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A three-dimensional crustal velocity model of the 
southwestern Alps from local earthquake tomography 

Anne Paul, 1 Marco Cattaneo, 2'3 Francois Thouvenot, 1 Daniele Spallarossa, 
Nicole B•thoux, 4 and Julien Fr•chet 1 

Abstract. A temporary network of 65 short-period seismological stations •vas 
installed in the southwestern Alps during the second half of 1996. It complemented 
the permanent monitoring networks, obtaining an average interstation distance 
of • 10 kin. Travel time data from 446 local earthquakes and 104 quarry blasts 
•vere inverted simultaneously for hypocenter parameters and three-dimensional 
volnclty stru•t,,-• wh• p .......... •-•;•,• model displays o• ... • .... • -.. ß .... • 
both •t shallow •nd deeper levels. A low-velocity •nom•ly stands out •t shallow 
depths beneath the Digne •nd C•stell•ne n•ppes in the southwestern p•rt of the 
investigated •re•. F•rther e•st, the Monviso ophiolitic m•ssif •ppe•rs to h•ve • 
much l•rger extension •t depth th•n previously assumed. The l•rgest •nd strongest 
•nom•ly is located under the Dor• M•ira m•sif a•d the •vesternmost Pc plain. 
It corrd•t. es with the well-kno•vn Ivre• body, which is classically interpreted •s • 
wedge of Adriatic •pper m•ntle. At the best resolved depths (10 •nd 15 kin) it 
•ppe•rs •s • r•ther thin (10 to 15 km)• north-south elongated, high-velocity (7.4 to 
7.7 km s -1) •nom•ly with very sharp edges• extending to the south as f•.r •s 10 km 
north of the surface tr•ce of the Frontal Pennink Thrust. Special c•re w•s t•ken 
with regard t,o the quantitative estimation of the resolution for the m•in •,nom•,lies 
u•ing the inversion of synthetic travel time d•t•. 

1. 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, 1993]. The 
first 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 offset subinterfaces. According to 
the latest •nodel elaborated by Waldhauser et al. [1998] 
from a thorough review of availa, ble data. and 3-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 a.t 
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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 effect 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 
Lab•'oustc. 1963; Berckhemcr, 1968; Mdnard and Thou- 
vcnot, 1984]. The Bouguer anomaly map displays a 
very strong positive anomaly between the lnsubric Line 
in the north and the south of the Dora. Maira Mas- 

sif. It was first modeled by Bc•'ckhc'•ncr [1968] as 
a "bird-shaped," shallow (10-to-20-km depth), high- 
density body. Refraction and wide-angle reflection pro- 
files recorded between 1958 and 1966 proved the exis- 
tence of a high-velocity body (apparent velocity of 7.4 
km s -1) which was interpreted as a wedge of anoma- 
lous upper mantle [Closs and Labroustc, 1963; Bcrckhe- 
mcr, 1968]. The Ivrea body also has a strong magnetic 
signature, as recognized by Lanza [1975] and Froide- 
vawc and Guillaume [1979]. From 2-D modeling of the 
Bouguer anomaly combined with reinterpretations of 
seismic data, Mdnard and Thouvenot [1984] proposed 
a new structural model based on a hypothetical flak- 
ing of the European lithosphere. In their interpretation 
the Ivrea body is split up into three units: the surface 
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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 1); 
the main unit, at • 10-km depth, is connected to the 
Frontal Penninic Thrust; and the lower unit, located at 
30-kin 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 first, proposed by M•nard and Thouvenot [1984], 
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 Crofite conti- 
nentale et Ocdanique par Rdflexion et rdfraction Sis- 
mique- Crosta Profonda) profile (see location in Fig- 
ure 1) which showed a reflector at 30-kin depth below 
the Piemont and Briangonnais zones south of the Gran 
Paradiso Massif [ECORS-CROP Deep Seismic Sound- 
ing (DSS) Group, 1989]. It was interpreted by ECORS- 
CROP DSS Group [1989] and Nicolas et al. [1990] as 
the top of a mantle wedge sliced off from the Euro- 
pean lithosphere by extensive flaking and by Route et 
al. [1990] as a result of wedge-shaped indentation of 
Adriatic mantle into the European lithosphere. More 
recently, Route et al. [1996] suggested that the reflector 
at, 30-km depth could be interpreted as the top of Euro- 
pean lower crust rather than mantle material. ,_qchmid 
and A'issling [2000] used the ECORS-C. ROP seismic 
data, combined with the inversion of local earthquake 
data by Solatiao et al. [1997], 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 
20- and 35-km depth, 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 3-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 reflection profiling 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 flamework of 
the Gdofrance 3-D Alpes project [Groupe de Recherche 
G•ofrance $D, 1997], 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 1996. Permanent monitoring net- 
works were densifted by using portable seismic stations 

and more than 1000 regional earthquakes were recorded 
during the experiment. This paper presents the results 
of the local earthquake tomography conducted from this 
data set. 

2. Data and Analysis 
2.1. Data Set 

Between August. 1996 and January 1997, French and 
Italian teams installed a temporary network of 65 (of 
which 45 were three-component) portable seismographs 
in the southwestern Alps (Figure 1). It complemented 
the 55 (of which 6 were three-component) permanent 
stations of the Grenoble, Strasbourg, Nice, and Gen- 
ova. universities, thus decreasing the average intersta- 
tion distance to • 10 km. This experi•nent primarily 
aimed at improving our understanding of the present- 
day strain field of the region from precise earthquake 
locations and focal solutions and at imaging the 3-D 
structure of the upper crust by local earthquake tomog- 
raphy. 

