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A Teleseismic Study of the Altiplano and the Eastern Cordillera in 
Northern Bolivia: New Constraints on a Lithospheric Model 
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The Altiplano, one of the world's great plateaus, is the most significant geomorphological unit of the 
Central Andes. Knowledge of its lithospheric structure is essential to the understanding of the 
mountain building in this region. In order to study this, we performed a teleseismic field experiment 
in northern Bolivia. During a 4-month period, 34 short-period seismic stations were installed along a 
320-km-long profile, crossing the Altiplano and the Eastern Cordillera, from the volcanic arc zone to 
the sub-Andean zone, perpendicular to the main structural direction. A careful study of relative travel 
time residuals led us to propose a qualitative model related to the structural patterns; the maximum 
amplitude of these residuals along the profile reaches 3 s for P phases and have a strong azimuthal 
dependence. The residuals show a noticeable sudden increase, clearly associated with the fault system 
bordering the Eastern Cordillera to the west, the Cordillera Real fault system. The high quality of the 
data allows us to perform a velocity inversion and to calculate at what depth lateral variations occur. 
The origin of the perturbations in the upper crust is reasonably accounted for by the depth variations 
of the sedimentary fill, with the maximum thickness found under the Altiplano basin. The velocity 
perturbations in the lower crust are interpreted as variations of the Moho depth which decreases from 
about 60 km below the Altiplano to 50 km below the Eastern Cordillera. In the upper mantle, a 
high-velocity zone is observed below the Eastern Cordillera. The major feature of this model is a 
subvertical boundary, dipping slightly to the southwest, which separates two strongly contrasting 
velocity units throughout the model, from the surface down to 140 km. This boundary coincides with 
the Cordillera Real fault system and is interpreted as an old suture. As the Altiplano is characterized 
by low velocities in the crust, the high velocities beneath the Eastern Cordillera down to 120 km may 
correspond to the Brazilian craton; in the region studied, the western limit of the underthrusting of the 
craton corresponds to the western border of the Eastern Cordillera. 

INTRODUCTION 

One of the prominent characteristics of the Andean chain 
is its segmentation along the strike [Jordan et al., 19831. This 
segmentation is directly related to the shape of the sub- 
ducted Nazca plate. The part of the Andes, between 13"s 
and 27"s (in southern Peru, Bolivia and northern Chile), 
where the angle of dip of the subducting plate has a constant 
value of 30°, is called the Central Andes; it is characterized 
by specific tectonic features (Figure 1). This zone is divided, 
from the Pacific Ocean to the Brazilian craton, into nearly 
parallel morphological structures: a coastal range, an axial 
valley, the high volcanic arc called the Western Cordillera, 
the Altiplano (or Puna), the Eastern Cordillera, and the 
sub-Andean zone. 

The most significant geomorphological unit of this seg- 
ment is the Altiplano, a high plateau extending from south- 
e m  Peru to northwestern Argentina, with a mean elevation 
of nearly 4000 m. In Bolivia, its width is about 450 km. It is, 
after Tibet, the largest high plateau in the world; however, 
its structure and development are by far less understood 
than those of the Tibetan Plateau. 

Mountain building in the Central Andes is undoubtedly a 
very complex process. For a long time, it was assumed that 
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the Altiplano was an extensional basin [Artbortin et al., 
19731. However, recent tectonic and structural studies em- 
phasize the compressive regime throughout the history of 
the chain [Baby et al., 1990; Martiner. and Segrtret, 19901. 
The main question is how such a large structure as the 
Altiplano was produced and maintained at such a high 
altitude. Several compensatory mechanisms have been pro- 
posed. The thickening of the crust can be due either to 
shortening or to magma addition. A number of hypothesis 
for the shortening mechanism have been proposed by au- 
thors in different ways. Rutland [1971] suggested crustal 
doubling by addition of subducted crustal material. Uyeda 
and Kanamori [I9791 proposed thickening of the C N S t  by 
folding for the Chilean type subduction. James  [I9711 com- 
bined folding and thrust faulting in his model. Underthrust- 
ing of continental crust is the mechanism proposed by 
Bourgois andJanjou [1981], Suarez et al. [1983], Lyon-Caen 
et al. [1985], Isuch [1988], and Roeder [1988]. Magma 
addition is suggested by Dewey und Bird [1970]. Froidevaux 
and Zsacks [I9841 have proposed that the topography is 
compensated by a combination of crustal thickening and 
lithospheric thinning. Finally, Kono et  al. [I9891 proposed a 
model with two coexisting processes between the two cor- 
dilleras to form the high plateaus (Altiplano and Puna): 
magmatism and crustal accretion are dominant at the west- 
ern margin of the mountain system and their effects decrease 
eastward, while compression and the consequent crustal 
shortening are most-important at the eastern margin and 
decrease toward the west. 

A precise knowledge of the deep structure beneath the 
Altiplano is important for the understanding of the formation 
of the Andes. Seismic tomography has proved to be a 
powerful tool in studying velocity structures, especially in 
tectonically active regions [Aki, 19811. In order to improve 
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Fig. 1. Morphostructural zoning of the Central Andes. From the 
Pacific Ocean to the Brazilian craton [area marked u i t h  crossesi. the 
main units are the coastal range. the axial valley. the Western 
Cordillera. the Altiplano-Puna region I shaded areai. the Eastern 
Cordillera. and the sub-hndean zone. Crossing the .\kiplano and the 
Eastern Cordillera. between 15" and I S 3  and hÏ" and 69%'. the 
dotted line represents the approximate location of the teleseismic 
study described in this paper. The rectangle in the inset shows the 
location of the Central Andes in South America. 

our knowledge of the deep structure beneath the Central 
Andes. we have performed a teleseismic field experiment in 
northem Bolivia. from the border of Chile to the Rio Beni 
passing through La  Paz (Figure 31. The seismic profile 
crosses two main morphological units of the Andean chain: 
the Altiplano and the Eastern Cordillera. It starts in the 
volcanic arc and extends 35 km into the sub-.Andean zone. 
approximately perpendicular to the main structural trend of 
N320"W. 

The  aim of this paper is to use P teleseismic delay times to 
perform a tomographic inversion of the lithosphere and to 
map the relative velocity perturbations beneath the Altiplano 
and the Eastern Cordillera. In particular. we  will determine 
how and where the deep transition between these two 
structural units occurs. The  spacing between the stations. 
together with the teleseismic wavelength, will also allow us 
to  obtain information about the sedimentary fiil.  Results 
from this study, in addition to previous geophyrical works 
and crustal seismic studies undertaken concurrently i G.  
Herquel e t  al., Crustal structure of the Altiplano and the 
Eastern Cordillera in northern Bolivia from regional earth- 
quake analysis and amplitude coherency :it teleseismic dis- 
tances,  submitted to GeopIiysicd RcsmrcIi Lc[fC'r.s, 1992). 

will provide new constraints on a lithospheric model and 
therefore on mountain building in  the Central Andes.  

STRUCTURAL S E ~ I N G  

This study was situated at the latitude of Bolivia and 
northern Chile where the Andean Cordillera changes its 
trend from the northwest-southeast direction in the north. to 
an overall north-south direction in the south 1 Figure 1 ). The 
seismic profile was located across  the northwest-southeast 
segment of the Bolivian Orocline. 

