
ing a linear taper decreasing from � at ��� km to �
at ��� km� This weighting aims at attenuating the ef�
fects of large residuals related to the longest ray paths�
not only due to mistakes in phase identi�cation� but
also to mismodeling of the true ray paths� However� we
checked on synthetic models that the distance weight�
ing has a weak in�uence on this tomography because
most data were recorded at epicentral distances shorter
than �� km� To remove high residuals corresponding to
erroneous arrival times� we also applied a residual �lter
with a linear taper from � at � s� to ���� at ���� s� with
a cuto	 at ���� s�

���� Estimation of the Quality of the Results

Evaluating the quality of the obtained ��D velocity
models requires a close examination of many param�
eters including the resolution matrix� the distribution
and the direction of the rays� Following Toomey and
Foulger ���
�� and Michelini and Mac Evilly ������� we
computed the spread function of the resolution matrix
to estimate how well velocity parameters were resolved�
At a given node this spread function is computed as

Si � log

�
�j Ri j��

NX
j��

�
Rji

j Ri j
��

Dij

�
A

from all the terms Rji of the corresponding column of
the resolution matrix� A weighting by the distance be�
tween nodes Dij is applied before summing the contri�
butions of adjacent nodes� j Ri j is the L� norm of the
terms of the line of the resolution matrix� The spread
function is a better estimator of the resolving power
than the diagonal element of the resolution matrix be�
cause it takes all the terms of the resolution matrix in
account� A well�de�ned parameter has a small resolv�
ing width and thus a small spread function� Note that
following the suggestion of the authors of SIMULPS
�Evans et al�� ����� we chose to calculate the resolu�
tion matrix on the �rst iteration because it produces
the largest variance reduction� Another estimator of
the suitability of data for a reliable tomography is the
derivative weight sum which describes the amount of
data actually constraining the velocity at a given node
�Evans et al�� ����� It is computed from the hit count
weighted by the inverse of the ray node distance and the
ray length in the vicinity of the node� Figure � compares
the values of the spread function with the diagonal of
the resolution matrix �DRM� and the derivative weight
sum �DWS� for all the nodes of the direct inversion for

the �nely gridded velocity model� Note that nodes with
similarDWS or DRM have di	erent spread function val�
ues� showing that neither of these two parameters can
be used alone to evaluate the inversion quality� These
plots were used to de�ne a threshold of spread function
above which the results of the inversion would not be
shown on the velocity maps because they correspond
to unresolved nodes� We chose empirically to set the
threshold at � for VP and ��� for VP �VS because larger
values of the spread function de�nitely correspond to
too small values of DWS and DRM �Figure ���

As emphasized above� the spread function is used
here to estimate the area of con�dence in the ��D ve�
locity model� We consider that outside this area the
resolution parameters are too low to allow the presen�
tation of any result� However� this does not mean that
we automatically consider the results inside the area
of con�dence as reliable since the spread function only
gives a crude qualitative estimate of the actual resolu�
tion� The only way to really quantify resolution is by
synthetic data tests that mimic structures derived from
the tomography and use the actual distributions and
combinations of earthquakes and stations� A compar�
ison of the initial and �nal models gives more reliable
insight on the resolving power of the tomography than
any function calculated from the resolution or correla�
tion matrices� The results of these synthetic data tests
will be discussed together with the tomography results
in section �

�� Results

���� Preferred VP ��D Model

We choose to show only the results of the direct inver�
sion �model DIR� because tests on synthetic data sets
show that the output velocity model is much closer to
the input model when it is computed with the direct
inversion than with the gradational one� as the latter
leads to too smooth anomalies� Note� however� that
most of the subsequent comments on velocity anoma�
lies would have been identical if based on the results of
model GRAD�
Plate � shows maps of P wave velocity at the di	er�

ent node depths between � and �� km� These maps
were computed from a linear interpolation of velocity
values between nodes using the same routine as the one
used in the SIMULPS program for ray tracing� As ex�
plained in section �� the velocity color maps are only
shown inside the � contour of the spread function� out�
side of it� the model is not resolved� We included the �
and  contours �thick and thin white lines� to show how
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the spread function evolves around the chosen resolu�
tion limit of �� Hypocenters located within the depth
range of the layer are drawn as white circles� The size
and shape of the area of con�dence are naturally corre�
lated with the depth distribution of hypocenters� This
area covers the edge of the external zones� the Penninic
zone �Brian�connais and Piemont zones�� and most of
the Dora Maira internal crystalline massif at shallow
depths� before progressively reducing in size and shift�
ing eastward with depth as the deepest hypocenters are
concentrated beneath the eastern part of the study area
�Figure �a��

This section includes a summary of the main anoma�
lies from the map views of Plate � and cross sections
through the model� Discussions on the reliability of
the anomalies and their geological interpretation will
be presented in section �

A thick and strong low�velocity anomaly is visible
in the ��� �� and ���km map views beneath the Digne
and Castellane nappes at the southwestern edge of the
area of con�dence� A few other low�velocity anomalies
are imaged at ��km depth mostly in the Penninic zone�
with the largest located north east of Argentera� A
strip of discontinuous high�velocity anomalies is found
at ��km depth under the Piemont zone along the west�
ern border of Dora Maira� On the ��km�depth slice the
strongest and largest high�velocity anomaly is a north�
south elongated body extending from the southern half
of the Monviso ophiolite surface outcrop to the Frontal
Penninic Thrust �FPT� surface exposure� P wave ve�
locities reach between ��� and ��� km s�� in this body�

The strongest anomaly of the ���km slice is a rather
thin and north�south elongated high�velocity anomaly
located under Dora Maira and under the Penninic zone
between the Dora Maira and Argentera massifs� This
high�velocity body extends at depth down to the deep�
est layer of the model at �� km� It is most clearly
visible at �� km with maximum velocities between ��
and ���� km s��� The anomaly attenuates at �� km�
but the contours of the spread function suggest that the
velocity model is more poorly resolved at �� km than
at ��� or ���km depth�

