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Abstract 

In 1994, a temporary network of 41 short-period seismic stations operated for 6months along an east-west profile in 
Northem Chile and Bolivia. The profile crossed the entire Andean chain at a latitude of 20"s. We present the results of the 
teleseismic tomography of the crust and mantle along an east-west vertical cross-section beneath the profile. The most 
striking feature of the tomographic image is the identification of the subducted Nazca plate. It appears as a zone of high 
velocities which is continuous over the aseismic part of the slab down to the 660km discontinuity. In the continental 
lithosphere, strong lateral P-wave velocity variations are found in the crust whereas the upper mantle shows only small 
velocity variations. Major lateral changes in crustal velocity coincide with the limits of the main structural units of the 
Andean range. The distribution of velocity anomalies in the crustal layer matches the lateral changes in crustal thickness and 
average velocity deduced from refraction surveys. A comparison with a previous tomographic experiment in Northem 
Bolivia confirms that the northem and southem segments of the Bolivian orocline have different lithospheric structures. 

1. Introduction 

The Andean chain is the most favourable place to 
study the lithospheric processes associated with the 
convergence of an oceanic and a continental plate. 
Its central part (southem Peru, northem Chile and 
Bolivia; see Fig. 1) is occupied by the second largest 
high plateau in the world after Tibet: the Altiplano- 

* Corresponding author. 
'The Lithoscope Andean Group included: U. Achauer, M. 

Aldunate, T. Bianchi, J.P. Caminade, V. Farra, R. Fontanilla, M. 
Fomari, R. Guiget, J. Guilbert, J. Guillier, G. Herquel, M. Lam- 
bert, C. Martinez, F. Masson, T. Monfret, C. Péquegnat, P. Soler 
and G. Wittlinger. 

Puna. Recent field studies show that structural short- 
ening plays a main part in crustal thickening and 
formation of the plateau in its eastem side (e.g. 
Schmitz, 1994). However, other mechanisms must 
be considered to account for the elevation of the 
westem part of the Altiplano and the Westem 
Cordillera. The change in the general trend of the 
Andes, from N140"E in the north to NO" south of 
18"S, is associated with changes in the morphology 
of the chain, which implies that differences of the 
deep structures exist between the northern and south- 
em segments. 

A first seismic experiment was conducted in 
1990-1991 across the northem branch of the Boli- 
vian orocline from the Westem Cordillera to the 

0031-9201/96/$15.00 Copyright O 1996 Elsevier Science B.V. All rights reserved. 
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Sub-Andean Zone (Fig. 1) using portable stations of 
the Lithoscope network. This profile of 320 km length 
provided tomographic images of the lithosphere from 
both teleseismic events (Dorbath et al., 1993) and 
local events (Dorbath and Granet, 1996). In 1994, 
we carried out a second Lithoscope experiment across 
the southem branch of the orocline, approximately 
perpendicular to the main Andean structures at 20"s 
(Fig. 1). Forty-one vertical short-period seismic sta- 
tions were installed for 6months along a profile of 
700km length crossing the whole Andean chain 
from the Coastal Range in Chile to the Bolivian 
Sub-Andean Zone. Most of the profile used the same 
line as the PASSCAL BANJO experiment (Beck et 
al., 1996) but with a closer spacing between stations 
(20km). This layout is suitable for investigation of 
the deep structures by inversion of relative teleseis- 

70" W 

15" S 

20" s 

25" S 

mic residuals and local earthquake arrival time data. 
This short paper is devoted to the presentation of the 
first results on the mantle structure deduced from the 
teleseismic tomography. 

2. Data 

During the field experiment, we recorded 250 
earthquakes at teleseismic distance that were re- 
ported by intemational bulletins. Events with a clear 
P-wave onset and which were recorded by at least 
ten Lithoscope stations were selected. This selection 
reduced the dataset to 120 events. Distances and 
travel time residuals were computed using the Herrin 
(1968) tables and the Preliminary Determinations of 
Epicentres provided by the US Geological Survey. 

65" W 60" W 

Fig. 1. Structural map of the Central Andes showing the location of the 1994 Lithoscope profile in southem Bolivia and northem Chile 
(large triangles). The small triangles show the location of the northem 1990-1991 profile. The 1994 transect, which is the subject of this 
paper, is perpendicular to the direction of the main Andean structures at 20"s and crosses the entire chain from the Coastal Range to the 
Sub-Andean Zone. 
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The epicentres of the selected events are plotted as 
dots in Fig. 2 on a world map which is centred on 
the middle of the profile. The good coverage in both 
distance and azimuth ensures that the dataset can be 
used for tomographic inversion. 