Important compressional crustal shortening in the modern 
.Andes is currently accepted [.4zdebc7iid et al.. 1973: ;\tiir- 
fine; and T m " .  1975: Skeffels. 1985. 1990: Roeder. 1988: 
Srmpere et al., 19901. However .  the interpretation of the 
crustal cross section in the sector  ctudied differs from one 
author to another. In the mos1 recent works the Andean 
deformation is interpreted a s  a low-angle transcrustal thrust- 
ing thlain Andean Thrus t  (MAT) of Rorder [ 19581; Cabal-, 
gamiento Andino Principal tC.INP) of Semprre et d. 
[ l990]), which overlaps no r theas tnwd  the -Andean foreland 
for more than 300 km. .Ahove the  XlAT and southwes t  and 
northeast of the Eastern Cordillera. there a re  lowangle 
dipping thrusts which are  respectively southwest and  north- 
east vergent. These thin-skinned-type interpretations d o  not 
account fo r  all the observed geological data. F o r  example.  in 
spite of its sedimentary fill of 15 to 30 km thickness [,iírvtv 
&itid Miiriilo. 1961: .4scrirriin:. 1973'1. h ] .  the n i d e  northern 
Altiplano Basin does not appear  on such sections. nor d o  the 
major high-angle faults appear  Lvhich are frequenti!: ob- 
served in the field. such as the San  Andres fault. the Coniri 
fault. the Cordillera Real fault [,Asccirriin:, 1973~2: Marrine;, 
1950: Larwrir, 1956: .\tartinez trnd Srgirrer. 19901. The 
important deformation associated with magmatic activity 
and metamorphism developed during Early to  Late  Paleo- 
zoic ["Hercynian phases") is ruled out  by Roedsr  [198S]. 
whereas it has been readily demonstrated to exist in the 
Eastern Cordillera of Peru  and  Bolivia by X f e y - d  er d. 
[1971], Bartí t't d. [197.1], Marrine: et d .  [19731, Ddmizyrac 
et d. [19YO]. and ,tfarrine; [1980]. 

The structural zones of the Andean belt roughly corre- 
spond to the morphological units [Figures 1 and 2 b ) :  to the 
east of the main volcanic arc. the intracordilleran Tertiary 
Altiplano Basin is juxtaposed to  a belt of folded Paleozoic 
sedimentary rocks, evidence of a Hercynian belt cen tered  on 
the Eastern Cordillera of Bolivia and southern Peru [Xiar- 
tine; and Toi?icisi. 1978; .Wartine;. 1980; Dalmayrac et al.. 
19801. On the northeastern flank of the Eastern Cordillera. a 
zone of large longitudinal faults (MAT, see above )  marks  the 
transition into the sub-Andean zone. in which strike belts 
involve Neogene rocks and  are  clearly Andean in age. These 
main morphostructural zones. which are individually af- 
fected by major faults. can  be  differentiated into different 
units (Figures 3 n  and 2b) .  

' 

. 

Altiplcino Dotnriin 

In its northern part. the Bolivian Altiplano 1.1000 m high) is 
dissected by n longitudinal and transverse network o f  faults: 
the longitudinal "San Andres fault zone." separates the 
volcanic western ,Altiplano t'rom a central .Altiplano Basin 
which subsided during Cenozoic time. 

In  the western .-Iltiplano istations 1-5, Figure z u ) ,  the 
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Quaternary volcanic cones are up to 6000 m high. In this 
area, the Quaternary lava and the Miocene and Plio- 
Pleistocene volcanic-detrital and ignimbrite materials over- 
lay a Mesozoic series known only on the base of the San 
Andres borehole [Lehmann,  19781. According to drill data, 
the Paleozoic rocks are not present, and the Precambrian 
basement (at 2745 m depth) includes gneisses and granites. 
The San Andres fault zone is interpreted to be the eastern 
border of the Precambrian Arequipa terrane [Martinez, 19801 
which is the remains of the Late Precambrian-Early Cam- 
brian Brasilides [Lehmann,  19781, consisting of reworked 
rocks dated 1100-1900 Ma and 2000 Ma [Cobbing et al., 
19771. 

The Altiplano Basin (stations 7-13, Figure 20) extends 
east of the San Andres fault system. This subsiding Cenozoic 
intracordilleran basin is divided by transverse and longitudi- 
nal faults which delimit blocks of varying sizes and subsid- 
ence rates. Along the zone of the profile, across a 100-km- 
long syncline, with a north-northwestlsouth-southeast axis, 
the Cenozoic detrital series, which is as recent as Pliocene, 
is more than 10 km thick. The total thickness of sedimentary 
rocks including the underlying Paleozoic, Mesozoic and 
Paleogene beds, is about 20 km [Meyer and Miirillo, 1961; 
Ascarriinz, 1973a, b]. The western limit of the basin is 
marked by the “Coniri fault zone” which is transformed to 
the southeast of Patacamaya by the sinistral strike-slip 
“Laurani fault zone”, through a zone of hidden transfer 
faults (“Ayo Ayo fault zone” [Ascarriinz, 1973b1). 

In the Altiplano Basin, to the north of the profile, Martinez 
and Segicrer [I9901 have confirmed the occurrence of con- 
siderable subsidence and have shown that sedimentation is 
contemporary with the compressive deformation which was 
continuous from the Eocene to the Pliocene. During Ceno- 
zoic, thrusting of opposite vergence along the San Andres 
fault zone and the Corocoro thrust [Martinez, 19801 resulted 
in folding and thrusting of the subsiding basin compressed 
between the Precambrian of the Arequipa terrane and the 
Paleozoic rocks of the Eastern Cordillera. This synsedimen- 
tary deformation is particularly marked toward the edges of 
the basin in contrast with the apparent simplicity of the 
medial syncline. 

East of the Coniri-Laurani fault zone, Paleozoic rocks 
crop out through a reduced Cenozoic cover in the ridges that 
separate basins. Although located in the morphological 
Altiplano, these Paleozoic ridges belong to the western limb 
of the geological Eastern Cordillera [Sempere et al., 19901. 

‘ Eastern Cordillera Domain 

The Eastern Cordillera is divided into three zones, from 
west to east: the western flank, the Cordillera Real fault zone 
(CRFZ) and the axial zone. The Paleozoic rocks which 
underlie the Eastem Cordillera have been deformed during 
the Early and Late Paleozoic (“Hercynian”) before being 
further deformed by Andean compressions. 

The western flank of the Cordillera (“Huarina fold-thrust 

developed after the Cretaceous, during Oligo-Miocene and 
Pliocene times. 

The Cordillera Real fault zone (stations 31-23, Figure 3a) 
corresponds to a steeply dipping northwest-southeast trend- 
ing faults, set in left-lateral en Cchelon system and which 
suffered multiple extensional and compressional reactivation 
[Martinez, 1980; Lavenil, 19861. It is bounded to the east by 
the Oligo-Miocene granodioritic batholith (Cordillera Real. 
Illimani, Quimsa Cruz) [McBride er al., 19831. Its trace is 
roughly parallel to the Cordillera Real thrust of Sempere et 
al. [1990]. 

In the axial zone (stations 34-31, Figure zu) ,  the detrital 
Ordovician series which forms the main part of the outcrops 
is up to 5000 m thick. The Ordovician series was folded and 
metamorphosed during Hercynian phases and has been 
intruded, close to the CRFZ by (1) syntectonic Zongo-Yani 
monzogranites [Bard er al., 19741, (2 )  Triassic plutons [Mc- 
Bride et al., 19831, and (3) Oligo-Miocene granites. In the 
axial zone, the Andean tectogenesis is superposed on the 
Hercynian magmatism and deformation. The Andean re- 
verse faults and thrusts have a northeast vergence. 

The axial zone is bounded on the northeastern flank by a 
narrow belt of Silurian-Devonian rocks and by the Main 
Andean thrust system which separates the Eastern Cordil- 
lera from the sub-Andean zone whose Paleozoic and 1Meso- 
Cenozoic series is probably over 10 km thick (stations 32-34, 
Figure Zu). 