More than 1000 regional earthquakes with local mag- 
nitude between-0.5 and 4.2 were recorded, among which 
730 could be located reliably by using an updated ver- 
sion of the HYPO71 program [Lee and Lahr, 1975] 
which takes station elevation into account. For the in- 
version of arrival times, 347 events with at least five 
P and three S arrivals, an azimuthal gap smaller than 
180 ø, and an RMS smaller than 1 s were selected. It 
should be noted that this selected data set was verified 

by one person to insure the quality and the homogeneity 
of data that had initially been picked by different teams. 
At this stage, the use of the interactive picking and loca- 
tion software developed at the Observatoire de Grenoble 
(Pickev97) proved essential. The picking error is 0.01 s 
for P and 0.02 s for S arrivals with strongest weight, and 
0.5 s for P and i s for S with smallest weight. The av- 
erage number of picked arrivals for a single event is 33, 
among which 17 are P and 16 S-P. Since the maximum 
depth of these events is --• 20 kin, we added 99 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., 1999]. On average, these events have 12 P 
and 11 S-P picked arrivals. Finally, picks of 104 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 15,462 arrival times 
with nonzero weight (8194 P and 7268 S-P) for 550 
events recorded at 120 s•ations. One hundred and three 

stations were located inside the study region shown in 
Figure 1 (43.75øN - 45.25øN; 6øE - 8øE ), while 17 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 2a. Because of the limited pe- 
riod of the experiment the map only partially shows the 
concentration of epicenters along the two seismic arcs 
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Figure 1. Simplified structural map of the western Alps. Three-component and single- 
component stations (permanent and temporary) are plotted as solid stars and solid triangles, 
respectively. Note that six stations used in this st,udy are located slightly out of the region shown 
on the map. The study region represented in subsequent figures is outlined by the box. A, 
single-component permanent seismic station; B, three-component permanent. station; C, single- 
component temporary station; D, three-component temporary station; 1, Meso-cenozoic sedimen- 
tary cover of the external crystalline massifs; 2, external crystalline massifs; 3, internal nappes 
thrus[ onto the external zone (in particular, the pellicular "Flysch a Helminthø¾des" nappe); 4, 
Briangonnais and Sub-briangonnais Zones; 5, Piemont Zone; 6, internal crystalline massifs; 7, 
main ophiolites; 8, Austro-alpine nappes; 9, Ivrea Zone; At, Argentera; DM, Dora. Malta.; Px, 
Pelvoux; Vi, Monviso; FPT, Frontal Penninic Thrust; FBT, Frontal Brianc•onnais Thrust; B, 
Belledonne; AR, Aiguilles Rouges; MB, Mont-Blanc; GP, Gran Paradiso; DB1, Dent Blanche; S, 
Sesia Zone; L, Lanzo massif; CL, Canavese Line. 
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Figure 2. (a) Locations of earthquakes before 3-D inversion (top) on a simplified structural 
map and (bottom) on an east-west cross sectira} at a one-by-one scale. Hypocenters are plotted 
as shaded circles with darkness increasing with depth. Towns are Br, Brianqon; Ga, Gap; To, 
Torino; Di, Digne; Ca, Castellane; Cu, Cuneo. (b) The three grids used in the 3-D inversion, 40 
km (stars), 20 km (squares), and final short-spacing grid (5 and 10 km, crosses). 

first described by Rothd [1941] and imaged in detail by 
Thouvenot [1996], Sue [1998], and Sue et al. [1999]: 
the Brianc. onnais arc in the Brianc. onnais zone and the 
Piemont arc farther east. Most of the activity of the 
latter clusters along a remarkable N170øalignment be- 
tween the southwestern termination of the Dora Malta 

massif and the Argentera massif. The seismicity of the 
external zones is more diffuse. The cross section of Fig- 
ure 2a documents the increase of focal depths from west 
to east. While the seismicity of the external zones and 
the Briangonnais arc is shallower than • 10 km, earth- 
quakes of the Piemont arc are located mainly between $ 
and 20 km depth. Farther east, they reach depths down 
to 70 km under the Po plain. In their analysis of this 
anomalous deep seismicity, Cartanco st al. [1999] even 
reported events with focal depths reaching 110 to 120 
km. It can be expected that this heterogeneous distri- 
bution of focal depths will have a strong influence on 
the resolution of the inversion for layers deeper than 10 
km. 

2.2. Computation of the Initial 1-D Model 

The solutions of an inverse problem of 3-D local 
earthquake tomography and their reliability strongly 
depend on the initial 1-D reference model, as shown 
by Kissling et al. [1994]. They claim that every 3-D 
inversion should start with a 1-D inversion to compute 
the so-called "minimum 1-D model" defined as the 1-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 different procedure from the one proposed by 
Kisslin# et al. [1994]. Our initial model was the mini- 
mum 1-D model computed by $ellami et al. [1995] from 
a seismicity data base covering all the western Alps. 
This initial velocity model includes 10 layers between 
-5 and 60 km with a Moho located at 38-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 
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Pn. Velocities in layers deeper than 20 to 30 km will 
therefore only be constrained by arrival times from the 
few deep events located below the eastern part of the 
studied area. 

