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SEISMIC WAVE PROPAGATION IN SOUTH AMERICA

STATEMENT OF WORK

1. Time-distance curves for P waves (which give the velocity
structure within the earth, independently of models) recorded at La
Paz for earthquakes in the region of Venezuela and from earthquakes
of intermediate depth in the region of Colombia show considerable
scatter and need much further investigation.

2. We propose to apply particle motion analysis, Fourier analysis
and attribute analysis to the P and subsequent wavetrains of
earthquakes and explosions recorded at our Bolivian stations.

3. We propose to use a local crustal and upper mantle model to
locate earthquakes in the region of Bolivia and to try to allow for
at least one dipping layer.

4. Although the Nazca plate has three distinct dips under Bolivia,
we can model, by the finite element method, the propagation of
Rayleigh and Love waves, including R, and L, waves, across the
dipping sections.

5. With the new Global Telemetered Seismic Network station and the
new French high-gain digital seismometers arriving soon, we propose
to continue the tomographic work on the crustal and upper mantle
structure of northern Bolivia.

6. We propose‘to study .and apply further the waveform correlation
method for identifying quarry and mine explosions.

7. Studies of the focal mechanism, depth, magnitude and seismic
moment of earthquakes 20 to 100 km ENE of Cochabamba need to be
continued and extended to other regions.

8. The magnitudes of the larger earthquakes in southern Bolivia
appear to have been overestimated and the intensities, attenuation
and risk there, and possibly in other parts of Bolivia, need
revision.

STATUS OF RESEARCH EFFORT

Along the two and a half years of investigation, we have
concentrated on points 1,2,4,6,8 of the Statement of Work.

The International Seismic Monitoring System

In the preparation of the International Monitoring System required
for the Comprehensive Test Ban Treaty (CTBT), Harjes (1995) has
recalled three principal lessons: 1. The International Seismic
Monitoring System (ISMS) needs to be calibrated with respect to




travel-time curves and amplitude-distance relations. 2. Provision
of adequate surface wave detection and reporting should be included
in the design of the ISMS. 3. To detect and locate small events,
the observation of the seismic wavefield at regional distances is
essential, Sykes (1995). Kennett (1993) has remarked that the
seismic source imposes a distinctive pattern on the radiated
seismic wavefield, but this pattern is profoundly modified on
passing through an irregular region.

The crustally guided wave Lg is useful in the discrimination of
seismic sources and has been used intensively, but it can vary
significantly from a single source.

On-site inspection requires the location of events, whether
earthquakes or explosions, to plus or minus 5 km, for an inspection
area of 100 km?. It is difficult in north and west South America,
on account of irregularities occurring in that area. So it is
urgent to get a better knowledge of that region, if we want to
avoid errors in the location of either earthquakes or explosions
producing waves traversing that zone. Eisenberg and his coworkers
(1989) located with local seismograph stations aftershocks of the
1985 Chile earthquake and some 1981 earthquakes; they found that
almost 10 % of the NEIC locations of these earthquakes differed by
more than 65 km from the locations found from the local stations.

Another example of how much the locations made by different
agencies may differ in that region:

Earthquake of July 30, 1995, magnitude 7.8, 3just north of
Antofagasta, felt in La Paz:

European Mediterranean Seismic Center

23.29° S, 70.36" W

US Geological Survey, NEIC - 23.4° s, 70.2° W
University of Chile in Santiago - 23.445°S, 70.477°W
0SC, using first motion and S-P - 24.74" S, 69.62° W
0SC, using SP stations near La Paz - 24.77° S, 71.343°W

For a CTBT it is necessary to avoid such discrepancies, especially
considering the number of earthquakes of magnitude similar to that
of possible nuclear explosions; about 21,000 earthquakes per year
happen in the world of magnitude 3.5; such magnitude may be reached
by a 10 kt explosion decoupled in salt (Conferencia de Desarme,
1994a; 1994b).

Fujita and coworkers (1981) and Abers (1992) pointed out that
epicenters in regions of subduction based on teleseismic recordings
are biased landward away from the trench by several tens of Kkm;
rays travelling landward from the trench traverse a portion of the
subducting slab and have negative residuals of 1.0 to 1.5 s for 100
km of slab traversed; high velocities down the slab from the
hypocenter drag its location in their direction.