Therefore the CRFZ appears to form the most prominent 
tectonic boundary of the section studied, loci of repeated 
magmatic activity, and a boundary between northeast and 
southwest vergent Andean thrusring. We can also note that 
it corresponds to an anomaly of electric discontinuity de- 
tected by Schmiicker et al. [ 19661. 

, 

PREVIOUS GEOPHYSICAL RESULTS 
In order to image the deep lithosphere, we have to select 

an initial velocity model. This requires a reasonable knowl- 
edge of the crustal structure, namely, the vertical velocÍty 
distribution and the Moho depth. These data are provided 
mainly by seismic refraction and reflection experiments. 
Since the wavelength of the teleseismic waves we used for 
the inversion (about 10 km) is not sensitive to small-scale 
perturbations, in this first part we will concentrate on the 
thickness of the crust and will not discuss the detailed 
velocity distribution. 

The first deep seismic sounding was carried out during the 
International Geophysical Year, 1957, by the Carnegie 
Group [Tutel and Tuve, 19581. New seismic profiles along 
the Altiplano were performed in 1968 [Ocola et al., 1971, 
Ocolu and Meyer, 19721. Using secondary arrivals, the latter 
postulated a crustal thickness greater than 70 km. More 
recently, seismic profiles have been performed in northern 
Chile and southern Bolivia [Wigger,  19881, but as a result of 
the high attenuation beneath the Altiplano, the structure is 
not well constrained. According to Wigger [1988] the depth 

belt” [ S e m p r e  et al., 19901) extends from the Coniri---- of the Moho beneath the Altiplano should not exceed 76 km. 
Laurani faults to the Cordillera Real fault system (stations While this value is based on some weak indication of S wave 
15-20, Figure Zu).  The Paleozoic series (mostly Silurian to amvals, there is no evidence for this discontinuity with P 
Devonian) is 10-12 km thick. Hercynian folds have been waves. Last. a crustal refraction study undertaken, concur- 
deformed during Andean tectonics by southwest thrusting rently with this work, using regional earthquakes as sources, 
and locally by northeastern vergent backthrusts. Silurian- shows a crustal thickness of 60 to 70 km (G. Herquel et al., 
Devonian series are frequently thrust over the syncline submitted manuscript. 1992). 
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Fig. 3. Previous P velocity models for the region under study: (a )  James [1971] from surface waves analysis, ( b )  
Ocola er al. [I9711 for the Altiplano from seismic refraction, (c) Molina for La Paz [from Cabré, 19831, from P and S 
residuals study. 

After the pioneering work of Cisternas [1961], phase and 
group velocities of Rayleigh and Love waves have been used 
by James [1971] to derive models of the crust and upper 
mantle beneath the Central Andes. The crustal thickness 
inferred from this study is about 70 km beneath the Westem 
Cordillera and the western part of the Altiplano, thinning to 
50-55 km beneath the Eastern Cordillera. However, the 
reliability of these results is limited because the interpreta- 
tion of the data assumes horizontal layering in a region 
where the topography of the interfaces is strongly disturbed. 

Also some local studies have been performed in Bolivia: 
the Moho depth beneath La Paz was found to be 65 km by 
the spectrum of longitudinal seismic waves [Fernandez and 
Careaga, 19681 as well as by the inversion of both P and S 
wave residuals [Cabré, 19831. Figure 3 presents three of the 
velocity models described above. 

Some crustal models have been calculated from gravity 
anomalies. In northern Chile and southern Bolivia (20"- 
24"S), the interpretation of new gravity measurements pro- 
vides a moho depth of 60 km under the Western Cordillera, 
decreasing to the east [Strunk, 19901. Finally, modeling of 
new gravity data, crossing the Central Andes in Peru (14OS), 
through the northern part of the Altiplano, gives a Moho 
depth of 65 km under the Western Cordillera and 55 km 
under the Eastern Cordillera [Fukao et al., 19891. The 
increase of nearly 150 mGal, occurring where the Eastern 

- 

Fig. 2 (Opposite). (a) Geological setting of the region under 
study. The numbers of the legend refer to the different geological 
and tectonical units: 1, Quaternary volcanoes; 2, Cenozoic volcano- 
sedimentary cover; 3, Meso-Cenozoic Altiplano Basin and Paleo- 
zoic-Mesozoic-Cenozoic sub-Andes; 4, Siluro-Devonian borders of 
the Eastern Cordillera; 5 ,  Ordovician axial zone of the Eastern 
Cordillera; 6, Hercynian plutons; 7, Andean plutons; 8, thrust fault; 
9, normal fault: and 10, strike-slip fault. The bold numbers show the 
location of the temporary seismic stations. The dotted line displays 
&he location of the cross sections presented in Figure 2b and Plate 3. 
(6) Geological and structural cross section; the same symbols as on 
Figure 2a are used. 

Cordillera is bordered by the flat lands of the Amazon Basin, 
suggests a sudden change in the crustal thickness of about 15 
km. 

In conclusion, from these seismic and gravity measure- 
ments, no definitive crustal model has been established for 
the region to the present day. However, most authors agree 
on a crustal thickness beneath the Altiplano of the order of 
6670  km, decreasing to 50-55 km beneath the Eastern 
cordillera. This uncertainty in crustal thickness should have 
an only minor influence on the results of the inversion 
procedure, especially concerning the subcrustal lithosphere 
structure, as long as there is no strong vertical coupling 
observed during the inversion process. . .  

FIELD EXPERIMENT AND DATA PROCESSING 
Between October 1990 and February 1991, 34 temporary 

digital recorders of the French Lithoscope network, 
equipped with vertical short-period seismometers (Mark 
Product L4C, To = 1 s) were installed along a profile 
crossing the Altiplano and the Eastern Cordillera. This 
profile (Figure 2a and Table 1) is roughly perpendicular to 
the direction of the main Andean structures, which show an 
axial symmetry. Station locations were strongly dependent 
on the availability of usable roads. This problem was crucial 
on the eastern flank of the Eastern Cordillera, from station 
24 to station 29, where the road descends from the Cordil- 
lera, 3200 m high, to the "Yungas", 900 m high, in a very 
narrow valley. There it was impossible to find sites with low 
seismic noise level, which were far from the disturbance of 
the traffic. This dacul ty  is the main cause of the lack of data 
at some of these stations. --- -. 

The total length of the profile is 320 km, with a mean 
station spacing of 10 km, adapted to the wavelength of 
teleseismic P waves. Time was provided by internal clocks 
controlled by a master clock. 