We first compute an updated a priori model by con- 
ducting a series of successive 1-D inversions and relo- 
cations following the procedure described in step 2 of 
Kissling et al. [1994]. This second model is a refined 
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 
1-D inversion, as suggested by Kissling et al. [1994]. 
Second, we conducted a systematic search for the mini- 
mum 1-D model. From the updated a priori model, we 
generated a set of 100 new Vp and Vs velocity models 
by introducing random changes (uniform deviates) of 
layer velocities as large as 1 km s -• for Vp and 1/x/3 
for Vp/Vs (see •rp models in Figure 3a). 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- 
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Table 1. Initial 1-D Velocity Model for the 3-D 
Inversion 

-1 

Depth, km Vp, km s 

-5 5.OO 
0 5.70 
5 6.00 
10 6.20 
15 6.45 
20 6.49 
30 6.94 
50 8.00 

sion for an 1-D model. A plot of the velocity mod- 
els resulting from the 61 inversions that converge to 
variance smaller than 0.15 s 2 provides valuable knowl- 
edge of the variations of resolving power with depth 
(Figure 3b). Figure 3b also shows that the standard 
deviation on the velocities is still large for many layers, 
making the choice of the best model difiqcult. 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 randomly modified (maximum variations for 
0.5 km s -•, and for Vp/Vs, 0.5/v/3 ) to get a new set 
of 50 initial models which were again injected in the 
inversion process (Figure 3c). Since the standard de- 
viation on the layer velocities was reduced significantly 
(Figure 3d), we considered the final model giving the 
smallest variance after this new refinement step as the 
minimum 1-D model. It was used down to 30-km depth 
as the initial Vp model in the 3-D inversion (Table 1). 
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 1-D inversions. However, we considered a Moho 
depth of 50 km in the initial velocity model of Table 
i in agreement with the maximum depth measured in 
that region from seismic profiling. The 1-D inversions 
all lead to final Vp/Vs ratios between 1.65 and 1.75 for 
all layers except the shallowest (-5 and 0 km) and deep- 
est (50 kin) ones. Therefore we chose not to consider 
these rather weak depth variations of Vp/Vs, and we 
started the 3-D inversion from a simple homogeneous 
ratio (Vp/Vs=1.71) estimated from a Wadati diagram 
of the travel times Ts versus Tp. The hypocenter loca- 
tions computed in the minimum 1-D model and plotted 
in Figure 2a were also used as initial reference for the 
3-D inversion. 

The main advantage of this procedure is that it guar- 
antees the independence of the final 1-D model with 
respect to the updated a priori model by probing 
large part of the solution space. Note that we con- 
ducted this set of 1-D inversions by using both pro- 
grams VELEST [Kissling ½t al., 1984], which assumes 

constant velocities in layers, and SIMULPS [Thurber, 
1983, 1993; Eberhart-Phillips, 1993], which interpolates 
velocities between layers of nodes. The two programs 
gave similar results. With respect to a reference station 
in the Brianqonnais zone, we found negative station de- 
lays east of longitude 7øE in the region of the Ivrea body 
with a maximum delay of-0.7 s. Strong positive cor- 
rections as large as 1 s were found in the southwestern 
corner of the s[udied region. 

To evaluate the uncertainty on absolute event loca- 
tions in the minimum 1-D model, we used randomly 
shifted hypocenters as initial locations for an inver- 
sion for hypocenter location and measured the average 
shifts in final locations. As suggested, for example, by 
Haslinger et al. [1999], a random shift between 6 and 
8 km was applied in each direction to every hypocen- 
ter. The differences between relocated randomly shifted 
hypocenters and initial locations of the minimum 1-D 
model are, on average, 1 km in the vertical and 150 m in 
the horizontal directions for the 347 events of the tem- 

porary experiment data set, and 2.5 km in the vertical 
and 300 m in the horizontal directions for the 99 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. 

2.3. The 3-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. 12) by Thurber [1983, 1993] and Eberhart-Phillips 
[1993]. Starting from a 1-D velocity model and 
the corresponding preliminary locations of hypocenters, 
SIMULPS uses an iterative damped least squares inver- 
sion technique to compute V• and V•/Vs at nodes of 
a 3-D grid and new event locations that minimize the 
residuals between observed and computed travel times. 
Travel times in the 3-D model are computed using the 
approximate ray-tracing technique of Urn and Thurber 
[1987]. Velocities are interpolated linearly between grid 
points. 

Critical parameters of the 3-D inversion are the grid 
spacing, the damping values, the number of iterations, 
and the initial 1-D velocity model. Our reference model 
was the minimum 1-D model computed with the VE- 
LEST progrmn and presented in section 2.2. To assess 
the influence of the initial model on the inversion re- 

sults, we made tests using the 1-D model of Sellarni et 
al. [1995] and the minimum 1-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- 
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ities must be considered with caution since they differ 
when different initial velocity models are considered. 

The grid nodes used in the inversion are shown in 
Figure 2b. The grid area is 160 km wide in the north- 
south and east-west directions. In the vertical direc- 

tion we tested a number of different grids with spacings 
comprised between 2 and 5 km for the shallowest lay- 
ers. We finally chose to present the results obtained 
with the coarsest grid with node layers at -5, 0, 5, 10, 
15, 20, 30, and 50 km depth. This grid divides the 
model in more regular blocks than the 2-km spacing 
and is therefore expected to be less prone to vertical 
leakage, although our tests did not show significant dif- 
ferences. Only the outer nodes and those of the 50- 
km-depth layer were held fixed 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., N135ø), which led to 
very similar tomographic images. The density of 
tions and earthquakes was high enough to allow the use 
of a lateral grid spacing of 10 km. In the southern half 
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 5 km (Figure 2b). 