The mean PKIKP residuals computed from 30 
events located at epicentral distances out of the 

"t 1% 
-4 s 

Azimuth: 330.0 - 340.0 
Distance: 25.0 - 35.0 

1% 
-4 

Azimuth: 225.0 - 245.0 
Distance: 30.0 - 45.0 

triplication zone (145-155") are plotted in the bot- 
tom part of Fig. 2. As for all the residuals computed 
for this study, the PKIKP residuals are relative resid- 
uals with respect to Station B l l l  located on the 
Altiplano in the middle of the profile. Owing to the 
quasi-vertical incidence of PKIKP phases, no az- 
imuthal variation of the residuals is observed. The 

2s - 

os  - 

-2s - 

-4s - 

Azimuth: 0.0- 
Distance: 30.0 - 10.0 

40.0 

Azimuth: 140.0 - 160.0 
Distance: 45.0- 60.0 

-2 s 

PKIKF' Phases 

Fig. 2. Distance and azimuth distribution of the 120 events (0) selected for the tomographic study. The world map is centred on the station 
of the profile which is taken as reference in the residual study. Average relative P-residual curves are plotted around the map at the 
approximate azimuth of the source region with respect to the centre of the profile. The mean PKIKP residuals computed for the 30 
highest-quality events are plotted in the bottom part of the figure with the corresponding standard errors. 
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first striking result of this study is the weakness of 
the variations of the PKIKP residuals along the 
profile. The lowest residuals (i.e. the highest veloci- 
ties) are observed at the westem end of the transect 
and the highest residuals (i.e. the lowest velocities) 
are observed in the Altiplano region. The maximum 
difference in arrival time is 2 s, but it decreases to 1 s 
if the two very low residuals of the westemmost 
stations are excluded. From west to east, the mean 
PKIKP relative residuals increase by approximately 
1 s from the Chilean Coastal Range to the Westem 
Cordillera. They undergo only slight variations in the 
Westem Cordillera and the Altiplano before decreas- 
ing suddenly by about 0.8s at the transition to the 
inner part of the Eastem Cordillera. The residuals are 
almost constant across the eastem end of the profile 
(eastem part of the Eastem Cordillera and Sub- 
Andean Range). These variations are significantly 
smaller than those observed at the northern profile, 
where a decrease of 1.8 s was measured between the 
Altiplano and the central Eastem Cordillera (Dorbath 
et al., 1993). 

Fig. 2 also shows the average relative P residuals 
computed for teleseismic events from six source 
regions. Each of the residual curves is plotted around 
the map at the approximate azimuth of the source 
region with respect to the centre of the profile. These 
P relative residuals are affected by strong azimuthal 
variations. Between 140" and 340" azimuth, varia- 
tions along the profile of P relative residuals are 
qualitatively similar to those of the PKIKP phase, 

with the highest values in the volcanic arc of the 
Western Cordillera. The peak-to-peak maximum am- 
plitude in P residuals for the azimuth range 140-340" 
is 2.5 s. For events with north-eastem azimuths 
(O-40"), the residuals have a very different variation 
along the profile. The strongest positive residuals are 
found at the eastem end (Sub-Andean Range) and 
the maximum difference in travel time along the 
profile is 4s. 

As core phases light up the lithosphere and as- 
thenosphere at very steep incidences, PKIKP residu- 
als give a crude picture of the lateral velocity varia- 
tions under the profile. Considering the weak ampli- 
tudes of the PKIKP residuals, we can already con- 
clude that strong lateral velocity contrasts are absent 
under this transect. The very strong azimuthal depen- 
dence of the P relative residuals is related to the 
absence of axial symmetry. Such three-dimensional 
effects were expected in this part of the Central 
Andes because the range changes its general orienta- 
tion here. 

3. Inversion 

A total of 1670 arrival times were picked includ- 
ing similar numbers of P and PKIKP phases. This 
dataset was inverted to obtain a model of P-wave 
velocity anomalies using the ACH technique (Aki et 
al., 1977). "he initial one-dimensional velocity model 
(given in Table 1) is the same as in the first tomo- 

Table 1 
Initial P-velocity model 
Layer Velocity (km s- '1 Thickness (km) No. of blocks north-south Dimension (km) No. of blocks east-west Dimension (km) 

1 6.0 10 1 cones 42 cones 
2 6.3 20 3 150 16 50 
3 6.8 30 3 150 16 50 
4 8.0 40 3 150 10 50 
5 8.1 40 5 150 16 50 
6 8.2 50 5 150 16 50 
7 8.35 50 7 150 18 50 
8 8.5 60 7 150 20 50 
9 8.8 so 9 150 24 50 

10 9.2 so 11 150 2s 50 
11 9.75 100 13 150 2s 50 
12 10.3 100 15 150 32 50 
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graphic study of the Central Andes conducted by 
Dorbath et al. (1993). It includes a crust of constant 
60 km thickness. 