During a period of 3: months, while all the stations were 
running simultaneouslq, we recorded nearly 500 seismic 
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TriBLE T Stations Coordinates 

Name Code Latitude. ’S  Longitude. “IV Altitude. m 

1 

3 
4 
5 
h 

7 

-7 

s 
9 

I c i  
I I  
I 2  
13 
14 
II 
Ih 
I7 
IS 
19 
20 
21 

23 
24 

26 

‘S 
’9 
30 
31 

1-l .._ 

7 T  -- 
-7 -. 

--  
q.. 
-1 

34 

hl UJtalla 
Canpe 
Tolatia 
Catacora 
Iielkata 
Curahuara 
Bella Vista 
Po\olalla 
Corapi 
Huarejani 
POkUllltJ 
Huancarames 
Copani 
Patacamaya 
Pumasani 
Pinalla 
Pocohota 
Ventilla 
LaPaz 
Vinto Pamp‘t 
Incachaca 
Rinconada 
L‘nduavi 
CotaPata 
Chuspi Pata 
Yungas 
Puente Mururata 
Hotel du Planteur 
San Pedro de Leon 
San SII\ eno 
Colonia Saonedra 
Colonia Barros 
Thee 
Rio Beni 

LICJT 
CARI 
TOLA 
CXT.4 
KELK 
CURA 
BEVI 
POSO 
CORA 
HC.4R 
POKC 
HCAN 
COP.4 
PATA 
PC?.lA 
PISA 
POCO 
VENT 
LAPZ 
VIP.4 
ISC.4 
RISC 
U S D U  
COTA 
CHUS 
YUYG 
PCES 
HOTE 
SPDL 
SILI. 
CBS.A 
B .A RT 
THEE 
B E S I  

18.0581 
18.0032 
I7.93SX 
17.9 135 
17.S436 
17.8261 
17.7208 
17.6135 
17.5393 
17.4381 

17.3601 
17.3286 
17.2604 
17 13774 
16.9433 
16.7519 
16.6233 
16.5363 
Ih.4579 
16.1085 
16.31-37 
16.3312 
16.2849 
16.3050 
16.2344 
16.1658 
I 6. U42 I 
16.tlO47 
15.9236 
15 .s494 
15.,12s 
15.64h2 
15.5674 

17.~iw1 

68.9656 
68.84O8 
68.7384 
bS.6169 
68.5331 
68.4169 
68.3715 
hS.2963 
b8.3060 
68.3152 
68.2294 
6s. 1123 
68.0553 
67.9480 
67 97-45 
bS.1110 
68.1923 
68.1747 
4s. I 000 
58.0798 
68.0480 
68.0 196 
67.9495 
h7. 84% 
67.8152 
67.7935 
67.7285 
67.6643 
57.6193 
57.5415 
67.5275 
57.5028 
hÏ.4262 
47.371 1 

4 3 3  
4230 
4077 
?920 
?900 
3912 
390 1 
3880 
3SOb 
:896 
:994 
390 I 
3871- 
3804 
3955 
3P80 
:9s0 
3960 
3300 
- -  T i00 
4366 
1210 
390 
3219 
3000 
2000 
I100 
1100 
930 
970 
h31 
92: 

I u03 
489 

events: of those, only 100 were reported by international 
bulletins. S5 of which were teleseismic events. Only 57 
events which show a clear P wave onset were finally used in 
this study. Their epicentral distance and azimuth distribution 
is plotted on Figure 1. P and P K P  phase arrival times were 
measured using waveform matching across the nenvork. 
Special attention was paid to core phases for events n i t h  
epicentral distances between l W  and 116” to avoid possible 
incorrect identificarion among the different phases. The 
overall accuracy of the relative arrival times is estimated to 
be better than 0.1 s. The final data set contains 595 obser- 
vations. 

Absolute travel times were calculated using National 
Earthquake Information Center (NEICI hypocenter param- 
eters and Jeffreys and Biillen [ 19701 travel time tables for P 
phases. We preferred to use Herrin’s 119691 tables for P K P  
phases because his travel time curve is more detailed and 
precise for the core phases. These allowed us to use phases 
from the three P K P  branches according to the epicentral 
distance. This choice of two travel time tables will not 
produce artifacts in the timing procedure because we only 
used relative residuals. Travel times were corrected for 
station elevation, assuming the same crustal velocity as in 
the first layer of the starting model used for the inversion 
(Table 31. It was not possible to correct travel times for 
variations in the 5edimentary cover because of the lack of 
precise information concerning velocities and thicknesses of 
the various formations. 

The absolute travel time residuals contain large contribu- 

tions from hypocenter and origin time errors, and from the 
differences between the average earth model and the actual 
path from source to receiver. Given the distance from source 
to receiver, for teleseismic events. these errors are nearly 
constant across reasonably small arrays. They are removed 
effectively by forming relative residuals, computed by sub- 
tracting a reference residual (representative of the receiver 
array for a particular event) from each absolute residual. For 
the reference residual. one may use the residual at some 
reference receiver believed to be outside the most anoma- 
lous region. or an average residual [Et*ans and Achacter, 
19931. In the case of the Bolivian experiment. some stations, 
particularly on the eastern flank of the Eastern Cordillera. 
did not record every event. The lack of data corresponding 
to these stations for some events could introduce a bias 
when calculating the mean residual for these events. Thus 
we took station 10 as a reference. This station is situated in 
the central part of the Altiplano. far from any major struc- 
tural change. It was operational throughout the whole of the 
experiment and recorded all the events. The position and the 
continuous operation of this station make it a convenient 
reference. 

Another problem specific to this experiment is caused by 
the presence of velocity anomalies associated with subduc- 
tion. X precise location of local events recorded during this 
field experiment shows that the subducted slab is 160 km 
below the western end of the seismic profile, extending down 
to 110 km in the middle part of the profile IC. Dorbath and 
hl. Granet, Local earthquake tomography of the .4ltiplanu 
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Fig. 4. Distance and azimuth distribution of the teleseismic 

events used in this study with an increment of 10". They are plotted 
relative to La Paz. approximately the center of the seismic array. 
Each shaded sector corresponds to an average of two events: inner 
circles, for P phases (between 10" and 90'1, and outer circles. for 
PKP phases (between 120' and 180"). 

and the Eastern Cordillera of northern Bolivia. submitted to 
Jortrnal of Geophysical Research. 1993). Thus it will not be 
possible to map the slab in this work. However, depending 
on the epicentral distribution. the teleseismic rays may or 
may not cross the slab. This would only be the case for the 
Columbian and Venezuelian earthquakes, with ray paths 
from the north and at short epicentral distance (20°-300). 
These slab-perturbed travel times do not influence our 
model. 

VARIATION OF RELATIVE RESIDUALS 
The data set is nearly equally divided into P and PKP 

phases. Due to the quasi-vertical incidence of PKP phases, 
no azimuthal variation of the corresponding residuals is 
observed. A plot of the mean PKP relative residuals (Figure 
Sa) gives a crude picture of the lateral velocity variations. 
However, the azimuthal- and distance-dependent variation 
of P residuals is the main basis for imaging spatial and depth 
velocity perturbations from a spherically symmetric Earth 
velocity model. Figure 56 shows representative examples of 
these mean relative P residuals along the profile for events 
occumng at different azimuth ranges. 

The southeastern stations (1-6) show a pronounced azi- 
muthal variation. The residuals increase rapidly as the 

TABLE 2. Initial P-Velocity Model 

Layer Thickness. km Velocity, km/s 

I 30 
2 30 
3 40 
4 -lo 

6.1 
6.8 
8.0 
8. I 

Or 
i 
i 1. 
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Fig. 5. Relative residuals representations: ( a )  mean P K P  resid- 
uals relative to station 10 (HUAR). They are averaged on the whole 
azimuthal range and plotted along the profile ivith the corresponding 
standard errors. ( b )  P residuals, relative to station 10. according to 
five different azimuths for which a number of events was recorded. 

azimuths of the epicenters turn counterclockwise from 
N35O"W to N320"W. The amplitude of the variation is very 
large, 7.4 s at station 2 ,  and progressively vanishing to the 
east. The behavior of the azimuthal variations is indicative of 
a strong lateral velocity change with a strike of about 
N33O"W passing close to station 6 .  

From station 7 to station 13, the amplitude of the azi- 
muthal variations is small. From station 14 to station 70, the 
relative residuals are more dispersed, and no simple azi- 
muthal effect can be seen. The amplitude of the variation is 
of the order of 0.8 s. 