Following the suggestion of Eberhart-Phillips [1993], 
we tested two inversion procedures, the direct approach 
where data are inverted directly for the finely gridded 
3-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 
first for a coarse model with a 40-kin grid (Figure 2b); 
then velocities of the 40-km grid were interpolated lin- 
early with a 20-km grid. This new starting model and 
relocated hypocenters were in turn used to invert for a 
20-km grid model and so on to the finest gridded model 
with 10- and 5-km spacing. The gradational approach is 
more natural than the direct one since it first 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, 1997]. However, it was 
not the case in this study where both the direct and 
gradational inversions resulted in similar variance re- 
ductions (49 and 48%, respectively, see Table 2). A 
possible explanation is that we let the model evolve by 
keeping the damping parameters fixed for all the itera- 
tions while others [e.g., Hauksson and Haase, 1997], 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 40 or 20 km in the horizontal directions 

and only 5 km in the vertical direction which can lead 
to very poor resolution. The tomographic images differ 
only in detail and the result of the gradational inver- 
sion appears as a filtered version of the model obtained 
from the direct inversion with the smallest wavelengths 
removed. 

To find the best damping parameters, we ran a se- 
ries of single-iteration inversions with a large number 
of couples of damping parameters on V? and V?/Vs 
between 1 and 1000. By plotting data misfit versus 
model variance, we can determine the damping value 
which is the optimal compromise between a small data 
misfit and a large model variance. Our tests showed 
that the two damping parameters could be chosen in- 
dependently as the inversion for a V? model did not 
depend on the damping on V? and V?/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 fine- 
gridded model, we also checked the linear behavior of 
the inversion by running tests with different damping 
values and different maximum number of iterations. We 

verified that with a, larger number of iterations and a 
stronger damping (200), the inversion gave roughly the 
same model as the one resulting from less iterations and 
a weaker damping (100). To avoid strong and unreal- 
istic anomalies in the Vp/Vs model, we used a larger 

Table 2. Data and Model Variances for the Initial 1-D Model and the Two 3-D Models DIR and 
GRAD. 

Damping 
Model P S-P 

Global P S-P 

Data Data Model Data Model 
Variance Variance Variance Variance Variance 

s 2 s 2 (kin s -•)2 s 2 (kin s -•)2 

Initial - - 0.10773 0.05228 0 0.11230 0 
DIR 100 400 0.05514 0.01948 0.04448 0.06997 0.00027 

GRAD 3000/500/100 3000/1000/400 0.05636 0.02007 0.05168 0.07111 0.00038 

Initial data variances were measured after relocation of hypocenters by SIMULPS in the minimum 1-D model 
(iteration 0). Model DIR results from six iterations of the direct inversion for the finely gridded velocity model. 
Model GRAD results from the gradational inversion (three inversions of three iterations each using progressively 
finer grids). 
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Figure 4. Data misfit versus model length for (top) 
P and (bottom) $-P data sets for the direct (DIR) and 
gradational (GRAD) inversions. 

damping for Vp/t,(• (400)than for Vp (100). This also 
accounts for the different qualities of picks on P and 
S arrivals. As mentioned earlier, these damping val- 
ues were held constant for •11 iterations. We decided 

to stop iterating when the reduction of data misfit was 
becoming negligible (i.e., smaller than 3%) that is after 
6 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 2. Three iterations of inversion 
were done at each step. Figure 4 shows data misfit 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. 

As usually done in local earthquake tomography, data 
recorded at large epicentral distances were weighted us- 
ing a linear taper decreasing from 1 at 100 km to 0 
at, 150 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 identification, but 
also to mismodeling of the true ray paths. However, we 
checked on synthetic models that the distance weight- 
ing has a weak influence on this tomography because 

most data were recorded at epicentral distances shorter 
than 70 km. To remove high residuals corresponding to 
erroneous arrival times, we also applied a residual filter 
with a linear taper from 1 at 1 s, to 0.02 at 1.75 s, with 
a cutoff at 2.75 s. 

2.4. Estimation of the Quality of the Results 

Evaluating the quality of the obtained 3-D velocity 
models requires a close examination of many param- 
eters including the resolution matrix, the distribution 
and the direction of the rays. Following Toomeg and 
ro•½• [•989] •nd •i•h•i •d • •• [•99•], w• 
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 

N lr•j i Dij 
._ 

from all the terms Fiji 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. I Ri I is the L2 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-defined 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., 1994], we chose to calculate the resolu- 
tion matrix on the first 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., 1994]. 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 5 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 finely gridded velocity model. Note that nodes with 
similar DWS or DRM have different spread function val- 
ues, showing [hat neither of these two parameters can 
be used alone to evaluate the inversion quality. These 
plots were used to define 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 6 for Vp and 6.5 for Vp/Vs because larger 
values of the spread function definitely correspond to 
too small values of DWS and DRM (Figure 5). 