The first inversion aimed at finding the velocity 
perturbations in a two-dimensional model. Owing to 
its axial symmetry, the resulting two-dimensional 
velocity model did not succeed in predicting the 
observed azimuthal dependence of the P residuals 
and reduced the initial data variance by only 50%. 
We therefore carried out a three-dimensional inver- 
sion. Each layer, except the shallowest one, was 
divided into blocks with sizes given in Table 1. In 
the upper layer, a separate block was assigned to 
each station, following the procedure of Evans and 

Achauer (1993). As rays that reach two neighbouring 
stations rarely overlap in the shallowest layer, of 
lOkm thickness, the inversion process computes a 
delay, called the cone delay, for each station. This 
delay accounts for all the perturbations owing to 
lateral heterogeneities of the upper crust including 
the sediments. 

Our final three-dimensional velocity model is cen- 
tred at 19.5"S, 66.5"W. The large aperture of our 
profile (700 km) makes it possible to obtain a veloc- 
ity model down to a depth of 660km. The initial 
variance is reduced by 82% in the final three-dimen- 
sional velocity model, about 10% of this variance 
reduction being accounted for by the station delays. 

-100 

-200 

-300 

-400 

-500 

-600 

-300 -200 -100 O 100 200 300 km 

0.3 0.4 0.5 0.6 0.7 
Fig. 3. Value of the diagonal element of the resolution matrix corresponding to each block of the east-west cross-section under the seismic 
profile (grey scale). The darkest blocks have the highest resolution in the inversion. The numbers indicate how many rays crossing each 
block were used in the inversion. We did not consider blocks sampled by less than 15 rays. 
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The central part of the model, located immediately 
beneath the profile, is the best resolved part, as it is 
crossed by the largest number of rays. We present 
here a vertical cross-section through this best re- 
solved part of the three-dimensional velocity pertur- 
bation model, i.e. beneath the seismic transect. Fig. 3 
shows the value of the diagonal element of the 
resolution matrix corresponding to each block and 
the number of rays crossing each block of the verti- 
cal cross-section. I 

4. Tomographic image 

A vertical east-west cross-section at 19.5"s 
through the original block velocity perturbation 
model is presented in Fig. ga), together with the 
smoothed iso-perturbation contours. In Fig. gb), the 
historical seismicity reported by the National Earth- 
quake Information Service for the time period 1974- 
1994 is superimposed on the smoothed image of the 
velocity perturbations. It should be noted that Fig. 4 

i? 
d 

O 
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I It I It1 I I I  I I  tl I I I  I I I  + I I  I111 I I I  I II I I I  l l l k  I I  I I I  

(a 1 -300 -200 -100 O 100 200 300 km 
. . . . . . . .  ........................ ................................... 

. .  .................................. . . . . . . . . . .  ...................... . . . .  . . . . . . . . . . . .  
-4.5 -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5 4.5 % 

cross-section located undemeath the Lithoscope profile. (a) 
residuals. Iso-velocity contours obtained after smoothing are 
reported by the National Earthquake Information Service for 
characterized by positive perturbations and filled with dotted 

grey pattems. 
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Fig. 4 (continued). 

is a vertical cross-section through a three-dimen- 
sional model presenting velocity perturbations in all 
directions. It is only representative of the deep struc- 
ture in an east-west vertical slice which is 150km 
thick in the north-south direction. 

The Wadati-Benioff zone associated with the 
subducted Nazca plate dips at a moderate angle (30") 
under the South American plate in the Central An- 
des. As pointed out by Barazangi and Isacks (1979) 
and Cahill and Isacks (19921, the shape of the slab is 
well defined by a high level of seismicity down to a 
depth of 320km and by very deep large magnitude 
events between 520 and 600km. The two groups of 
events are separated by a gap which is between 200 
and 250km thick. 

We are currently carrying out a tomographic in- 
version of travel times of local and regional events 
that will provide a more detailed image of the An- 
dean crust and mantle over the slab. We therefore 
focus here on the main trends in the tomographic 
inversion of teleseismic arrival times without going 
into details in tectonic inteqretations. 

4.1. The crust 

Within the continental crust, the results of the 
tomography can be compared with the results of 
seismic refraction profiles recorded at 21"s by the 
Freie Universität Berlin (Schmitz, 1993, 1994; Wig- 
ger et al., 1993). Because the teleseismic inversion 
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has a poor resolution in the vertical direction, we 
restrict the comparison to the global structure of the 
crust, i.e. its thickness and average velocity. To 
make the comparison of the average crustal veloci- 
ties possible, we performed a second inversion with 
a new initial velocity model. It included a single 
crustal layer of 60km thickness with a velocity of 
6.3 km s-' replacing the two-layer crust of the first 
model given in Table 1. The deeper layers of the 
initial mod'el remained unchanged. 