For all azimuths a major change in the shape of the profiles 
is observed between stations 19 and 21. It consists of a sharp 
and significant decrease of the relative residuals by about 0.5 

From station 21 to station 34, two distinct groups are 
observed on the profiles. The difference between the relative 
residuals of these two groups is 1.5 s from station 27 to 
station 34. While the events coming from the N350"W 
azimuth present the highest residuals, those coming from the 
N310"W azimuth are in the lower group. This behavior 
indicates a lateral velocity change with a strike of approxi- 
mately N320"W passing close to station 70. 

Another way to study the azimuthal and spatial variations 
of teleseismic P residuals is to express them in polar 
diagrams [Dziewonski and Anderson, 19831. Following 
Babitska et  al. [1984], relative residuals obtained by averag- 
ing the absolute residuals for selected events are plotted in a 
stereographic projection giving the diagrams shown in Plate 
1. We grouped all events into regions using sliding windows 
of 15" for azimuth and 4" for angle of incidence to decrease 
the erects of an uneven distribution of earthquakes. A cubic 
spline function was used to interpolate and smooth the data 
(courtesy of Y. Liotier). The residuals shown in Plate 1 are 
corrected for the elevation and, in this particular case, 

S .  
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normalized to an average residual as described above. This 
normalization is valid because we constructed the polar 
diagrams using only the events for which there is at least one 
station in each geological zone defined on Figure 2. This 
procedure will allow us to study the behavior of our refer- 
ence station (HUAR, station 10). For each diagram, the zero 
level represents the relative residual averaged over all of the 
source regions. 

Lithospheric structures have a dominating influence on 
the diagram pattern. The latter is influenced mainly by 
oriented structures beneath a station and inhomogeneities in 
the mantle. All seismological stations exhibit a strong depen- 
dence of P residuals on azimuths and incidence angles. 

For stations 2-5 (CARI, TOLA, CATA, KELK) all waves 
travelling from the north are relatively fast compared to their 
representative average and the largest negative values of the 
residuals are observed for these stations. Station 6 (CURA) 
shows a different pattern (the fast direction is southwest) 
with small amplitudes of the residuals (50.4 s). 

From station 7 to 13 (BEVI, POSO, CORA, HUAR, 
POKU, HUAN, COPA), the azimuthal dependence of the P 
residuals is less marked than for stations 2-5. These stations 
can be separated into two groups. The first group, consisting 
of stations 7 (BEVI), 8 (POSO), and 9 (CORA), is charac- 
terized by fast waves travelling from the north and north- 
east, while the other group, stations 11 (POKU), 12 
(HUAN), and 13 (COPA), shows more pronounced fast 
arrivals from the south and southeast. Station 10 (HUAR), 
which has recorded the full set of teleseismic events, shows 
an intermediate and relatively simple pattern. This supports 
our choice of station 10 as the reference station. 

From station 14 (PATA) to station 18 (VENT), the polar 
diagrams show almost the same coherent and simple pattern 
with waves coming from the north and the south being slow. 
Station 20 (VIPA) when compared to the latter ones exhibits 
a similar pattem; waves arriving from the south are slow for 
all the epicentral distances, while for station 21 (INCA) and 
22 (RINC) we observe a quite different polar diagram pat- 
tem. This is consistent with the P profiles (Figure 56) where 
a significant decrease of the residuals is seen between 
stations 19 and 21. From station 25 (CHUS) to station 33 
(THEE), the pattem of the polar diagrams changes gradu- 
ally. A remarkable consistency in the behavior of the resid- 
uals for the stations in the sub-Andean zone (stations BART 
and THEE) is observed. The waves arriving from southern 
and southeastern azimuths are fast. 
In summary, it is worth noting the consistency of these 

two residual studies with the structural units described 
above. A simple qualitative model with an axial symmetry 
can explain much of the gross variation of the relative 
residuals. This model, between stations 7 and 19, consists of 
a zone of slow material extending from the San Andres fault 
system to the Cordillera Real fault system. The strike of the 

I 
- .  

~ 

Plate 1 (opposite). Polar diagrams of a set of stations. The 
stations are referenced by their code name (see Table 1) and the 
number of data used for this specific study. Each diagram shows the 
average residuals for the source regions plotted as a function of the 
azimuth and incidence angle of the amving waves. The outer 
perimeters of the diagrams correspond to the incidence angle of 40", 
i.e., to waves from epicentral distances of about 20". Fast directions 
correspond to negative values (blue end of the spectrum) and siow 
directions by positive values (red end of the spectrum). 

lateral velocity changes, about N320"W, is in agreement with 
the Andean structural direction. The slowest part is ob- 
served beneath stations 7 and 14 and clearly corresponds to 
the central Altiplano Basin. A zone of high velocity is 
observed to the east of the Cordillera Real fault system. 
Figures 5a and 5b show a generally rapid velocity decrease 
between stations 14 and 27; in any case, this velocity 
contrast between the Altiplano Basin (station 14) and the 
central Eastern Cordillera (station 27) has to be very large in 
amplitude andor  extend to great depths to explain the 
observed variations (for example, a difference of 1.8 s is 
observed between these two stations in the case of vertical 
PKP rays). The careful study of the relative residuals leads 
us to a qualitative model; however, it does not allow us to 
determine at what depth the lateral perturbations occur. The 
data inversion will refine and quantify this simple model. 

DATA INVERSION 

The starting P velocity model that was used for the 
teleseismic inversion (Table 2) is a smoothed version of the 
velocity models presented in Figure 3. The choice of a 
crustal thickness was not simple, as the Moho depth changes 
from 55 to 75 km depending on different authors; thus we 
have performed a number of computations with a Moho 
depth increasing from 50 to 80 km with a 5-km increment. 
Finally, we selected a Moho depth of 60 km below sea level 
as the best starting model for the inversion. The aperture of 
the profile allows us to image the lithosphere-asthenosphere 
system down to 140 km, and the short distance between the 
stations (about 10 km) results in a good lateral resolution 
without spatial aliasing. 

The technique used here to invert the relative residuals 
[Glahn et al., 19931 follows the method developed by Aki et 
al. f.19771 and involves the partition of the volume under 
investigation into layers, which are themselves divided into 
blocks. As the network was quasi linear and perpendicular to 
the structures which exhibit an axial symmetry (Figure 2), 
we began with a two-dimensional inversion. The initial 
velocity model was divided into four horizontal layers: the 
crust, consisting of two layers each 30 km thick, is under- 
lained by two layers each 40 km thick. Each layer was 
divided into 20 blocks of 20 km length. For the inversion, we 
kept only those blocks which were sampled by more than 10 
rays. The model obtained reduces the data variance by 70%. 
As the initial variance is 0.29 s2, the reading errors estimated 
as being 0.1 s can explain 20% of the data variance. The 
reduction of the variance obtained for the two-dimensional 
inversion is then satisfactory and demonstrates that the 
hypothesis of axial symmetry of the structures is a good 
approximation. 

To further enhance our picture of the velocity perturba- 
tions and to cross-check our assumption of axial symmetry, 
we then performed a three-dimensional inversion. The initial 
velocity model selected was divided into layers of the same 
thickness as in the previous analysis and square blocks of the-  
length of a third of a degree in each horizontal direction, with 
12 blocks in the north-south direction and 10 in the east-west 
direction. We only retained the blocks sampled by more than 
10 rays, as in the two-dimensional case. Since the geometry 
of the blocks is important in the method used to perform the 
inversions, we tested several different models. Our final 
block model, which takes into account the geometry of the 

. - .  
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Fig. 6 .  Four-layer block model obtained by three-dimensional inversion of teleseismic P residuals. The velocity 
perturbations are given in percent with respect to the initial model (Table 3: a positive change indicates higher velocity 
and a negative change lower velocity. 

network, has been to avoid merging stations located Fig. 7 Results of t h e  three-dimensional inversion for 
on different structural units in the same block. The three- 
dimensional velocity model obtained by  inversion is pre- 
sented by blocks in Figure 6 as velocity perturbations in 

the synthetic residuals for studying the spatial resolution ofthe ray 
geometry BS given in Figure 4. The starting velocity model. consist- 
ing of blocks with alternating +4% and -4% velocity perturbations 

figure. The recovery of the input model as velocity perturbations lin 
percent) the inversion of [he i s  
shotbn for the four layers. White areas are not r e d v e d  due to less 
than IC)  raw per hlusk. 

respect to the reference model, The reduction in horizontal and VertlCd dli-eCt¡OnS. IS Sho\.vn ;It the bottom Of the 

of the variance obtained is just a little higher than with the 
two-dimensional model ( 7 1 9 ) .  