As emphasized above, the spread function is used 
here to estimate the area of confidence in the 3-D ve- 

locity model. We consider that outside this area the 
resolution parameters are too low to allow the presen- 
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Figure 5. (a, b) Derivative weight sum (DWS) a,nd (c, d) diagonal value of the resolution matrix 
(DPM) versus spread function values for Vp (Figures 5a and 5c) and vp/vs (Figures 5b and 5d) 
models computed from the direct inversion for the fine grid. The arrows indicate the threshold 
of spread-function chosen to delineate poorly resolved areas in subsequent velocity maps. 

tation of any result. However, this does not mean that 
we automatically consider the results inside the area 
of confidence 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 final 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 4, 

3. Results 

3.1. Preferred Vp 3-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 1 shows maps of P wave velocity at the differ- 
ent node depths between 0 and 30 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 2, the velocity color maps are only 
shown inside the 6 contour of the spread function; out- 
side of it, the model is not resolved. We included the 5 
and 4 contours (thick and thin white lines) to show how 
the spread function evolves around the chosen resolu- 
tion limit of 6. Hypocenters located within the depth 
range of the layer are drawn as white circles. The size 
and shape of the area of confidence are naturally corre- 
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Plate la. Map view slices of the 3-D k• model computed fi'om direct inversion. (a) Slices at 
0, 5, 10, and 15 km depth. Unresolved regions with spread function values larger than 6 are 
shaded. The thick and thin white lines are the ,5 and 4 contours of the spread function of the 
resolution matrix. Hypocenters located in a 5-kin-thick depth slice centered on the layer depth 
are plotted as white circles on each map. In the map view at 30 kin, the depth range considered 
for hypocenters is 10 kin. Station locations are plotted as black triangles on the 0-kin depth slice. 
Each map shows the velocity grid nodes as black dots. The main structural contours simplified 
from Figure 1 are plotted as black lines. The dotted red line is the border between France and 
Italy. Abbreviations are the same as in Figures 1 and 2. 

lated with the depth distribution of hypocenters. This 
area covers the edge of the external zones, the Penninic 
zone (Briangonnais and Piemont zones), and most of 
the Dora Malta 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 2a). 

This section includes a summary of the main anoma- 
lies from the map views of Plate 1 and cross sections 
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through the model. Discussions on the reliability of 
the anomalies and their geological interpretation will 
be presented in section 4. 

A thick and strong low-velocity anomMy is visible 
in the 0-, 5- and 10-kin map views beneath the Digne 
and Castellane nappes a• the southwestern edge of the 
area of confidence. A few other low-velocity anomalies 
are imaged a.t 0-kin depth mostly in the Penninit zone, 
with the largest located north east of Argentera. A 
strip of discontinuous high-velocity anomalies is found 
al 0-kin depth under the Pieinont zone along the west- 
ern border of Dora Maira. On the 5-kin-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 exposureß P wave ve- 
locities reach between 6.2 and 6.7 km s -• in this body. 

The strongest anomaly of the 10-km slice is a rather 
thin and north-south elongated high-velocity anomaly 
located under Dora Malta and under the Penninic zone 

between the Dora Malta and Argentera massifs. This 
high-velociisy body extends at depth down to the deep- 
est layer of the model at 30 kin. It is most clearly 
visible at 15 km with maximum velocities between 7.4 

and 7.65 km s -• The anomaly attenuates at 20 km, 
but the contours of the spread function suggest that the 
velocity model is more poorly resolved at 20 km than 
at 15- or 30-km depth. 

To improve the visualization of the results, we plotted 
four cross sections through the 3-D model in Plate 2. 
Cross sections A, B, aild C are perpendicular to the axis 
of the deep high-velocity anomaly while cross section D 
is perpendicular •o the Frontal Penninic Thrus• (FPT) 

between the Dora Maira and Argentera massifs. Sec- 
tions A, B, and D cross all t, he main structural domains 
of the southwestern Alps, from the external zones to the 
internal crystalline massif of Dora Malta across the Pen- 
ninic zone. Note that the FPT is the main s•ructural 

boundary imaged farther north by the ECORS-CROP 
deep seismic reflection profiling (Nicolas et al. [1990], 
see Figure 1 for the location of the ECORS-CROP pro- 
file). It is considered as a crustal-scale thrust of the 
internal zones onto the external zones. In between Clue 

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 na.ppe of internal 
origin, the "Flysch • HelminthoYdes" nappe (Figure 1). 
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 Su• and 
Tricar! [1999] to consider in this region the Frontal Bri- 
an•onnais Thrusis (FBT) as the surface expression of 
the main crustal-scale thrusis. Iiss 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 2. 

Cross sections A and B show relatively low velocities, 
around 5.5 km s -•, down to 10-km depth under both 
the easternmost external zone and the Penninic zone. 

Farther east, the Penninic zone is separated from the 
Dora Malta 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-velociisy structure for which the surface trace co- 
incides with the Monviso ophioliises. The Dora Maira 
massif is underlain by relatively low velocities contrasis- 
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ing sharply with the deeper and strong high-velocity 
anomaly which dominates the 15-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 200 kin 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 5.5 km s -• 
are found at depths larger than 10 kin, reaching nearly 
15 km under the northern edge of the crystalline massif. 
Note, however, that Plate 1 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 6 to 
6.5 km s- • from 5-kin 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 difference with respect to the northern 
regions where the 15-kin 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 10 km north of 

the surface exposure of the FPT. 

3.2. Vp/Vs Model 
Travel time differences between S and P waves were 

inverted for the Vp/Vs ratio. As explained earlier, the 
initial model was homogeneous with Vi•/Vs equal to 
1.71 at all nodes. This value was estimated from a Wa- 

daft diagram of the travel times Ts versus Tp. Mea- 
surements of Vi•/Vs lead to estimations of the Pois- 
son's ratio giving information on the fluid content in 
porous rocks and on the petrologic nature of the crust 
at high pressures where porosity is eliminated [Chris- 
tensen, 1996]. 