A comparison between the results of the inversion 
in the crustal layer and the average crustal velocities 
measured from refraction data is presented in Fig. 5. 
On the teleseismic tomography, the highest velocities 
are observed beneath the western end of the profile, 
below the Coastal Cordillera of Chile. This positive 
velocity anomaly is partly explained by the differ- 
ence between the actual crustal thickness (40-45 km) 
measured from reversed refraction profiles (Wigger 
et al., 1993) and crust of the 60km thickness of our 
initial model. The positive anomaly is also consistent 
with the high average velocity of 6.3-6.5kms-' 
found in the crust by the same workers. Further east, 
the positive velocity anomaly decreases rapidly when 
entering the Axial Valley, as shown by the rapid 
increase in PKIKP delay times (Fig. 2). This obser- 
vation also matches the refraction data, which show 
an increase in crustal thickness from 40-45 km be- 

neath the Coastal Range to 65-70km beneath the 
Western Cordillera associated with a decrease in 
average velocity from 6.3-6.5 km s- ' to 5.9 km s- '. 
The active volcanic arc (Western Cordillera) is char- 
acterized by a negative velocity anomaly which fits 
the low average crustal velocity (5.9kms-') deter- 
mined by refraction. This low-velocity anomaly was 
interpreted by Schmitz (1993) to be due to partially 
molten material associated with the volcanic struc- 
tures of the Western Cordillera. A weak (negative) 
anomaly is observed under the Altiplano, where the 
crustal thickness (60-65 km) and velocity structure 
(6.0 km s-' ) are close to those of the reference model. 
The eastern part of the Eastern Cordillera is charac- 
terized by a positive velocity anomaly, which can be 
explained by the simultaneous thinning of the crust 
and of the sedimentary cover. At the eastern end of 
the profile, the weak negative anomaly observed in 
the Sub-Andean Zone corresponds to a low average 
velocity (5.9 km s- ' ). In conclusion, the teleseismic 
tomography gives a smoothed image of the lateral 
velocity variations within the crust that matches the 
structure determined from refraction surveys. 

4.2. The continental upper mantle 

Fig. 4 shows that the upper mantle between 60 
and 140 km has lateral variations in P-wave velocity 

Coastal Axial Western Altiplano Eastern Sub-Andean 
Cordillera Zone 

Average Crustal 
Velocity Perturbation 

(Lithoscope Andes, 1994) 

-4.5-35-25-15-05 0 5  15 25 35 45% 

Average 

(Wigger et al., 1993) 
Crustal Velocity 16.51 6.31 6.2 1(5.9-6.0)1 (6.0) I 6.0-6.1 I 5.9 l d s  

Fig. 5. Comparison between the crustal velocity perturbations given by the teleseismic tomography (perturbation with respect to a crust with 
constant thickness, 60 km, and velocity, 6.3 km s- '1 and the average crustal velocity deduced from seismic profiles at 21"s by Wigger et al. 
(1993). 
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that are smaller than h 1.5%, which is of the order 
of the standard deviation. This result agrees well 
with the low peak-to-peak amplitude in PKIKP 
residuals. The only correlation with the velocity 
structure in the crust is the extension of the high- 
velocity zone under the western part of the Eastern 
Cordillera down to a depth of 120 km. The velocity 
contrast associated with this anomaly is smaller in 
the mantle than in the crust. Under the Western 
Cordillera, the Altiplano and the eastern part of the 
Eastern Cordillera, the lack of correlation between 
the velocity anomalies in the mantle and the crust 
shows that the mantle and crust probably are decou- 

pled. We do not find any evidence for a wedge of 
overheated mantle material under the thickened crust 
of the Altiplano and Western Cordillera which could 
strengthen the hypothesis of lithospheric delamina- 
tion (e.g. Isacks, 1988). 

As this is the second tomographic experiment 
conducted in the Central Andes, it is possible to 
study the along-strike variations in the deep structure 
of the chain. The previous experiment was carried 
out in northern Bolivia across a narrower part of the 
chain, which included only the Altiplano and the 
Eastern Cordillera (Fig. 1). A comparison of the 
lithospheric part of Fig. 4 with the tomographic 

Fig. 6. Velocity perturbations in the lithosphere along two segments of the Andean chain obtained by the two Lithoscope. experiments. The 
1990-1991 profile (Dorbath et al., 1993) crosses the Altiplano and the Eastern Cordillera perpendicular to the northern segment of the 
Andes, which strikes N140"E. The 1994 profile crosses the complete southem segment, which strikes NO". Both cross-sections are plotted 
on the structural map with their top limit correspondmg to their location on the map. 
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model of the northern profile (Dorbath et al., 1993) 
is shown in Fig. 6.  