Several tests have been performed to check the reliability 
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60-  

of this three-dimensional inversion. Here we have chosen to 
present "synthetics" [Spakman and Noler, 19881 which are 
much more easily read and are more meaningful than a 
resolution matrix. Synthetic residuals were computed using 
the actual ray geometry and a velocity model with the same 
layer thicknesses and blocks size as in the three-dimensional 
model to which alternating velocity perturbations of 24% 
amplitude were added to the starting velocity of each block, 
resulting in the typical chess-pattern-like structure, com- 
monly used in resolution tests [Glahn er al., 19931. In this 
way we obtained a structure where each block is surrounded 
by blocks of opposite sign in the velocity perturbation (see 
Figure 7). The model obtained by inversion of these syn- 
thetic residuals is presented in Figure 7 for the four layers. 
The central and southwestern part of the model shows 
sufficiently good resolution for all layers. In these zones, no 
change in the signs of the synthetic perturbations is ob- 
served, even in the deep layers. Figures 7c and 7 d  show 
clearly that the alternating velocity perturbations are also 
well recovered in the lower layers. However, the northeast- 
ern part shows very poor resolution for the second layer for 
blocks beneath the eastern flank of the Eastern Cordillera. 
This is clearly due to the lack of data in this region. Vertical 
coupling between neighboring layers has also been checked 
by analyzing the complete resolution matrix. Small values 
are obtained for the off-diagonal terms, indicating a low 
degree of coupling between adjacent blocks. Only a few 
marginal blocks show big values for the off-diagonal terms. 
An additional test, using only the PKP phases and P phases 
of events in the azimuth of the profile, has been performed 
giving the same pattern of velocity perturbations. Finally, 
we present in Figure 8 the standard errors for each resolved 
block. They vary from 0.4 to 0.9%, increasing with depth, 
and thus are acceptable. The standard errors of the largest 
perturbations are of the order of one magnitude smaller than 
the perturbations themselves. 

In conclusion, the ray geometry used to compute the 
three-dimensional inversion model is able to resolve the 
structure with a good degree of accuracy beneath the profile 
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TABLE 3. Relative Residuals Computed From the Inversion 
Result According to the Different Lavers 

Zone I I  Zone 31 Zone JI 
Zone 2 Zone 2 Zone 2 

Mean relative residual, s -0.41 
Layer 1 

A V ,  % +a 
R1, s -0.41 

Layer 2 
AV, % O 
R1, s 

Crustal residual, s 
Layers 3 and 4 

A V ,  % O 
R1, s 

Total residual, s 

-0.30 - 1.30 

+4 i 12 
-0.22 -0.60 

-2 -7.5 
-0.09 -0.32 
-0.31 -0.92 

O +2.5 
-0.24 
-1.16 

down to a depth of 140 km; however, the second layer in the 
northeastern part is poorly constrained. 

In order to remove the sharp changes in the velocity 
perturbations between adjacent blocks introduced by the "a 
priori" discretisation, the solution has been low-pass-filtered 
by using a bilinear interpolation function within each layer. 
Plates 2a-2d show the smoothed images of the three- 
dimensional block model presented on Figure 6. The first 
layer (Plate 31) shows a well-marked low-velocity zone 
between stations 6 and 20, with a maximum velocity pertur- 
bation (more than -6%) beneath stations 8-12. A contrasting 
fast zone, with velocity perturbations greater than +4%, is 
observed to the east of station 75. A large velocity change 
(6%) is observed over a distance of less than 40 km, from 
-3% at station 18 to ~ 3 %  at station 73. The velocity 
perturbations found are quite consistent with the conclu- 
sions based on the qualitative P delay time study and clearly 
agree with the geological structures previously described. 
Nearly the same pattern can be observed in the second layer 
which forms the lower part of the C N S ~  (Plate 2b); the low- 
velocity zone situated to the southeast of the profde, with a 
velocity contrast smaller than -2%, ends below the border of 
the Eastern Cordillera. The perturbations in the zone of high 
velocities, to the east of station 26, are higher than in the 
central zone of the Altiplano (+3% to +5%). Again the major 
change occurs beneath the Cordillera Real fault system. 

This major boundary is also observed in the third layer, 
corresponding to the uppermost mantle (Plate 2c) .  How- 
ever, the velocity contrasts are not as great as in the crust 
(-2% to +3%). While the slow-fast pattern is not as obvious 
below about 100 km depth, it is still present with the 
boundary between the contrasting zones being shifted 
slightly to the west. 

A very simple test has been performed to check our final 
inversion model. We calculated the relative residuals for 
vertical PKP waves travelling throughout the three- 
dimensional block model beneath the stations. The values 
computed in this way have been plotted together with the 
interpolated mean PKP relative residuals observed along the 
profile (Figure 9a). The two curves agree well for the 
western and central part of the model; however, a shift of up 
to 0.3 s is observed in the eastern part of the profile, where 
the lowest observed values are situated. This discrepancy 
might correspond to the region where the lack of data is 
important and where we observe only a poor resolution in 
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each layer (see Figure 7/91. Thus the model resulting from 
the inversion, for which the contribution of vertical rays is a 

tude of P K P  relative residuals. with the exception of the 
Eastern Cordillera. 

In order to check which layer of the model contributes to 
the differences observed in relative PKP travel time residu- 
als along the profile. stations 9, 10, and 11 (zone 3, in the 
Altiplano Basin, were taken as a reference, and we consid- 
ered three homogeneous groups of stations: stations 3, 3, 
and 5 (zone l) ,  situated in the western Altiplano: stations 16, 
17, and 18 (zone 3). on the western flank of the Eastern 
Cordillera: and stations 25-30 (zone 4), within the Eastern 
Cordillera. For these three zones (1, 3, and 41, we computed 
the residuals due to the velocity perturbation in each layer, 
relative to zone 2 ,  and compared them to the observed 
relative residuals. The results, presented in Table 3, allow us 
to make a quantitative check and to improve the global 
pattern seen on the vertical cross section. The origin of the 
variations of the residuals is clearly different for the various 
zones. The relative residual of the first group (-0.41 s) is 
explained by the upper crust: in zone 3, velocity perturba- 
tions down to the iMoho are needed to account for the 
relative residual (-0.30 s). In contrast, the value observed in 
zone 4 (-1.30 s) cannot be completely explained by the 
model. These results lead us to propose that structural 
differences between the Altiplano Basin and the western 
flank of the Cordillera on one side, and the Eastern Cordil- 
lera on the other side. are still present in the mantle below 
140 km. 

To conclude, the inversion results are consistent with the 
qualitative model, deduced from the P delay time analysis: 
that is, a slow central region and a fast region to the 
northeast. However, the main contribution of the inversion 
is to determine the depth of the contrast between these two 
zones. This contrast is essentially maintained throughout the 
depth range of the model. down to more than 120 km. The 
subvertical transition between the two zones is particularly 
well defined. The location of this boundary, which appears 
to be the major structural feature of the region under study, 
corresponds to the Cordillera Real fault system bounding the 
Eastern Cordillera on the west. 