Map view slices of the V•>/Vs 3-D model for the three 
shallowest layers are shown in Plate 3. 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 3. 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 0, 5, and 10 km (Plate 1) 
with those of the Vp/Vs model (Plate 3) 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 V•/Vs anomalies located 
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Plate 4c. Results of the inversion of observed travel times (same as Plate 1) plotted using the 
same color scale as Plate 4b for compa. rison. Note that liere we plot the variations (in percents) 
of Vp with respect to the initial 1-D model. 

at all depths under the Dora Maira massif, •vhich is 
the region crossed by the largest number of rays. These 
tests proved that if the deep high-• body located froin 
10-km depth and below under Dora Maira was also 
characterized by a Vp/•(• anomaly equal to or larger 
than +5%, 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 
VF/•,(• anomalies is very different from the distribution 
of Vp anomalies. The 0-km-depth slice shows two re- 
gions of anomalously high Vp/Vs in the Penninic and 
external zones between 6.5 and 6.8øE longitude and be- 

t•veen the Dora Maira and Argentera massifs. The main 
low V•,/Vs anomaly is found beneath the western half 
of the Argentera massif. 

4. Discussion' Quality of the Results 
and Structural Implications 

As emphasized in section 2, the quality of the 3-D 
velocity model can only be assessed reliably from syn- 
thetic data tests. Therefore a series of synthetic 3-D Vp 
and V•/Vs models were built which included the main 
anomalies described in section 3. The synthetic input 
model and the result of the inversion of the synthetic 
data set are presented in Plate 4 for V• and Plate 5 for 
V•/Vs. In Plates 4 and 5, the results of the inversion of 

Plate 4. (a) Depth slices of the input synthetic P velocity model set up to test the resolution 
of the inversion. (b) Results of the inversion oF the set, of travel times computed in the model 
shown in Plate 4a. 
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Plate 5. (a) The 0-, 5- and 10-km-depth slices of the synthetic Vp/Vs model set up to test the 
resolution of the inversion. (b) Results of the inversion of the set of travel times computed in the 
model shown in Plate 5a. (c) Results of the ir..version of observed travel tilnes (same as Plate 
3). As in Plate 4, the color scale shows variations in Ve/Vs with respect to the homogeneous 
(Vp/Vs=l.71) initial model. 
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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 1-D model, rather than as 
absolute values. 

The 0-km depth node plane of the input Vp model 
(Plate 4a) 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 10-kin depth with a reduc- 
tion in size. A few small-scale high-Vp anomalies are 
added in the 5-kin-depth node layer to mimic the results 
depicted in Plate 1. The strongest one, located along 
the western border of the Dora Maira massif, has a ve- 
locity of 7.0 km s -• From 10-km depth and deeper, a 
10 to 30 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 first in the syn- 
thetic input 3-D velocity model with hypocenter loca- 
tions held fixed 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 -0.2 s to +0.2 s for P arrivals and-0.4 
to +0.4 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 different geome- 
tries and velocities for all anomalies, particularly the 
deep high-velocity body. The model presented here is 
the one which gives the best fit between the output of 
the inversion of synthetic travel tinms (shown in Plate 
4b) and the velocity structure calculated from the in- 
version of real data (shown in Plate 4c). 

4.1. External Nappes 

As already emphasized, the velocity distribution at 
shallow depths (Plate 1) shows a thick low-velocity 
anomaly under the Digne and Castellane external nap- 
pes. The synthetic tests of Plate 4 show that the geom- 
etry of the corresponding anomalous body is rather well 
resolved at its northeastern border in the 0- and 5-km- 

depth slices. At 10 km a smaller number of rays prob- 
ably induces a worse fit to the input model. However, 
the anomaly is still visible at this depth in the inver- 
sion of real data (Plate 4c). This is probably a reliable 
indication that the total thickness of the low-Vp body 
reaches 10 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 3-D inversion. This 
underestimation is also a general feature of the inver- 
sion as shown from a comparison between Plates 4a and 
4b. This anomaly coincides with the negative gravity 
anomaly discussed by Masson ½t al. [1999] 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 [1991] the thick- 
ness of the nappe pile, 5 kin, 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 [Mdnard and Mol- 
nat, 1988]. 

4.2. 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 10 
km in its western half and a low k}•/Vs ratio. The map 
view slices at 5, 10, and 15 km seen,. to reveal a lateral 
change in the deep structurc 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 4 show similar low P 
velocities below the western part of the massif at 10 and 
15 km depth, whereas no anomaly was 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 5a, 
we also tested the low Vp/Vs anomaly under the west- 
ern part of Argentera in both the 0- and 5-kin depth 
node planes. Plate 5b shows that the resolution can 
be considered as good and that the anomaly is proba- 
bly real. The low Vp/l/k values of 1.60 to 1.70 found 
under the Argentera massif down to 5-kin depth corre- 
spond to a Poisson's ratio between 0.18 and 0.24. This 
indicates that rocks in the Argentera massif are nearly 
devoid of pore fluids. It could also be an indication of 
a high weight percent of SiO2 around 80% according to 
the measurements made on rock samples by Christensen 
[1996]. 