The two velocity models are significantly differ- 
ent, as velocities in the shallowest layers have weaker 
and smoother lateral variations along the southern 
than along the northern transect. However, the most 
characteristic features are observed on both profiles. 
The Altiplano is characterized by low velocities down 
to the Moho depth. According to Martinez et al. 
(1995), Cenozoic sediments of the Altiplano are 
thicker in the north than in the south, which is why 
the negative velocity anomaly owing to the sedimen- 
tary filling is stronger for the northern profile than 
for the southern one. The difference in sediment 
thickness is due to along-strike variations in the 
geometry of the underthrusting of the eastern margin 
of the Andes under the Brazilian craton. In the 
northern narrow segment, @e underthrusting occurs 
along steeply dipping faults (Dorbath et al., 1993) 
whereas in the southern wide segment it occurs 
along low-angle ramps (Roeder, 1988). This differ- 
ence in geometry might be also reflected by the 
difference in the amplitude and shape of the high- 
velocity anomaly under the axial zone of the Eastern 
Cordillera. In the northern profile, this anomaly af- 
fects a thick part of the continental lithosphere, it is 
strong, and its western termination is sharp and 
vertical. The velocity contrast between the eastern 
and western parts of the Eastern Cordillera is stronger 
in the north than in the south. This difference possi- 
bly indicates that the lateral change in crustal thick- 
ness when entering the Altiplano is abrupt in the 
north and progressive in the south. 

4.3. The subducted Nazca plate 

The dominant deep structure of this transect is the 
oceanic Nazca plate subducting below the continen- 
tal South American plate. In a recent paper, Engdahl 
et al. (1995) used inversion of travel time residuals 
of teleseismically recorded events of South America 
to compute tomographic images of the subducted 
Nazca plate. Their main result is the observation of 
high-velocity anomalies spatially correlated with the 
Wadati-Benioff zone which can be traced down to 
the base of the upper mantle. Although Engdahl et 
al. (1995) found that the highest-velocity structures 
are only 2.5% fasfler than the reference model and do 

not exhibit a strong continuity, they are similar to the 
anomalies associated with the subducted Pacific plate 
below island arcs of the northwest Pacific (Van der 
Hilst et al., 1991). 

A striking feature revealed by our tomography 
(Fig. 4) is the eastward-dipping positive anomaly 
which crosses the entire profile from the coastal zone 
to the Sub-Andean Zone. This structure, of lOOkm 
thickness, is characterized by a +2% average veloc- 
ity contrast with respect to the surrounding mantle, 
with a maximum contrast of +4%. It is associated 
with the slab because it coincides with the Wad.ati- 
Benioff zone in its seismic part (Fig. 4(b)). The 
continuity of the high-velocity anomaly down to 
660 km indicates that the slab is continuous across its 
aseismic part. The strengthening of the velocity per- 
turbation at 400-45Okm depth and the general shape 
of the anomaly indicate that the dip of the descend- 
ing slab increases below 400 km depth. 

In agreement with results presented by Engdahl et 
al. (19951, we find that the velocity anomaly associ- 
ated with the Nazca plate is only of + 2  to +3%, 
which is at the lower bound of the resolution power 
of tomographic techniques. Similar results have been 
obtained by teleseismic tomography for other sub- 
duction zones. For example, Hirahara (1981) mea- 
sured a perturbation of + 2.5% for the subduction of 
the West Philippine Sea plate under Kyushu, and 
Harris et al. (1991) found f3 to +4% for the 
subduction of the Juan de Fuca plate under the 
western margin of the North American plate. On the 
other hand, subduction zones investigated by local 
earthquake tomographies display higher velocity 
,contrasts, reaching + 6% for western Pacific subduc- 
tion zones (Zhao et al., 1992). The resolution tests 
performed by Engdahl et al. (1995) show that the 
amplitude of the velocity perturbations can be under- 
estimated by several per cent in teleseismic tomogra- 
phy. A slab with a shallow dip such as the Nazca 
plate cannot induce strong lateral contrasts in the 
layers of the initial model. Consequently, the inver- 
sion method used here gives a lower bound for the 
velocity perturbation associated with the slab. 

5. Conclusion 

The close spacing (20km) between receivers of 
this second Lithoscope experiment in the Central 
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Andes and the appropriate distribution of recorded 
teleseismic events made it possible to perform a 
tomographic study of the crust and mantle at 20"s. 
Owing to the large aperture of the profile, we were 
able to obtain a velocity perturbation model across 
the whole width of the Andean chain and its underly- 
ing lithosphere and asthenosphere down to the base 
of the upper mantle. 