.) priori weak, explains reasonably well the shape and ampli- - 

r, 

DISCUSSIOY AND INTERPRETATION 

A vertical cross section through the three-dimensional 
model beneath the stations is shown in Plate 3b. This section 
has been extended down to 180 km in order to observe the 
deeper structures, although the resolution is very poor below 
140 km. This kind of presentation is somewhat difficult to 
interpret, because the isovalue curves will incorrectly con- 
nect perturbations in the different layers. However, this 
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Plate 2. (Opposite) Smoothed velocity perturbations (in per- 
. cent) in the four layers of the three-dimensional block model. To 

obtain the smooth pattem, we applied a bilinear interpolation 
function to the discrete perturbations within each horizontal layer. 
This smoothing algorithm preserves the amplitudes in individual 
central points of the original block discretization. Central coordi- 
nates of the model are 15.77"s. 68.33"W. and block sizes are 0.33" X 
0.33". Velocities higher than the reference correspond to positive 
values (blue end of the spectrum): velocities lower than the refer- 
ence correspond to negative values (red end of the spectrum). 

simple picture emphasizes the quasi-vertical boundary be- 
tween the low- and high-velocity zones. It also underlines 
the main difference between these two zones. Under the 
Altiplano, the large slow anomalies are confined to the crust, 
while the high-velocity zone under the Eastern Cordillera is 
quite marked down to 120 km. Moreover, it is worth noting 
the clear correspondence between the velocity perturbations 
and the geological cross section presented above (C. Mar- 
tinez. manuscript in preparation, 1993) (Plate 3a). For 
example, the slow zone is present under the Altiplano, and 
its western border corresponds to the San Andres fault 
system. The zone of lowest velocities in the upper crust can 
clearly be correlated with the Altiplano Basin. The zone of 
high velocities is observed beneath the axial zone of the 
Eastern Cordillera and the sub-Andean zone; its western 
boundary corresponds to the fault system bordering the 
Cordillera to the west. 

As the inversion was performed without any correction for 
the sedimentary cover, it is obvious that the velocity pertur- 
bations observed in the upper crustal layer are, at least 
partially, due to the sedimentary rocks. The Ordovician 
cover of the Eastern Cordillera. which is about 5 km thick. is 
deformed, metamorphosed, and intruded by Hercynian and 
Andean granites; thus its velocity is probably not very 
different from that of the basement, and when included in the 
computation, we find that it introduces a negligible effect in 
the residuals (less than 0.1 s). Considering that the faster 
zone in the first layer (Plate ?a) .  corresponding to the 
Eastern Cordillera, is free of sedimentary rocks from a 
velocity study point of view. we took it as a reference. We 
then assumed that the observed velocity differences relative 
to this zone are caused by the presence of thicker or thinner 
sedimentary infill. To keep the model simple and since the 
information on the P velocity values for the sedimentary 
rocks are scarce, we used only one specific velocity value as 
an approximation for the sedimentary cover. even though 
the age of the sedimentary rocks is not the same along the 
profile. The thicknesses obtained by doing so are shown on 
Figure 9b for two realistic velocities: 4.8 and 5.3 km/s [Ocola 
and Meyer, 1972: Wigger, 19881. This gives the maximum 
sedimentary thickness (13 or 20 km. depending on the 
velocity used) between stations 8 and 13 in the Altiplano 
Basin. The sedimentary cover thins slightly on the western 
flank of the Cordillera (9 to 13 km from station 15 to 18) and 
decreases progressively under the mountain chain (from 
station 25 to 29). In the sub-Andean zone, east of station 30, 
it reaches about 4-6 km. All these calculated thicknesses for 
the sedimentary cover are quite realistic and are consistent 
with the geological data of the region. In the central Altipl- 
ano Basin, the values obtained for the thickness of sedimen- 
tary rocks are in agreement with the cumulated thickness 
proposed by Meyer and MiiriIlo [1961] and Ascarriinz 
[1973a. b]. To the west of the profile. between stations 4 
and 6, we find a sedimentary thickness of 3-5 km, consistent 
with the thickness of the Tertiary cover measured in a 
nearby borehole [Leliman, 19781. Therefore, using a reason- 
able valuefor the velocity of the sedimentary rocks, all the 
perturbations in the first layer are explained by the sedimen- 
tary cover. and we do not need to introduce any lateral 
variation of the velocity in the basement. Nevertheless, if 
such variations exist, they are probably not very significant. 

It is  therefore reasonable to assume that the lower part of 
the crust (layer 7 in our model) is not strongly heteroge- 
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neous. In this case. the velocity perturbations observed in 
the second layer can be explained by variations of the Moho 
depth. A simple computation leads to the results presented 
on Figure 8b. The crustal thickness is seen to be slightly 
more than 60 km beneath the Altiplano Basin and progres- 
sively thins to 50 km under the Eastern Cordillera. 

Teleseismic inversion does not sufficiently constrain the 
absolute depth of the Moho. We have performed many trials 
covering the whole depth range provided by previous studies 
and the crustal thickness we finally selected for our initial 
model of 60 km, corresponds to a depth where velocity 
perturbations are clearly divided in organized zones. How- 
ever, as the crustal basement is not strongly heterogeneous. 
the variation in the Moho depth is well constrained. Our 
study shows a nearly flat Moho from the west extending into 
the Cordillera Real fault system (stations 6-18), and the crust 
thins by 10 c 1.5 km under the Eastern Cordillera. The 
thinning of the crust begins at the western border of the 

Eastern Cordillera, which again appears as an important 
feature. Unfortunately, the location of our profile does not 
allow us to sample the structure. either below the Western 
Cordillera or across the sub-Andes. 

These results can be compared with previous studies 
based on different methods. In the model by James [1971], a 
crustal thickness of over 70 km beneath the Western Cordil- 
lera and the western part of the Altiplano is given, gradually 
diminishing to the east to 55-60 km below the Eastern 
Cordillera. Among the models deduced from gravity studies. 
the most recent one [Fukao et al., 19891 shows a Moho depth 
of 65 km under the Western Cordillera and 55 km under the 
Eastern Cordillera with the crustal thickness changing 
smoothly between these two values below the .4ltiplano. 
Although these absolute values are also somewhat model- 
dependent, their relative amplitudes should be less so. These 
models which postulate the thinning of the crust by about 10 
km from west to east are thus consistent with our results. 

- 
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However, the form of this thinning is different because it is 
not progressive over the Aitiplano but starts on its eastern 
border. 

The elevation of the Eastern Cordillera is not very pro- 
nounced in relation to the plateau. Some very high peaks are 
present, but on the average, the chain itself is not a very 
prominent feature. Although an important root is not ex- 
pected for such a narrow range, the thinning of the crust 
below the Cordillera clearly shows that it is not crustally, or 
at least not locally, compensated. 

Let us compute the thickness of H of the crustal root 
necessary to compensate the average topography, h = 3800 
m of the Altiplano. Taking p = 2800 kglm3 for the mean 
density of the crust and Lp = -400 kg/m3 for the density 
ditference between the crustal root and the mantle on either 
side [Fukao et al., 19891, we find H = 27 km. Taking a 
crustal thickness of the order of 35-40 km under the Brazil- 
ian craton, we find a Moho depth of 62-67 km under the 
Altiplano. This value is quite compatible with the value 
deduced from our inversion model which is at 61 km depth. 
Thus our result, which is a little lower than the expected 
values, does not disagree with the hypothesis that the 
Altiplano is in isostatic equilibrium and, for the most part, 
crustally compensated. 