4.3. Penninic Zone and Monviso Ophiolites 

In the O-km-depth map view the Penninic zone is 
characterized by P velocities similar or slightly lower 
than in the 1-D inital model (5.7 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 1). 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 
5-kin depth. At 0 kin, we only tested the resolution 
in the region of the low-Vp anomaly located northeast 
of Argentera. Plate 4b shows that this anomaly is re- 
liable. At 5-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 Briamjon and the southern 
tip of the Monviso ophiolites at the eastern boundary of 
the Penninic zone. Plate 4b shows that the resolution is 

sufficient to trust the presence of the Monviso anomaly. 
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It is not as clear for the other anomalies which had lower 

velocities in the input model of Plate 4a. However, it is 
worth noting that the anomalies at 5 km leak onto the 
0-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 0-km depth as well as the southern 
part of the "Flysch •t HelminthoYdes" nappe in the ex- 
ternal zone. The synthetic Vp/Vs tests of Plate 5 show 
that the resolution is good for the three high V•/Vs 
anomalies found in these two regions, except for the am- 
plitudes of anomalies which are attenuated. Since high 
values of •5,/1/} are often an indicator of the presence 
of water-saturated cracks or high pore fluid pressure, 
the presence of such anomalies in the shallow sediment 
cover of the Penninic and external zones is not surpris- 
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 2, it 
forms a more or less continuous body from the surface 
down to 5 km with velocities as high as 6.3 to 6.7 km s-• 
at this depth. These values are reliable as documented 
by the synthetic test of Plate 4. 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, 20 km south of 
the ophiolite surface exposure. In the cross sections of 
Plate 2, 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 2, it could extend at least down to 10 
kin, 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 
½t al., 2000]. The tomography suggests a much greater 
extension at depth of the Monviso ophiolite body than 
expected from models based on magnetic data. Lanza 
[1975] showed that the total intensity of the magnetic 
field is affected by a strong anomaly of 4000 nT with an 
approximate width of 15 km along a profile that cross- 
cuts the southern part of the Monviso ophiolite outcrop 
(Plate 6). He interpreted this anomaly by a 2-to-3-km- 
thick slab dipping to the west at 300 down to a maxi- 
mum depth of 7 km. Since his profile roughly coincides 
with cross section A of Plate 2, we drew Lanza's high- 
susceptibility body on the tomography result in Plate 6 
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 differences would be that rocks with strong mag- 
netic susceptibility are located only in the shallow part 
of the Monviso ophiolite body. Note that Lanza [1975] 
also discovered a strong but much thinner (3 km) total 
intensity anomaly along another cross section cutting 
the northern part of the ophiolite outcrop. He inter- 
preted it by a much sma. ller 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. 

4.4. 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 10 
kin, it appears as a north-south elongated high-velocity 
anomaly located beneath the Dora Maira massif and 
shifting progressively eastward with depth (Plate 1). 
The strongest anomalies are found at 15- and 30-km 
depths. They are weaker at 10 and 20 kin. 

Since a precise mapping of the Ivrea body in 3-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 final input, model 
of Plate 4a, the Ivrea body is modeled as a 10 to 30 km 
thick north-south elongated prism with a roof at 10 km 
and a slight eastward plunge. Its velocity is 7.4 km s- • 
at 10 km as measured from refraction data [Closs and 
Labrouste, 1963; Berckhemer, 1968]. At 15, 20, and 30 
km we had to increase the input velocity to 7.8 km s -• 
to keep the anomalies of the output model (Plate 4b) as 
close as possible to the ones obtained by inversion of ob- 
served data (Plate 4c). The geometry of this prism ap- 
proximately mimics the high-velocity anomaly of Plate 
4c. The first, observation that can be made from the re- 

sult of the inversion of the synthetic data. set (Plate 4b) 
is the vertical smearing of the high-velocity anomaly at 
$ km and to a much lesser extent at 0 kin. Note that on 

both depth slices the leakage induces a series of artifi- 
cial anomalies which are very similar both in amplitude 
and position to the ones computed by inversion of ob- 
served data (shown in Plate 4c), particularly north of 
45øN. We can conclude from this observation that the 

depth to the roof of the actual Ivrea is probably very 
close to 10 km in this area. Note that the same depth 
was measured by Closs and Labrouste [1963] using re- 
fraction profiling between Briangon and Torino in the 
northern part of our study region. 

The comparison of Plates 4a, 4b and 4c also gives 
insights on the quality of the image at 10 and 15 km 
which are the best resolved depth slices as far as the 
Ivrea body is considered. First, it confirms what can 
also deduced from the examination of the spread func- 
tion contours: the resolution varies significantly along 
the strike of the body, inducing artificial variations of 
the anomaly strength and shape. For example, Plate 
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Plate 6. Comparison between the velocity structure along cross section A of Plate 2 and the 
high-susceptibility body (shaded) modeled by L•';•za [1975] to explain the strong anomaly of the 
total intensity of the magnetic field measured along the same line and plotted at the top. 

4c documents .an attenuation of the anomaly at 10-kin 
depth and 44.7øN which can also be seen in 'Plate 4c, 
whereas the synthetic input model is continuous in this 
place. The disappearance of the anomaly north of 45øN 
on both the 10- and 15-kin-depth slices which also ap- 
pears }•oth in Plates 4b and 4c is clearly an artefact of 
the heterogeneous ray coverage. Second, the compari- 
son of Plates 4a and 4b 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 10 km where the inversion is able [o 
retrieve the thinning of the anomaly at its southern tip. 
The definition of the western limit is very good south of 
45•N, which suggests that the sharp western boundary 
documented by Plate 4c is reliable. We can also trust 
the observation that the Ivrea seismic body extends to 
the south as far as 10 km north of the surface trace of 

the FPT. This result was confirmed by other synthetic 
tests where we checked that a southward or northward 

10-kin shift of the southern extremity of the anomaly is 
retrieved by the inversion. Other tests also confirmed 
the ability of the inversion to image a very thin (5 km) 
body. Fi•'•ally, one can note that the inversion is un- 
able to retrieve the amplitude of t. he anomaly and its 
very sharp edges. Actually, only a few nodes of the 10- 
kin plane reach a velocity larger than 7.2 km s -1 after 
inversion, although the input velocity was 7.4 km s- x 
The same observation can be made for the 15-km node 

plane, and the misfit is even larger at. 20 kin. As al- 
ready mentioned for other anomalies of the model, this 
misfit shows that the velocities resulting from the inver- 
sion are underestimated. However, the good similarity 
between the output of the synthetic model (Plate 4b) 
and the result of the inversion of the real data (Plate 

4c) shows that the actual geometry and amplitude of 
the Ivrea P velocity anomaly could be very close to the 
input model of Plate 4a. 