The lack of strong lateral P-wave velocity varia- 
tions is revealed by the small variations of the 
relative PKIKP travel time residuals along the pro- 
file. On the other hand, the strong azimuthal varia- 
tions observed on relative P travel time residuals 
show the absence of axial symmetry of the Andean 
structures. 

A comparison of the lithospheric part of the ve- 
locity perturbation model of the southern profile with 
the results for the northern profile of 1990-1991 
shows that the most characteristic velocity anomalies 
are present beneath both profiles, although they are 
less contrasted in the south than in the north. More- 
over, the different average crustal velocities and 
crustal thicknesses associated with the main struc- 
tural units, as reported by refraction studies in south- 
em Bolivia, appear clearly on the teleseismic tomog- 
raphy. 

Low-velocity anomaliés are observed under the 
volcanic arc in the continental crust. A negative 
anomaly was also expected between the slab and the 
continental lithosphere, as this transect of the Central 
Andes is characterized by abundant Quaternary vol- 
canism, suggesting the existence of a mantle wedge 
of asthenospheric material. According to Isacks 
(19881, the wedge would have its tip located below 
the volcanic arc of the Westem Cordillera and would 
play a major part in the building of the Altiplano 
Plateau. However, this tomography does not show 
any clear low-velocity anomaly above the slab under 
the Altiplano but only some small slow anomalies. 
This feature was already reported for the northern 
profile. The tomographic images that will be com- 
puted from delay times of regional earthquakes 
should provide better constraints on the existence of 

The most striking feature of the tomographic im- 
age is the identification of the slab by high veloci- 
ties. The positive anomaly associated with the Wa- 
dati-Benioff zone of the Nazca plate is continuous at 

f this mantle wedge. 

depths down to the 660 km discontinuity, providing 
new evidence for a continuous slab over regions with 
gaps in seismicity. Further studies are required to 
investigate the precise geometry of the subducted 
slab. 

Acknowledgements 

We thank the scientific council of the Lithoscope 
project, in particular G. Poupinet, for making the 
seismic stations available. A review by H. Pedersen 
improved the writing of the manuscript. This project 
was sponsored by ORSTOM and INSU-CNRS. 

References 

Aki, K., Christoffersson, A. and Husebye, ES., 1977. Determina- 
tion of the three-dimensional seismic structure of the litho- 
sphere. J. Geophys. Res., 8 2  277-296. 

Barazangi, M. and Isacks, B.L., 1979. Subduction of the Nazca 
plate beneath Peru: evidence from spatial distribution of earth- 
quakes. Geophys. J. R. Astron. Soc., 57: 537-555. 

Beck, S., Zandt, G., Myers, S.C., Wallace, T.C., Silver, P.G. and 
Drake, L., 1996. Crustal thickness variations in the Central 
Andes. Geology, submitted. 

Cahill, T. and Isacks, B.L., 1992. Seismicity and shape of the 
subducted Nazca plate. J. Geophys. Res., 97: 17503-17529. 

Dorbath, C. and Granet, M., 1996. Local earthquake tomography 
of the Altiplano and the Eastem Cordillera of northem Bolivia. 
Tectonophysics, in press. 

Dorbath, C., Granet, M., Poupinet, G. and Martinez, C., 1993. A 
teleseismic study of the Altiplano and the Eastem Cordillera in 
Northem Bolivia: new constraints on a lithospheric model. J. 
Geophys. Res., 98: 9825-9844. 

Engdahl, E.R., van der Hilst, R.D. and Berrocal, J., 1995. Imaging 
of subducted lithosphere beneath South America. Geophys. 
Res. Lett., 22: 2317-2320. 

Evans, J.R. and Achauer, U., 1993. Teleseismic velocity tomogra- 
phy using the ACH method: theory and application to conti- 
nental-scale studies. In: H.M. Iyer and K. Hirahara (Editors), 
Seismic Tomography. Chapman and Hall, London, pp. 319- 
360. 

Hams, R.A., Iyer, H.M. and Dawson, P.B., 1991. Imaging the 
Juan de Fuca Plate beneath southem Oregon using teleseismic 
P wave residuals. J. Geophys. Res., 96: 19879-19889. 

Herrin, E., 1968. Seismological tables for P phases. Bull. Seismol. 
Soc. Am., 58: 1193-1242. 

Hirahara, K, 198 1. Three-dimensional seismic structure beneath 
southwest Japan: the subducting Philippine Sea plate. Tectono- 
physics, 79: 1-44. 