To improve the visualization of the results� we plotted
four cross sections through the ��D model in Plate ��
Cross sections A� B� and C are perpendicular to the axis
of the deep high�velocity anomaly while cross section D
is perpendicular to the Frontal Penninic Thrust �FPT�
between the Dora Maira and Argentera massifs� Sec�
tions A� B� and D cross all the main structural domains
of the southwestern Alps� from the external zones to the
internal crystalline massif of Dora Maira across the Pen�

ninic zone� Note that the FPT is the main structural
boundary imaged farther north by the ECORS�CROP
deep seismic re�ection pro�ling �Nicolas et al� �������
see Figure � for the location of the ECORS�CROP pro�
�le�� It is considered as a crustal�scale thrust of the
internal zones onto the external zones� In between the
Pelvoux and Argentera crystalline massifs and under
the western termination of lines A� B� and C� the ex�
ternal zone is overthrusted by a thin nappe of internal
origin� the �Flysch �a Helmintho !des� nappe �Figure ���
As a consequence� the actual FPT is located at the front
of the nappe in this region� However� this nappe is very
thin� and we chose to follow the suggestion of Sue and
Tricart ������ to consider in this region the Frontal Bri�
an�connais Thrust �FBT� as the surface expression of
the main crustal�scale thrust� Its location and the lim�
its of the surface exposures of the crystalline massifs are
shown as black triangles on top of each of the sections
of Plate ��
Cross sections A and B show relatively low velocities�

around ��� km s��� down to ���km depth under both
the easternmost external zone and the Penninic zone�
Farther east� the Penninic zone is separated from the
Dora Maira massif by a high�velocity anomaly which
rises up to the surface� This anomaly was mentioned
previously in the discussion of the map views as the
high�velocity structure for which the surface trace co�
incides with the Monviso ophiolites� The Dora Maira
massif is underlain by relatively low velocities contrast�
ing sharply with the deeper and strong high�velocity
anomaly which dominates the ���km�depth map view�

Cross section D is perpendicular to the FPT and
roughly parallel to the average shortening direction of
the foreland Digne and Castellane nappes� The crustal
structure of this part of the southwestern Alps is quite
poorly known� and it can hardly be extrapolated from
controlled�source seismology data recorded along the
ECORS�CROP line situated some ��� km farther north
in a region where the shortening axis is directed toward
the northwest� Once again� cross section D shows low
velocities under the external �including Argentera� and
Penninic zones as well as under the Dora Maira massif�
The Penninic zone is bounded to the northeast by a rise
of high velocities close to the surface� A striking feature
is the large thickness of the low�velocity layer under the
Argentera massif where velocities as low as ��� km s��

are found at depths larger than �� km� reaching nearly
�� km under the northern edge of the crystalline massif�
Note� however� that Plate � shows that this thick low�
velocity layer is found only under the western half of the
Argentera crystalline massif surface exposure� whereas






its eastern half is characterized by velocities above � to
��� km s�� from ��km depth and below�

In cross sections C and D� the shallow low�velocity
layer of the Penninic zone is thinner than in cross sec�
tions A and B because of the presence of the southern
termination of the deep high�velocity body below it�
This is a major di	erence with respect to the northern
regions where the ���km depth high�velocity anomaly
does not extend westward beyond the boundary be�
tween the Dora Maira massif and the Penninic zone�
South of Dora Maira� the Ivrea body spreads under
most of the Penninic zone as far as �� km north of
the surface exposure of the FPT�

���� VP�VS Model

Travel time di	erences between S and P waves were
inverted for the VP�VS ratio� As explained earlier� the
initial model was homogeneous with VP �VS equal to
���� at all nodes� This value was estimated from a Wa�
dati diagram of the travel times TS versus TP � Mea�
surements of VP �VS lead to estimations of the Pois�
son"s ratio giving information on the �uid content in
porous rocks and on the petrologic nature of the crust
at high pressures where porosity is eliminated �Chris�
tensen� ������

Map view slices of the VP �VS ��D model for the three
shallowest layers are shown in Plate �� Results at larger
depths are not shown because they are almost com�
pletely devoid of anomalies� This rapid attenuation of
the VP �VS heterogeneity with depth is clearly visible
from the map views of the three shallowest layers pre�
sented in Plate �� The question is to determine whether
this attenuation is real or a consequence of a degra�
dation of resolution with depth� Comparing the map
views of the VP model at �� �� and �� km �Plate ��
with those of the VP �VS model �Plate �� shows that ac�
cording to the criteria based on the threshold in spread
function� the fairly resolved areas are systematically
smaller for VP �VS than for VP � However� since the
choice of the threshold is empirical and� as explained
before� the spread function gives only a qualitative es�
timate of the resolution� we checked the resolution with
synthetic tests� Synthetic data sets were computed by
SIMULPS from models with VP �VS anomalies located
at all depths under the Dora Maira massif� which is
the region crossed by the largest number of rays� These
tests proved that if the deep high�VP body located from
���km depth and below under Dora Maira was also
characterized by a VP �VS anomaly equal to or larger
than���� the inversion would be able to resolve it� The
resolution of the VP �VS model is comparable to that of

the VP model probably because our data set includes
nearly the same numer of P and S�P time picks� We
therefore consider that the rapid attenuation of VP �VS
anomalies with depth is reliable� The distribution of
VP �VS anomalies is very di	erent from the distribution
of VP anomalies� The ��km�depth slice shows two re�
gions of anomalously high VP �VS in the Penninic and
external zones between ��� and ��
�E longitude and be�
tween the Dora Maira and Argentera massifs� The main
low VP �VS anomaly is found beneath the western half
of the Argentera massif�

�� Discussion� Quality of the Results

and Structural Implications

As emphasized in section �� the quality of the ��D
velocity model can only be assessed reliably from syn�
thetic data tests� Therefore a series of synthetic ��D VP
and VP �VS models were built which included the main
anomalies described in section �� The synthetic input
model and the result of the inversion of the synthetic
data set are presented in Plate  for VP and Plate � for
VP �VS � In Plates  and �� the results of the inversion of
the synthetic travel times are compared to those of the
inversion of the observed travel times� This comparison
is facilitated by displaying the VP and VP �VS as vari�
ations relative to the initial ��D model� rather than as
absolute values�

The ��km depth node plane of the input VP model
�Plate a� includes the two strongest and largest low
VP anomalies in the southwest corner of the model and
northeast of the Argentera massif� The southwestern
anomaly continues down to ���km depth with a reduc�
tion in size� A few small�scale high�VP anomalies are
added in the ��km�depth node layer to mimic the results
depicted in Plate �� The strongest one� located along
the western border of the Dora Maira massif� has a ve�
locity of ��� km s��� From ���km depth and deeper� a
�� to �� km thick north�south elongated high�VP body
with a slight eastward plunge is introduced in the syn�
thetic model to mimic the strong� deep high�velocity
anomaly described above�
Synthetic travel times were computed �rst in the syn�

thetic input ��D velocity model with hypocenter loca�
tions held �xed and using the same event and station
distribution as in the actual data� A uniformly dis�
tributed random noise was added to the synthetic travel
times in the range ���� s to #��� s for P arrivals and ���
to #�� s for S� They were inverted using the same pro�
cedure and parameters as for the observed data� Note
that numerous tests were made with di	erent geome�
tries and velocities for all anomalies� particularly the
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deep high�velocity body� The model presented here is
the one which gives the best �t between the output of
the inversion of synthetic travel times �shown in Plate
b� and the velocity structure calculated from the in�
version of real data �shown in Plate c��

���� External Nappes

As already emphasized� the velocity distribution at
shallow depths �Plate �� shows a thick low�velocity
anomaly under the Digne and Castellane external nap�
pes� The synthetic tests of Plate  show that the geom�
etry of the corresponding anomalous body is rather well
resolved at its northeastern border in the �� and ��km�
depth slices� At �� km a smaller number of rays prob�
ably induces a worse �t to the input model� However�
the anomaly is still visible at this depth in the inver�
sion of real data �Plate c�� This is probably a reliable
indication that the total thickness of the low�VP body
reaches �� km� This very unexpected anomaly is the
second biggest volume of anomalous P velocity in the
area� Moreover� the amplitude of the velocity reduction
is probably underestimated� as shown by the quite large
positive average residuals� which are still computed for
stations located in that region after ��D inversion� This
underestimation is also a general feature of the inver�
sion as shown from a comparison between Plates a and
b� This anomaly coincides with the negative gravity
anomaly discussed by Masson et al� ������ from their
new Bouguer anomaly map of the western Alps com�
piled from old data and new measurements� Accord�
ing to the cross sections built by Ritz ������ the thick�
ness of the nappe pile� � km� is compatible with both
the gravity and the velocity anomaly� However� such
anomalies could also be related to Permo�Carboniferous
basins hidden under the nappe pile �M�enard and Mol�
nar� ��

��

���� Argentera External Crystalline Massif

Argentera is the only external crystalline massif for
which the deep structure is imaged in this study� It dis�
plays unexpected characteristics� with an anomalously
large thickness of low velocities down to more than ��
km in its western half and a low VP �VS ratio� The map
view slices at �� ��� and �� km seem to reveal a lateral
change in the deep structure of the massif with lower
than average velocities under its western half contrast�
ing with the higher velocities of the eastern half� How�
ever� the synthetic tests of Plate  show similar low P
velocities below the western part of the massif at �� and
�� km depth� whereas no anomalywas introduced in the
input model at this location� Thus we cannot take for

granted that this lateral change in velocity structure is
not an artefact of the inversion� As shown by Plate �a�
we also tested the low VP �VS anomaly under the west�
ern part of Argentera in both the �� and ��km depth
node planes� Plate �b shows that the resolution can
be considered as good and that the anomaly is proba�
bly real� The low VP �VS values of ���� to ���� found
under the Argentera massif down to ��km depth corre�
spond to a Poisson"s ratio between ���
 and ���� This
indicates that rocks in the Argentera massif are nearly
devoid of pore �uids� It could also be an indication of
a high weight percent of SiO� around 
�� according to
the measurements made on rock samples by Christensen
�������

���� Penninic Zone and Monviso Ophiolites

In the ��km�depth map view the Penninic zone is
characterized by P velocities similar or slightly lower
than in the ��D inital model ���� km s��� in its west�
ern and southern parts and by a discontinuous strip
of high�velocity spots along its border with the Dora
Maira massif �Plate ��� The high�velocity body located
under the surface outcrop of the Monviso ophiolite and
south of it is the main anomaly visible in the area at
��km depth� At � km� we only tested the resolution
in the region of the low�VP anomaly located northeast
of Argentera� Plate b shows that this anomaly is re�
liable� At ��km depth� synthetic tests focused on the
high�velocity anomalies which show some spatial corre�
lation with the main ophiolite surface outcrops like the
Chenaillet ophiolites east of Brian�con and the southern
tip of the Monviso ophiolites at the eastern boundary of
the Penninic zone� Plate b shows that the resolution is
su�cient to trust the presence of the Monviso anomaly�
It is not as clear for the other anomalies which had lower
velocities in the input model of Plate a� However� it is
worth noting that the anomalies at � km leak onto the
��km�depth slice� Their presence at the surface in the
inversion of the observed data set could consequently
be an artefact of the inversion�

As a whole� the Penninic zone appears as a high
VP �VS region at ��km depth as well as the southern
part of the �Flysch �a Helmintho !des� nappe in the ex�
ternal zone� The synthetic VP �VS tests of Plate � show
that the resolution is good for the three high VP �VS
anomalies found in these two regions� except for the am�
plitudes of anomalies which are attenuated� Since high
values of VP �VS are often an indicator of the presence
of water�saturated cracks or high pore �uid pressure�
the presence of such anomalies in the shallow sediment
cover of the Penninic and external zones is not surpris�
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ing�
The Monviso high�VP anomaly is the most important

both in amplitude and spatial extent at shallow depths�
As shown from cross sections A� B� and C of Plate �� it
forms a more or less continuous body from the surface
down to � kmwith velocities as high as ��� to ��� km s��

at this depth� These values are reliable as documented
by the synthetic test of Plate � An important point
is that the anomaly is shifted southward with respect
to the Monviso ophiolite outcrop� Its southern limit
coincides with the FPT surface trace� �� km south of
the ophiolite surface exposure� In the cross sections of
Plate �� the shallow part of the body responsible for this
�Monviso anomaly� is very clear� due to its position be�
tween two low�velocity regions under the Penninic zone
and the Dora Maira massif� Its maximum vertical ex�
tension is less clear but according to cross sections A�
B� and C of Plate �� it could extend at least down to ��
km� which is the largest depth where the velocity model
is reliable in this place� The four depth cross sections
suggest that this �Monviso anomaly� edges the stronger
high�velocity anomaly of the Ivrea body� We interpret
it as a thick slice of eclogitized ophiolites in agreement
with structural and petrological observations �Schwartz
et al�� ������ The tomography suggests a much greater
extension at depth of the Monviso ophiolite body than
expected from models based on magnetic data� Lanza
������ showed that the total intensity of the magnetic
�eld is a	ected by a strong anomaly of ��� nT with an
approximate width of �� km along a pro�le that cross�
cuts the southern part of the Monviso ophiolite outcrop
�Plate ��� He interpreted this anomaly by a ��to���km�
thick slab dipping to the west at ��� down to a maxi�
mum depth of � km� Since his pro�le roughly coincides
with cross section A of Plate �� we drew Lanza"s high�
susceptibility body on the tomography result in Plate �
for comparison� The magnetic body appears to extend
farther west than the high�velocity anomaly� which is
more vertical� Also� the velocity anomaly is thicker and
extends to greater depths� A possible explanation for
these di	erences would be that rocks with strong mag�
netic susceptibility are located only in the shallow part
of the Monviso ophiolite body� Note that Lanza ������
also discovered a strong but much thinner �� km� total
intensity anomaly along another cross section cutting
the northern part of the ophiolite outcrop� He inter�
preted it by a much smaller magnetic body� This obser�
vation agrees with our tomography results which show
the high�velocity body only under the southern part of
the outcrop and farther south�

���� Ivrea Body

The position of the deep strong high�velocity anomaly
indicates that it is obviously related to the Ivrea geo�
physical body� At depths equal to or greater than ��
km� it appears as a north�south elongated high�velocity
anomaly located beneath the Dora Maira massif and
shifting progressively eastward with depth �Plate ���
The strongest anomalies are found at ��� and ���km
depths� They are weaker at �� and �� km�
Since a precise mapping of the Ivrea body in ��D was

the main objective of this study� special care was taken
to check the reliability of the geometry and amplitude
of the related velocity anomaly� Most of our synthetic
tests focussed on this anomaly� In the �nal input model
of Plate a� the Ivrea body is modeled as a �� to �� km
thick north�south elongated prism with a roof at �� km
and a slight eastward plunge� Its velocity is �� km s��

at �� km as measured from refraction data �Closs and
Labrouste� ����� Berckhemer� ���
�� At ��� ��� and ��
km we had to increase the input velocity to ��
 km s��

to keep the anomalies of the output model �Plate b� as
close as possible to the ones obtained by inversion of ob�
served data �Plate c�� The geometry of this prism ap�
proximately mimics the high�velocity anomaly of Plate
c� The �rst observation that can be made from the re�
sult of the inversion of the synthetic data set �Plate b�
is the vertical smearing of the high�velocity anomaly at
� km and to a much lesser extent at � km� Note that on
both depth slices the leakage induces a series of arti��
cial anomalies which are very similar both in amplitude
and position to the ones computed by inversion of ob�
served data �shown in Plate c�� particularly north of
��N� We can conclude from this observation that the
depth to the roof of the actual Ivrea is probably very
close to �� km in this area� Note that the same depth
was measured by Closs and Labrouste ������ using re�
fraction pro�ling between Brian�con and Torino in the
northern part of our study region�
The comparison of Plates a� b and c also gives

insights on the quality of the image at �� and �� km
which are the best resolved depth slices as far as the
Ivrea body is considered� First� it con�rms what can
also deduced from the examination of the spread func�
tion contours� the resolution varies signi�cantly along
the strike of the body� inducing arti�cial variations of
the anomaly strength and shape� For example� Plate
c documents an attenuation of the anomaly at ���km
depth and ���N which can also be seen in Plate c�
whereas the synthetic input model is continuous in this
place� The disappearance of the anomaly north of ��N
on both the ��� and ���km�depth slices which also ap�
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pears both in Plates b and c is clearly an artefact of
the heterogeneous ray coverage� Second� the compari�
son of Plates a and b shows that the boundaries of
the anomaly are well resolved in its southern part� both
for the lateral and the southern limits� This is par�
ticularly true at �� km where the inversion is able to
retrieve the thinning of the anomaly at its southern tip�
The de�nition of the western limit is very good south of
��N� which suggests that the sharp western boundary
documented by Plate c is reliable� We can also trust
the observation that the Ivrea seismic body extends to
the south as far as �� km north of the surface trace of
the FPT� This result was con�rmed by other synthetic
tests where we checked that a southward or northward
���km shift of the southern extremity of the anomaly is
retrieved by the inversion� Other tests also con�rmed
the ability of the inversion to image a very thin �� km�
body� Finally� one can note that the inversion is un�
able to retrieve the amplitude of the anomaly and its
very sharp edges� Actually� only a few nodes of the ���
km plane reach a velocity larger than ��� km s�� after
inversion� although the input velocity was �� km s���
The same observation can be made for the ���km node
plane� and the mis�t is even larger at �� km� As al�
ready mentioned for other anomalies of the model� this
mis�t shows that the velocities resulting from the inver�
sion are underestimated� However� the good similarity
between the output of the synthetic model �Plate b�
and the result of the inversion of the real data �Plate
c� shows that the actual geometry and amplitude of
the Ivrea P velocity anomaly could be very close to the
input model of Plate a�

The depth slices at ��� ��� and �� km in Plates b
and c display anomalies of similar magnitudes� with
an attenuation of the anomaly strength at �� km with
respect to �� and �� km� Consequently� the continuous
homogeneous prism of Plate a leads after inversion to a
discontinuous velocity anomaly with an arti�cial weak�
ening at �� km which could be due to the change in
spacing between node layers at �� km� This shows that
the apparent attenuation of the anomaly strength at ��
km� which could be interpreted as a division of the Ivrea
body in two units� is also an artefact of the ray cover�
age� This was also somewhat apparent from the spread
function contours in Plate �� We also tested that the
weakening of the anomaly at �� km is not simply the
result of vertical smearing from a deeper high�velocity
body� A synthetic model was constructed in that aim�
with a high�velocity anomaly restricted to the ��� and
���km�depth layers and no anomaly at �� km� This test
proved that the vertical leakage of a vertically discontin�

uous high�velocity body cannot explain the anomalies
observed at �� km� At �� km the comparison of Plates
a and b shows that the resolution of the eastern limit
is reasonable� Since there is no such sharp boundary
in the �observations� �Plate c�� we conclude that the
high�velocity body extends farther east than what was
considered in Plate a� Note that the strengthening of
the VP anomaly at �� km in the inversion of observed
data �Plates � and c� can result from the limitation of
the inversion to this depth� inducing an arti�cial map�
ping of deeper anomalies onto the bottom model bor�
der� However� we checked by enabling changes in the
velocities of the ���km�depth node layer that this e	ect
remains weak�

A striking point that can be emphasized fromPlates �
and � is the concentration of hypocenters of the Piemont
seismic arc at the western edge of the high�velocity Ivrea
body between ��� and ���km depth� Struck by the co�
incidence between the seismic arc and the western �ank
of the Bouguer gravity anomaly� Thouvenot ������ had
�rst described this feature� Deeper seismicity located
between �� and �� km under the eastern edge of Dora
Maira and the westermost Po plain appears more to be
distributed inside the anomaly than concentrated along
one of its edges� Note that the seismicity of the Piemont
arc appears more di	use and less clearly related to the
Ivrea anomaly in cross section D because the cross sec�
tion is not perpendicular to the trend of the seismic
arc �the angle between them is � ���� As already
mentioned� no VP �VS lateral variation is related to the
Ivrea P velocity anomaly�
Figure � shows a comparison between the so�called

Ivrea gravity anomaly and the P wave velocity map at
�� km� The spatial coincidence between the two anoma�
lies is acceptable� although the gravity high is shifted
eastward with respect to the high�velocity spot� This
shift could be explained by the eastward plunge of the
high�velocity prism with increasing depth documented�
for example� in Plate �� or by strong lateral changes
in Moho depth which also a	ect the Bouguer anomaly�
The continuity of the dense body in the north�south
direction expected from the continuity of the Bouguer
anomaly does not stand out in the velocity maps� As
mentioned earlier� this lack of continuity toward the
north is an artefact of the heterogeneous distribution of
ray paths�

�� Conclusions

The Ivrea geophysical body is the most puzzling
anomaly in the crustal structure of the western Alps and
is even one of the most remarkable anomalous features
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related to the deep structure of any mountain range�
Getting a better resolution ��D image of the related
high P velocity anomaly was the main objective of this
study� A dense network of portable seismographs was
deployed in that aim during the second half of �����
which� in complement to the permanent monitoring sta�
tions� reduced the interstation distance to � �� km�
Although it remains moderate� the level of seismicity is
higher in the southwestern termination of the Alps than
in most other places in this mountain range� which was
another reason why this study zone had been selected
for a local earthquake tomography experiment� Thanks
to the density of the network and to the addition of a
number of deep earthquakes located under the Po plain
and recorded by the permanent network of Genova uni�
versity outside the experiment period� we succeeded to
calculate images of the crust of the southwestern Alps
with unprecedented high resolution� As documented by
synthetic data testing� the horizontal resolution is � km�
Because of the preferred orientation of the ray paths in
the vertical direction �small�magnitude earthquakes are
often only recorded by stations located above their foci��
the resolution was � �� km in the vertical direction�

The present study also covers an area of the Penninic
and external zones of the southwestern Alps which had
never been probed by active or passive seismological
imaging techniques� At shallow depths the tomogra�
phy reveals a rather thick low velocity anomaly in the
region of the Digne and Castellane nappes� Although
the anomaly is clearly visible� its amplitude is certainly
underestimated due to the poor ray coverage in that
zone as shown by the average station residuals which
remain strongly positive after inversion� This veloc�
ity anomaly coincides with a gravity low in the new
Bouguer anomaly map of the southern Alps �Masson et
al�� ����� and is interpreted as the image of the thick
sedimentary sequence of the nappe pile or as an indi�
cator of a hidden basin buried beneath the nappes� A
second outstanding result is the high�velocity anomaly
detected beneath the Monviso ophiolite surface expo�
sure� The size of the anomaly indicates that the ophi�
olitic body has a greater extension at depth than what
was expected considering the limited size of the surface
outcrop and the modeling of the magnetic anomaly by
Lanza ������� The high�velocity body �very clear in the
��km�depth slice of the ��D model� is also shifted south�
ward with respect to the surface exposure� in agree�
ment with the northward attenuation of the magnetic
anomaly� This result is an important element for the
construction of new crustal�scale interpretative struc�
tural cross sections of the range and a better under�

standing of the Alpine orogeny �Schwartz et al�� �����
Schwartz� ������

As pointed out above� this local earthquake tomog�
raphy provides the �rst direct image of the southern
termination of the Ivrea body� It is characterized by a
strong velocity anomaly with very sharp edges� The top
part of the anomaly at �� km is rather thin �east�west
extension of �� to �� km� and stops abruptly �� km
north of the surface trace of the FPT between the Dora
Maira and Argentera crystalline massifs� A striking
point is the concentration of hypocenters of the Piemont
arc on the western edge of the velocity anomaly� We
can therefore suggest a clear relationship between the
crustal structure and the present�day stress �eld within
the belt� The deeper events beneath the eastern �ank
of the Dora Maira massif and the westernmost Po plain�
which were referred to as the Padane arc by Thouvenot
������� appear� on the contrary� to be located inside the
high�velocity anomaly�

Using the inversion of synthetic sets of travel times�
we have shown that the high�velocity body is more prob�
ably continuous with depth than separated in two dis�
tinct units� Unfortunately� the lack of resolution north
of ��N at ��� and ���km depth makes it impossible to
image the along�strike variations in strength or shape of
the high�velocity anomaly� Farther north �at ����N�� a
new crustal�scale cross section of the western Alps� re�
cently proposed by Schmid and Kissling ������ from the
ECORS�CROP deep seismic pro�le in combinationwith
the local earthquake tomography �LET� by Solarino et
al� ������� did not show any indication of a separation
of the body in two units� It is� however� questionable
whether the resolution of their LET is su�cient to im�
age such a separation�

Because of the lack of ray paths crossing the west�
ern part of the model at depths larger than �� km� this
inversion provides no constraint on a possible exten�
sion of the deeper part of the body westward beneath
the Brian�connais zone as hypothesised by M�enard and
Thouvenot ���
�� Note that Schmid and Kissling ������
reject this hypothesis and propose that the re�ector im�
aged by fan pro�les during the ECORS�CROP seismic
experiments �ECORS�CROP DSS Group� ��	�� is the
top of a series of duplexes of European lower crust� New
advances on this particular problem are expected from
the analysis of the refraction and wide�angle re�ection
seismic data recorded in September ����� during an�
other experiment which was also part of the G�eofrance
��D programme� Furthermore� additional information
will be provided from the comparison of the ��D ve�
locity model with the gravity data� which is currently
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under process�

Acknowledgments� We warmly thank all the people
who participated in the �eld work of the �

� experiment�
particularly R� Guiguet� L� Jenatton� B� Lebrun� and C�
Sue� The paper bene�ted much from stimulating discus�
sions inside the G�eofrance �D Alpes working group� Special
thanks to M� Tardy� J��M� Lardeaux� and P� Ledru for their
support and to E� Kissling and C� Papazachos for their con�
structive reviews� Most �gures were plotted using the GMT
software package� Numerical computations were performed
at the Service Commun de Calcul Intensif de l�Observatoire
de Grenoble� This is G�eofrance��D publication ����

References

Berckhemer H�� Topographie des Ivrea�K�orpers� abgeleitet
aus seismischen und gravimetrischen Daten� Schweiz� Min�

eral� Petrogr� Mitt�� ��� �����	�� �
���
Cattaneo� M�� P� Augliera� S� Parolai� and D� Spallarossa�

Anomalously deep earthquakes in northwestern Italy� J�
Seismol�� �� 	���	��� �


�

Christensen� N�I�� Poissons�s ratio and crustal seismology� J�
Geophys� Res�� ���� ���
������ �

��

Closs H�� and Y� Labrouste� Recherches s�eismologiques dans
les Alpes occidentales au moyen de grandes explosions en
�
��� �
�� et �
��� M�em� Coll� Ann� G�eophys� Int�� �	�
�	� pp�� CNRS� Paris� �
���

Eberhart�Phillips� D�� Local earthquake tomography � earth�
quake source regions� in Seismic Tomography
 Theory and

Practice� edited by H�M� Iyer and K� Irahara� pp� �����	��
Chapman and Hall� New York� �

��

ECORS�CROP Deep Seismic Sounding DSS� Group� A
new picture of the Moho under the western Alps� Nature�
���� �	
����� �
�
�

Evans� J�R�� D� Eberhart�Phillips� and C�H� Thurber� User�s
manual for SIMULPS�� for imaging VP and VP �VS � A
derivative of the �Thurber� tomographic inversion SI�
MUL� for local earthquakes and explosions� U�S� Geol�
Surv� Open File Rep�� ������� �

	�

Froidevaux� P�� and A� Guillaume� Contribution �a l�analyse
structurale des Alpes liguro�pi�emontaises par l��etude du
champ magn�etique terrestre� Tectonophysics� �� ��
�����
�
�
�

Groupe de Recherche G�eofrance �D� G�eofrance �D� L�imagerie
g�eologique et g�eophysique du sous�sol de la France� M�em�
Soc� G�eol� Fr�� ��	� ������ �

��

Haslinger� F�� E� Kissling� J� Ansorge� D� Hatzfeld� E� Pa�
padimitriou� V� Karakostas� K� Makropoulos� H��G� Kahle�
and Y� Peter� �D crustal structure from local earthquake
tomography around the Gulf of Arta Ionian region� NW
Greece�� Tectonophysics� ���� �������� �


�

Hauksson� E�� and J�S� Haase� Three�dimensional VP and
VP �VS velocity models of the Los Angeles basin and cen�
tral Transverse Ranges� California� J� Geophys� Res�� ��	�
�	����	��� �

��

Kissling� E�� Deep structure of the Alps � what do we really
know� Phys� Earth Planet� Inter�� ��� ������� �

��

Kissling� E�� W�L� Ellsworth� and R� Cockerham� Three�
dimensional structure of the Long Valley Caldera� Cali�
fornia� region by geotomography� U�S� Geol� Surv� Open

File Rep�� ������� �������� �
�	�
Kissling� E�� W�L� Ellsworth� D� Eberhart�Phillips� and U�

Kradolfer� Initial reference models in local earthquake to�
mography� J� Geophys� Res�� ��� �
������
��	�� �

	�

Lanza� R�� Pro�li magnatici et di gravit�a nelle Alpi occiden�
tali� Riv� It� Geo�s�� ��� �������� �
���

Lee� W�H�� and J�E� Lahr� HYPO��� A computer program
for determining hypocenter� magnitude and �rst�motion
pattern of local earthquakes� U�S� Geol� Surv� Open File
Rep�� ������ �
���

Masson� F�� J� Verdun� R� Bayer� and N� Debeglia� Une
nouvelle carte gravim�etrique des Alpes occidentales et ses
cons�equences structurales et tectoniques� C�R� Acad� Sci��
Ser� IIA� �	�� �������� �


�

M�enard� G�� and P� Molnar� Collapse of a Hercynian Tibetan
Plateau into a late Paleozoic European Basin and Range
province� Nature� ���� �������� �
���

M�enard� G�� and F� Thouvenot� Ecaillage de la lithosph�ere
europ�eenne sous les Alpes occidentales� arguments grav�
im�etriques et sismiques li�es �a l�anomalie d�Ivrea� Bull�

Soc� G�eol� Fr�� XXVI� ������	� �
�	�
Michelini� A�� and T�V� Mac Evilly� Seismological studies at

Park�eld� I� Simultaneous inversion for velocity structure
and hypocenters using cubic B�splines parameterization�
Bull� Seismol� Soc� Am�� ��� ��	����� �

��

Nicolas� A�� A� Hirn� R� Nicolich� R� Polino� and ECORS�
CROP Working Group� Lithospheric wedging in the west�
ern Alps inferred from the ECORS�CROP traverse� Geol�
ogy� ��� �����
�� �

��

Ritz� J�F�� Evolution du champ de contraintes dans les Alpes
du Sud depuis la �n de l�Oligoc�ene� Implications sismo�
tectoniques� Ph�D� thesis� ��� pp�� Univ� Montpellier II�
Montpellier� France� �

��

Roth�e� J�P�� Les s�eismes des Alpes fran�caises en �
�� et la
s�eismicit�e des Alpes occidentales� Ann� Inst� Phys� Globe
Strasbourg� �� ������ �
	��

Roure� F�� R� Polino� and R� Nicolich� Early Neogene de�
formation beneath the Po Plain� Constraints on the post�
collisional Alpine evolution� in Deep Structure of the Alps�

edited by F� Roure et al�� M�em� Soc� G�eol� Fr�� ��� ��
�
���� �

��

Roure� F�� P� Choukroune� and R� Polino� Deep seimic re�
�ection data and new insights on the bulk geometry of
mountain ranges� C�R� Acad� Sci�� Ser� IIA� �		� �	��
��
� �

��

Schmid� S�M�� and E� Kissling� The arc of the western Alps
in the light of geophysical data on deep crustal structure�
Tectonics� ��� ������ �����

Schwartz� S�� La zone Pi�emontaise des Alpes occidentales�
un pal�eo�complexe de subduction� Arguments m�etamor�
phiques� g�eochronologiques et structuraux� Ph�D� thesis�
�	� pp�� Univ� Claude Bernard Lyon I� Lyon� France�
�����

Schwartz� S�� J�M� Lardeaux� A� Paul� P� Tricart� and G�
Poupeau� Signi�cance of syn�convergence extension in the
western Alps revealed by �ssion track analysis and geo�
physical modelling abstract�� 	th workshop on Alpine
Geological Studies� T�ubingen� T�ubingen Geowiss� Arbeit��
Ser� A� 	� ����
� �


�

Schwartz� S�� J�M� Lardeaux� S� Guillot� and P� Tricart� Di�
versit�e du m�etamorphisme �eclogitique au sein du mas�
sif ophiolitique du Monviso Alpes occidentales� Italie��



�

Geodin� Acta� ��� ��
����� �����
Sellami� S�� E� Kissling� F� Thouvenot� and J� Fr�echet� Initial

reference velocity model for seismic tomography in the
western Alps� Abstract Suppl� E�G�S� XX� Eur� Geophys�
Soc�� Hamburg� Germany� �

��

Solarino� S�� E� Kissling� S� Sellami� S� Smriglio� F� Thou�
venot� M� Granet� K�P� Bonjer and D� Sleijko� Compila�
tion of a recent seismicity data base of the greater Alpine
region from several seismological networks and prelimi�
nary �D tomographic results� Ann� di Geo�s�� XL� ����
��	� �

��

Sue� C�� Dynamique actuelle et r�ecente des Alpes occi�
dentales internes� Ph�D� thesis� ��� pp�� Univ� Joseph
Fourier� Grenoble� France� �

��

Sue� C�� and P� Tricart� Late alpine brittle extension above
the Frontal Pennine thrust near Brian�con� France� Eclogae
Geol� Helv�� �	� �������� �


�

Sue� C�� F� Thouvenot� J� Fr�echet� and P� Tricart� Wide�
spread extension in the core of the western Alps revealed
by earthquake analysis� J� Geophys� Res�� ���� �������
������� �


�

Thouvenot� F�� Aspects g�eophysiques et structuraux des
Alpes occidentales et de trois autres orog�enes Atlas�
Pyr�en�ees� Oural�� thesis� ��� pp�� Univ� Joseph Fourier�
Grenoble� France� �

��

Thurber� C�H�� Earthquake locations and three�dimensional
crustal structure in the Coyote Lake area� central Califor�
nia� J� Geophys� Res�� ��� ���������� �
���

Thurber� C�H�� Local earthquake tomography� Velocities
and VP �VS � Theory� in Seismic Tomography
 Theory and
Practice� pp� �������� edited by H�M� Iyer and K� Irahara�
Chapman and Hall� New York� �

��

Toomey� D�R�� and G�R� Foulger� Tomographic inversion of
local earthquake data from the Hengill�Grensdalur central
volcano complex� Iceland� J� Geophys� Res�� ��� ��	
��
������ �
�
�

Um� J�� and C�H� Thurber� A fast algorithm for two�point
seismic ray tracing� Bull� Seismol� Soc� Am�� ��� 
���
���
�
���

Waldhauser� F�� E� Kissling� J� Ansorge� and St� Mueller�
Three�dimensional interface modelling with two�dimen�
sional seismic data� The Alpine crust�mantle boundary�
Geophys� J� Int�� ��� ��	����� �

��

N� B�ethoux� G�eosciences Azur� Universit�e de Nice and
CNRS� ��� rue Albert Einstein� ����� Valbonne� France�
bethoux�geoazur�unice�fr�

M� Cattaneo� Istituto Nazionale di Geo�sica� Via di Vigna
Murata ���� ���	� Roma� Italy� cattaneo�ingrm�it�

J� Fr�echet� A� Paul� and F� Thouvenot� Laboratoire de
G�eophysique Interne et Tectonophysique� CNRS and Uni�
versit�e Joseph Fourier� BP ��� ���	� Grenoble Cedex 
�
France� Julien�Frechet�ujf�grenoble�fr� Anne�Paul�ujf�
grenoble�fr� Francois�Thouvenot�ujf�grenoble�fr�

D� Spallarossa� Dipartimento Scienze della Terra� Univer�
sit�a di Genova� Viale Benedetto XV� �� ����� Genova� Italy�
daniele�dister�unige�it�

Received March ��� ����� revised March ��� �����
accepted April �� ������

�Laboratoire de G�eophysique Interne et Tectonophysique�
CNRS and Universit�e Joseph Fourier� Grenoble� France�

�Dipartimento Scienze della Terra� Universit�a di Genova�
Genova� Italy�

�Now at Istituto Nazionale di Geo�sica� Roma� Italy�
�G�eosciences Azur� Universit�e de Nice and CNRS� Nice�

France�

Copyright ���� by the American Geophysical Union�

Paper number ����JB�������
��	��������������JB��������
���



��

6˚ 7˚ 8˚

44˚

45˚

46˚

Grenoble
Torino

Briancon

Gap

Cuneo

Ivrea

Digne

Castellane

Chambéry

Annecy

6˚ 7˚ 8˚

44˚

45˚

46˚

0 10 20 30
km Ar

Px

DM

Vi

L

M
BAR

B

GP

S

DBl

FPT
F

P
T

FBT

CL

Po plain

A B C D
1
2
3

4
5
6

7
8
9

ECORS-CROP

France

Switzerland

Italy

1 2 3 4 5 6 7 8 9

Figure �� Simpli�ed structural map of the western Alps�
Three�component and single�component stations perma�
nent and temporary� are plotted as solid stars and solid
triangles� respectively� Note that six stations used in this
study are located slightly out of the region shown on the
map� The study region represented in subsequent �gures is
outlined by the box� A� single�component permanent seismic
station� B� three�component permanent station� C� single�
component temporary station� D� three�component tempo�
rary station� �� Meso�cenozoic sedimentary cover of the ex�
ternal crystalline massifs� �� external crystalline massifs� ��
internal nappes thrust onto the external zone in particu�
lar� the pellicular �Flysch �a Helmintho��des� nappe�� 	� Bri�
an�connais and Sub�brian�connais Zones� �� Piemont Zone� ��
internal crystalline massifs� �� main ophiolites� �� Austro�

alpine nappes� 
� Ivrea Zone� Ar� Argentera� DM� Dora
Maira� Px� Pelvoux� Vi� Monviso� FPT� Frontal Penninic
Thrust� FBT� Frontal Brian�connais Thrust� B� Belledonne�
AR� Aiguilles Rouges� MB� Mont�Blanc� GP� Gran Paradiso�
DBl� Dent Blanche� S� Sesia Zone� L� Lanzo massif� CL�
Canavese Line�



��

6˚

6˚

7˚

7˚

8˚

8˚

44˚ 44˚

45˚ 45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚ 44˚

45˚ 45˚

FPT

F
P

T

FBT

To

Br

Ga

Cu

Di

Ca

-5

0

5

10

15

20

25

30

35

40

45

50

55

60
km

0

10

20

30

40

50

60

70

6˚

6˚

7˚

7˚

8˚

8˚

44˚ 44˚

45˚ 45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚ 44˚

45˚ 45˚

To

Br

Ga

Cu

Di

Ca

0

10

20

30

40

50

60

70

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

a b

Figure �� a� Locations of earthquakes before ��D inver�
sion top� on a simpli�ed structural map and bottom� on
an east�west cross section at a one�by�one scale� Hypocen�
ters are plotted as shaded circles with darkness increasing
with depth� Towns are Br� Brian�con� Ga� Gap� To� Torino�
Di� Digne� Ca� Castellane� Cu� Cuneo� b� The three grids
used in the ��D inversion� 	� km stars�� �� km squares��
and �nal short�spacing grid � and �� km� crosses��
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Figure �� Results of the inversion for a ��D model VP ��
Note that we do not show velocites in the half�space z �
�� km� because they are not reliable� a� One hundred ran�
dom initial VP models generated from the updated a priori
model� b� The �� resulting models giving a variance smaller
than ���� s� after �� iterations� Note the convergence to
a narrow distribution of VP between � and �� km depth�
c� The �� new random initial models generated from the
best model of Figure �b modi�ed to suppress too thin lay�
ers in poorly resolved depth zones� d� Final result of ��D
inversion� 	� models are plotted� Note the concentration
of velocities around a single model which was consequently
chosen as initial reference model in the ��D inversion�
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Figure �� Data mis�t versus model length for top� P and
bottom� S�P data sets for the direct DIR� and gradational
GRAD� inversions�
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Figure �� a� b� Derivative weight sum DWS� and c� d�
diagonal value of the resolution matrix DRM� versus spread
function values for VP Figures �a and �c� and VP �VS Fig�
ures �b and �d� models computed from the direct inver�
sion for the �ne grid� The arrows indicate the threshold of
spread�function chosen to delineate poorly resolved areas in
subsequent velocity maps�
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Plate �a� Map view slices of the ��D VP model computed
from direct inversion� a� Slices at �� �� ��� and �� km depth�
Unresolved regions with spread function values larger than
� are shaded� The thick and thin white lines are the � and
	 contours of the spread function of the resolution matrix�
Hypocenters located in a ��km�thick depth slice centered on
the layer depth are plotted as white circles on each map�
In the map view at �� km� the depth range considered for
hypocenters is �� km� Station locations are plotted as black
triangles on the ��km depth slice� Each map shows the ve�
locity grid nodes as black dots� The main structural con�

tours simpli�ed from Figure � are plotted as black lines�
The dotted red line is the border between France and Italy�
Abbreviations are the same as in Figures � and ��
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c Inversion of observed traveltimes

Plate �c� Results of the inversion of observed travel times
same as Plate �� plotted using the same color scale as Plate
	b for comparison� Note that here we plot the variations in
percents� of VP with respect to the initial ��D model�



��

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-6

-2

-2

-2

2

2

2

2

2

2

6

6

6

10

10 10

Depth 0 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-6

-2

-2

-2

2

2

Depth 5 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

Depth 10 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-2
-2

2
2

2

2

2

2

6

66

10

Depth 0 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-2

-2

-2

2

2

2

2

Depth 5 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-2

-2
2

Depth 10 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-2

-2

2

2

2

2

2

2

6

6

6

Depth 0 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-2

-2-2

-2

-2

2

2

2

2

Depth 5 km

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

6˚

6˚

7˚

7˚

8˚

8˚

44˚

45˚

-2

-2

2

2

Depth 10 km

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

-10 -8 -6 -4 -2 0 2 4 6 8 10

Vp/Vs anomaly (%)

a

b

c

Input Vp/Vs model

Inversion of synthetic traveltimes

Inversion of observed traveltimes

Plate �� a� The ��� �� and ���km�depth slices of the syn�
thetic VP �VS model set up to test the resolution of the in�
version� b� Results of the inversion of the set of travel times
computed in the model shown in Plate �a� c� Results of the
inversion of observed travel times same as Plate ��� As

in Plate 	� the color scale shows variations in VP �VS with
respect to the homogeneous VP �VS������ initial model�
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Figure �� Comparison between the high velocity anomaly
at ���km depth and the strong positive Bouguer anomaly
associated with the Ivrea body� Only isolines for anomaly
values larger than �	� mGal are plotted with a spacing of ��
mGal� The dotted line is the � contour of the spread func�
tion of the resolution matrix� Gravity data were compiled
by Masson et al�  �
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