The depth slices at 15, 20, and 30 km in Plates 4b 
and 4c display anomalies of similar magnitudes, wit. h 
an attenuation of the anomaly strength a.t 20 km with 
respect to 15 and 30 km. Consequently, the continuous 
homogeneous prism of Plate 4a leads after inversion to a 
discontinuous velocity anomaly with an artificial weak- 
ening at 20 km which could be due to the change in 
spacing between node layers at 30 km. This shows that. 
the apparent attenuation of the anomaly strength at 20 
km, which could be interpreted as a division of the Ivrea 
body in two units, is also an art. efact of the ray cover- 
age. This was also scmewhat apparent from the spread 
function contours in Plate 1. We also tested that the 

weakening of the anomaly at 20 km is not simply the 
result of vertical smearing fi'om a deeper high-velocity 
body. A synthetic model was constructed in that aim, 
with a high-velocity anomaly restricted to the 15- and 
30-kin-depth layers and no anomaly at 20 kin. This test 
proved that the vertical leakage of a vertically discontin- 
uous high-velocity body cannot explain the anomalies 
observed at 20 kin. At 30 km the comparison of Plates 
4a and 4b shows that the resolution of the eastern limit 

is reasonable. Since there is no such sharp boundary 
in the "observations" (Plate 4c), we conclude that the 
high-velocity body extends farther east than what was 
considered in Plate 4a. Note that the strengthening of 
the Vp anomaly at 30 km in the inversion of observed 
data (Plates 1 and 4c) can result from the limitation of 
the inversion to this depth, inducing an artificial map- 
ping of deeper anomalies onto the bottom model bor- 
der. However, we checked by enabling changes in the 
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Figure 6. Comparison between the high velocity anomaly at 15-kin depth and the strong positive 
Bouguer anomaly associated with the Ivrea body. Only isolines for anomaly values larger than 
-40 mGal are plotted with a spacing of l0 mGal. The dotted line is the 5 contour of the spread 
function of the resolution matrix. Gravity data were compiled by Masson et al. [1999]. 

velocities of the 50-km-depth node layer that. this effect 
remains weak. 

A striking point that can be emphasized from Plates 1 
and 2 is the concentration of hypocenters of the Piemont 
seismic arc at the western edge of the high-velocity Ivrea 
body between 10- and 20-km depth. Struck by the co- 
incidence between the seismic arc and the western flank 

of the Bouguer gravity anomaly, Thouvenot [1996] had 
first described this feature. Deeper seismicity located 
between 15 and 30 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 diffuse 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 • 45ø). As already 
mentioned, no Vp/Vs lateral variation is related to the 
Ivrea P velocity anomaly. 

Figure 6 shows a comparison between the so-called 
Ivrea gravity anomaly and the P wave velocity map at 
15 km. The spatial coincidence between the two anorna- 
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 2, or by strong lateral changes 
in Moho depth which also affect the Bouguer anomaly. 
The continuity of the dense body in the north-south 
direction expected fi'om 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. 

5. 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 
related to the deep structure of any mountain range. 
Getting a better resolution 3-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 1996, 
which, in complement to the permanent monitoring sta- 
tions, reduced the interstation distance to • 10 km. 
Although it remains moderate, the level of seismicity is 
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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 5 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 • 10 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 ½t 
al., 1999] 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 [1975]. The high-velocity body (very clear in the 
5-km-depth slice of the 3-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., 1999; 
Schwartz, 2000]. 

As pointed out above, this local earthquake tomog- 
raphy provides the first 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 10 km is rather thin (east-west 
extension of 10 to 15 km) and stops abruptly 10 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 field within 

the belt. The deeper events beneath the eastern flank 
of the Dora Maira massif and the westernmost Po plain, 
which were referred to as the Padane arc by Thouvenot 
[1996], 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 45øN at 10- and 15-km depth makes it impossible to 
image the along-strike variations in strength or shape of 
the high-velocity anomaly. Farther north (at 45.5øN), a 
new crustal-scale cross section of the western Alps, re- 
cently proposed by $chmid and Irissling [2000] from the 
ECORS-CROP deep seismic profile in combination with 
the local earthquake tomography (LET) by $olarino et 
al. [1997], 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 sufficient 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 15 kin, this 
inversion provides no constraint on a possible exten- 
sion of the deeper part of the body westward beneath 
the Brianc. onnais zone as hypothesised by M4nard and 
Thouvenot [1984]. Note that Schmid and Irissling [2000] 
reject this hypothesis and propose that the reflector im- 
aged by fan profiles during the ECORS-CROP seismic 
experiments [EUOR$-UROP DS$ Group, 1989] is the 
top of a series cf duplexes of European lower crust. New 
advances on this particular problem are expected from 
the analysis of the refraction and wide-angle reflection 
seismic data recorded in September 1999, during an- 
other experiment which was also part of the Gdofrance 
3-D programme. Furthermore, additional information 
will be provided from the comparison of the 3-D ve- 
locity model with the gravity data, which is currently 
under process. 
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