Isacks, B., 1988. Uplift of the Central Andean Plateau and bend- 
ing of the Bolivian Orocline. J. Geophys. Res., 93: 321 1-3231. 



144 C. Dorbath et al./Physics of the Earth and Planetary Interiors 97 (1996) 133-144 

Martinez, C., Soria, E. and Uribe, H., 1995. Deslizamiento de 
cobertura en el sinclinorio mesocenozoico de Sevamyo-Rio 
Mulato (Altiplano central de Bolivia). Rev. R c .  lai-21, 
Y.P.F.B., Cochabamba, Bolivia, pp. 9-26. 

Roeder, D., 1988. Andean-age structure of Eastern Cordillera 
(Province of La Paz, Bolivia). Tectonics, 1: 23-39. 

Schmitz, M., 1993. Kollisionsstrukturen in den zentralen Anden: 
Ergebnisse refraktionsseismischer Messungen und Model- 
lierung krustaler Deformationen. Berl. Geowiss. Abh., 20, 127 
PP. 

Schmitz, M., 1994. A balanced model of the southem Central 
Andes. Tectonics, 13: 484-492. 

Van der Hilst, R., Engdahl, R., Spakman, W. and Nolet, G., 1991. 

Tomographic imaging of subducted lithosphere below north- 
west Pacific island arcs. Nature, 353: 37-43. 

Wigger, P., Schmitz, M., Araneda, M., Asch, G., Baldzuhn, S., 
Giese, P., Heinsohn, W-D., Martinez, E., Ricaldi, E., Rower, 
P. and Viramonte, J., 1993. Variation in the crustal structure 
of the southem Central Andes deduced from seismic refraction 
investigations. In: K-J. Reutter, E. Scheuber and P.J. Wigger 
(Editors), Tectonics of the Southem Central Andes. Springer, 
New York, pp. 23-48. 

'Zhao, D., Hasegawa, A. and Horiuchi, S., 1992. Tomographic 
imaging of P and S wave velocity structure beneath northeast- 
em Japan. J. Geophys. Res., 9 7  19909-19928. 



Note to contributors 
The Editors invite colleagues who are preparing papers within the scope of the Joumal to submit them for publication. Please note that the manuscripts should be 
written in the English language. A detailed Guide for  uirthors is available on request, and is also printed in Vol. 93, Nos. 1-2, pp. 133-137. YOU are kindly 
requested to consult this guide. 

Letter Section 
The terrer Section is entirely devoted to short manuscripts describing preliminary results, suggestions for new applications of analytical methods, new theories, 
etc. 
Communications intended for this PEP1 Letter Section should not exceed six printed pages and should be self-contained. "he manuscripts received will be 
published noi luter thon three ntonths after their final acceptance. 
Manuscripts should contain a brief summary of approx. 50 words. In order to achieve rapid publication, no proofs will be sent to the authors. Manuscripts should 
therefore be prepared with the greatest possible care. 

Prepurution ufrhe text 
(a) The manuscript should preferably be prepared on a word processor and printed with double spacing and wide margins and include, at the beginning of the 

(b) The title page should include: the title, the name(s) ofthe author(s) and their affiliations, in that order. 

Rejkrences 
(a) References in the text start with the name of the author(s), followed by the publication date in parentheses. 
(b) The reference list should be in alphabetical order and on sheets separate from the text, in the following style: 

Bullen, K.E., 1975. The Earth's Density. Chapman and Hall, London, 420 pp. 
Kanamori, H. and Cipar, J.J., 1974. Focal processes of the great Chilean earthquake May 22, 1960. Phys. Earth Planet. Inter., 9 128-136. 
Knopoff, L., 1972. Model for the aftershock occurrence. In: H.C. Heard, I.Y. Borg, N.L. Carter and C.B. Raleigh (Editors), Flow and Fracture of Rocks. Am. 

Toksöz, M.N., Thomson, K.C. and Ahrens, T.J., 1971. Generation of seismic waves in prestressed media. Bull. Seismol. Soc. Am., 61: 1589-1623. 

Names of journals should be abbreviated according to the Internutionul List ufPeriodicul Tirle Word Abhreviufion.~. 

Tohles 
Tables should be compiled on separate sheets. A title should be provided for each table and they should be referred to in the text. 

IIIu.~rrutions 
(a) All illustrations should be numbered consecutively and referred to in the text. 
(b) Drawings should be completely lettered, the size of the lettering being appropriate to that of the drawings, but taking into account the possible need for 

(c) Photographs must be of good quality, printed on glossy paper. 
(d) Figure captions should be supplied on a separate sheet. 

Prrio~$i 
One set of proofs will be sent to the author, to be carefully checked for printer's errors (the Publisher does not read proofs). In the case of two or more authors 
please indicate to whom the proofs should be sent. 