Below 60 km, down to 140 km, velocities remain higher 
beneath the Eastern Cordillera where the perturbation 
reaches about 3%. This fast zone extends slightly to the west 
with increasing depth. The deep low-velocity zone beneath 
the Altiplano is not very obvious. In the western part of our 
model, a more prominent low-velocity zone is seen below 
120 km, with perturbations as large as -3%. 

A very likely hypothesis for this situation consists of 
associating the high-velocity zone to the east with a colder 
andor  older lithosphere than in the western part. In this 
case, the fast zone may represent the Brazilian craton. The 
underthrusting of the craton beneath the eastern margin of 
the Andes has been documented farther north in central Peru 
by Suarez er al. [I9831 and Dorbath et al. [1991]. The 
underthrusting occurs along high-angle, deep active faults on 
the eastern side of the Andes. In southern Bolivia and 
northern Argentina, thin skin tectonics are more predomi- 
nant as described by Jordan et al. [I9831 and, more recently, 
by Whitman et al. [1992]. For a profile at 21"s they propose 
an underthrusted foreland beneath the sub-Andes with a 
maximum lithospheric thickness of 150 km beneath the 
Eastern Cordillera, and a thickened lid under the Altiplano, 
thinning to the west. In southern Bolivia, Lyon-Caen et al. 
[I9851 propose underthrusting of the Brazilian shield under 
the Bolivian Andes to take into account the gravity anoma- 
lies. They estimate that the craton extends at least 150 km 
and possibly 200 km beneath the sub-Andes and the Eastern 
Cordillera, but they cannot really constrain the western limit 
of the underthrusting. Lastly, the study by Roeder [I9881 
implies as much as 230 km of underthrusting beneath the 
Eastern Cordillera along the line of the seismic traverse, 
taking place along a very low angle thrust. Our results are 
consistent with underthrusting of the Brazilian shield, asso- 
ciated with the high-velocity zone. Assuming this interpre- 
tation, our study places an important constraint on the 
present day western limit of the edge of the Brazilian craton 
beneath the Eastern Cordillera. Nevertheless our results are 
in contradiction with a low angle of underthrusting of this 
craton in the Central Andes. 

. 
li p 

i - 
' 

; - 

The low-velocity zone may be associated to a hot mantle 
or a thinning of the lithosphere. The subduction of young 
oceanic lithosphere of the Nazca plate at a high speed (0.09 
d y r )  for a substantial time (since the early Jurassic [James 
er al., 19751) could cause the build up of magmatic material 
from the western edge eastwards and thus produce hot 
mantle under the Altiplano. This is evidenced by the pres- 
ence of active volcanoes in the Western Cordillera, where 
the subduction is normal, and a widespread volcanic activity 
coinciding with the highlands [Froidevaux and Isacks, 19841. 
The isostatic equilibrium of the Altiplano is explained on the 
low side by a purely crustal root as noted before. The slow 
anomaly observed in the upper mantle beneath the Altiplano 
may be due to a slight thinning of the lithosphere. The 
unresolved combination of the crustal root and hot upper 
mantle proposed by Froidevaux and Isacks [1984] from their 
study of the geoid anomaly is not in contradiction with our 
results: since the slow velocity perturbations beneath the 
Altiplano are not very marked, we believe that the compen- 
sation is mainly crustaI. 

Our main result is the evidence of a subvertical contact, 
dipping slightly to the southwest, between two contrasting 
zones. This contact clearly corresponds at the surface to the 
Cordillera Real fault system. This study provides the first 
evidence for such a deep boundary in the Andes. Previous 
geophysical studies do not show this feature. This first 
teleseismic tomographic study presents new results, which 
can be explained by the location of our profile, in the change 
of trend of the Central Andes. 

Based on our results, we propose the following hypothe- 
sis. First, the amplitude of the contrast in perturbations 
observed below 60 km could be due to a difference between 
cold and hot mantle. However, following Esrey and Doiigfas 
[1986], to explain a velocity perturbation of 5%, a thermal 
contrast of 1000" is required, which is not very likely. Thus 
a mineralogical difference between the fast and slow zones 
could be present. As noted above, the Brazilian craton can 
be clearly associated with the deep high-velocity zone, but 
its underthrusting along a low-angle thrust cannot explain 
the observed subvertical deep contact. We therefore believe 
that the contact between two different lithospheric struc- 
tures occurs along the Cordillera Real fault system. This 
fault system should mark the western boundary of the 
underthrusting of the Brazilian craton. In this case, the 
observed rise of the Moho beneath the western margin of the 
Eastern Cordillera could be explained effectively as a con- 
sequence of flexural support of the crust by the underthrust 
shield. The deep extension of this boundary also suggests 
that the system is very old and still active. In the western 
part, Precambrian rocks dated at 600 Ma have been found in 
the San Andres borehole [Lehman, 19781. It seems realistic 
to assume that this suture is of the age as the Brazilide 
orogeny. Our seismic profile is located in the change of trend 
of the Central Andes, where the strike of the chain has never 
been perpendicular to the convergence direction, i.e., 
roughly east-west [Larson and Pitman, 1972; Minster and 
Jordan;l978; Withman et al., 19831. We consider this suture 
as a transform fault. Field observations showing reverse 
faulting with a sinistral strike slip component are consistent 
with this hypothesis [Martiner, 1980: Lavenu, 19861. An- 
other consequence of this system could be the thick sedi- 
mentary filling in the subsiding Altiplano Basin which cannot 
be explained by the low angle underthrusting scenano. A 

. 
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Fig. I O .  Simpliñed sketch block ilizLSr3m of the jtructures in northern Eoll\i:t. The large JITO\\ jho\\i the relative 
mokement Ireverse hulting trith a sinisrrnl strike-dip componenrl hetbreen the tn\.o blocks. The esrension in depth fit' 
the CRFZ symbolizes the old suture along irhich the decoupling between [he t tro contrasted *..eloi~t!. blocks occurs. 

schematic block diagram of our interpretati\e model is 
presented in Figure 10. 

CoNcLusro;.; 
A teleseismic profile has been performed in northern 

Bolivia to map the velocity structure of the lithosphere- 
asthenosphere system beneath the Altiplano and the Eastern 
Cordillera. A careful study of relative travel time residuals 
led us to propose a simple qualitative model. The three- 
dimensional inversion mainly allowed us to specify the depth 
at which the lateral perturbations occur. The origin of the 
perturbations in the upper crust is reasonably accounted for 
by the variations in thickness of the sedimentary fill. The 
maximum of sedimentary rocks thickness. 12-20 km. is 
observed under the Altiplano Basin. The interpretation of 
the velocity perturbations in the lower crust as variations in 
Moho depth led us to propose a thinning of the crust from 
about 60 km under the Altiplano to SO km under the Eastern 
Cordillera. The major feature of our model is a vertical 
boundary, dipping slightly to the southwest. which separates 
two strongly contrasting blocks throughout the model. from 
the surface down to 120 km. This boundary coincides at the 
surface with the Cordillera Real fault system. which is 
interpreted as an old suture zone. A s  the Altiplano is 
characterized by low velocities that are more pronounced in 
the crust. we interpret the high velocities beneath the 
Eastern Cordillera down to at least 120 km :i> the Brazilian 
craton. The suhvertical nature ut' the contact betiveen the 

craton and the nebtern block leads us to infer that the 
underthrustins of the Brazilian shield does not occur along a 
lotv-angle thrust as was suggested in previous models. In the 
region of this study, corresponding to the change oftrend of 
the Central Andes, the western limit ofthe underthrusting of 
the craton is clearly the western border of the Eastern 
Cordillera. 
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