Puge charges und reprints 
There will be no puge charge. Each author receives with his proofs a reprint order form which must be completed and returned to the Publisher with the proofs. . 
Fiji)? reprint,? of each article are suppliedjiw of charge. 

Suhmi.s.sion cif munuscripr 
Manuscripts should be submitted in triplicate to one of the three Editors, whose addresses are listed on the front inside cover.. lllustrations should also be 
submitted in triplicate. One set should be in a form ready for reproduction; the other two may be of lower quality. 

Submission cif electronic text 
In order to publish the paper as quickly as possible after acceptance authors are encouraged to submit the final text also on a 3.5" or 5.25" diskette. Both double 
density (DD) and high density (HD) diskettes are acceptable. However, the diskettes should be formatted according to their capacity (HD or DD) before copying 
the files onto them. Similar to the requirements for manuscripts submission, main text, list of references, tables and figure captions should be stored in separate 
text files with clearly identifiable file names. The format of these files depends on the wordprocessor used. Texts written with Displaywrite, MultiMate, 
Microsoft Word, Samna Word, Sprint, Tex, Volkswriter, Wang PC, WordMARC, Wordperfect, Wordstar, or supplied in DCAIRFT, or DEClDX format can be 
readily processed. In all other cases the preferred format is DOS text or ASCII. It is essential that the name and version of the wordprocessing program, type of 
computer on which the text was prepared, and format of the text files are clearly indicated. 
Books jiir review should be addressed to: Editorial Office Earth Sciences;Elsevier Science.B.V., P.O. Box 1930, 1000 BX Amsterdam. 
Submission of an article is understood to imply that the article is original and unpublished and is not being considered for publication elsewhere. 
Upon acceptance of an article by the joumal, the author(s) resident in the USA will be asked to transfer the copyright of the article to the Publisher. This transfer 
will ensure the widest possible dissemination of information under the US Copyright Law. 

paper, an abstract of not more than 500 words. Words to be printed in italics should be underlined. The S.I. unit system should be used throughout. 

Geophys. Union, Geophys. Monogr. Ser., 1 6  259-263. 

reduction in size (preferably not more than 50%). The page format of the Journal should be considered in designing the drawings. 

Copyright O 1996 Elsevier Science B.V. All rights reserved. O03 1-920 I /96/$15.00 

This joumal and the individual contributions contained in i t  are protected by the copyright of Elsevier Science B.V., and the following terms and conditions apply 
to their use: 

Photocopying 
Single photocopies of single articles may be made for personal use as allowed by national copyright laws. Permission of the Publisher and payment of a fee is 
required for all other photocopying, including multiple or systematic copying, copying for advertising or promotional purposes, resate, and all forms of document 
delivery. Special rates are available for educational institutions that wish to make photocopies for non-profit educational classroom use. 
In the USA. users may clear permissions and make payment through the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers. MA 01923, USA. In 
the UK, users may clear permissions and make payment through the Copyright Licensing Agency Rapid Clearance Service (CLARCS). 90 Tottenham Court 
Road, London W IP OLP, UK. In other countries where a local copyright clearance centre exists, please contact it for information on required permissions and 
payments. 

Derivative works 
Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal circulation within their institutions. Permission of the 
Publisher is required for resale or distribution outside the institution. 
Permission of the Publisher is required for all other derivative works, including compilations and translations. 

Electronic storage 
Permission of the Publisher is required to store electronically any material contained in this joumal, including any article or part of an article. Contact the 
Publisher at the address indicated. 
Except us ourlined uhove, no purr cf this p~iblicutiur~ muy he reproduced, strired in u r e t r i e d  system or rrunsniitted in uny jiirm or by uny meuns, elecrronic. 
nrrchunicul. phoiocop)ling, recording or otherwi.se, nvithriiit prior written permi,s.sion cif the Publisher. 

Disclaimers 
No responsibility is uswmed by the Publisher f i r  uny injury undlor dumage 1 0  persons ur property us u mutter o i fprod~~c t .~  liohility, negligence or (ithenvise, or 
>om uny use or operutirin of'uny  method.^, producrs, in.structicin.v or ideus contuined in the muteriul herein. 
Although oll udwrti.ving muteriul i s  e.rpected to conjivm 1 0  ethicul (medicul) siundurcis. inclusitin in this piihlicutirin durs not con.stitute u guuruntee or endor.se- 
ment rfthe yuuliry or  w~liie qfsuch product ur ofrhe cluinrs mude . f i t  by its munujucturer. 

@The paper used in this publication meets the requirements of ANSVNISO 239.48-1992 (Permanence of Paper). 

Printed in The Netherlands 