Another example: Approximately 200 km WNW of Bogota, Colombia,
5.08, 75.7 W, depth 130 km at 21h 43m 32s (USGS, NEIC).
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Its distance to our GTSN station LPAZ was 22.4° and its azimuth
340°. In this case: a) respect to the travel-time tables of Kennett
(1991, 1995) the P wave was 4s late at LPAZ. We have to remark that
Kennett's tables are based on a radial velocity model with a crust
and mantle representative of continental regions regularly
stratified (the values of P are approximately 0.7 s slower than
those of Herrin (1968) and approximately 1.8 s faster than those of
Jeffreys and Bullen (1948). We assume that the 4 s delay at LPAZ is
due to partially molten material above the subducting Nazca plate
and to the 60-70 km thick crust under LPAZ. That earthquake was of
intermediate depth; nevertheless S was difficult to find (cf.
Jeffreys and Bullen, 1948, p. 5). We may remark that Lg waves
appear to be visible in spite of being produced by earthquakes
deeper than normal (as usually happens for that azimuth); their
velocity is 3.51 km/s (Ewing et al., 1957); the surface (phase)
velocity of ScP and PcS at a distance of 22 degrees is 3.39 km/s
(Richter, 1958, p. 682) and thus these phases interfere with the Lg
wave train.

TABLE 1
MODEL OF THE CORDILLERA REAL TO A DEPTH OF 470 KM (fig. 1)
Layer Compressional Shear Density Poisson's Quality
thickness velocity . velocity g/cm’ ratio factor
km km/s km/s Q
4.0 5.00 2.97 2.70 0.227 30
7.0 5.60 3.33 2.70 0.227 40
13.0 6.00 3.51 2.75 0.240 50
8.0 6.10 3.52 2.75 0.250 60
15.0 6.20 3.58 2.75 0.250 80
6.0 6.50 3.75 2.83 0.251 100
6.0 5.90 3.41 2.83 0.249 50
6.0 6.50 3.75 2.95 0.251 200
10.0 8.10 4.74 3.24 0.240 400
10.0 8.10 4.74 3.30 0.240 400
10.0 8.10 4.74 3.35 0.240 400
14.0 8.10 4.74 3.36 0.240 400
15.0 8.10 4.74 3.37 0.240 400
20.0 7.85 4.46 3.38 0.262 80
20.0 7.85 4.46 3.39 0.262 80
20.0 7.85 4.46 3.40 0.262 80
20.0 7.85 4.46 3.41 0.262 80
20.0 7.85 4.46 3.43 0.262 80
26.0 8.62 4.54 3.44 0.308 143
26.0 8.69 ~ 4.58 3.46 0.308 143
34.0 8.77 4.62 3.47 0.308 143
34.0 8.87 4.67 3.49 0.308 143
40.0 8.97 4.67 3.52 0.307 143
40.0 9.08 4.79 3.54 0.307 143
50.0 9.60 5.09 3.80 0.304 143




We have also considered earthquakes in Brazil at distances of
from 30  to 40° from La Paz. We have fitted splines (Curtis and
Shimshoni, 1970; Press et al., 1986, p. 86) to Kennett's travel-
time data, and we tried continuing his P time-distance curve from
30° to 40° by fitting polinomials, but the earthquakes were too
small and the results too scattered to tell us much about the
earth's mantle underneath western Brazil.

The Andean Cordillera in Bolivia is divided into Cordillera
Occidental at the border with Chile and the Cordillera Oriental-
(called Cordillera Real in its northern part) separated by the Lake
Titicaca and the Altiplano. In central Bolivia, on account of the
Arica "elbow" of the western South American coastline, the Nazca
plate is forced to spread and change its strike from approximately
NW-SE to approximately N-S (Omarini et al., 1991; Dorbath et al.,
1993; Baby et al., 1993; Lamb et al., 1993; Riccardi, 1988, p. 34;
Scheuer et al., 1994). This causes extreme complexity in the
structure of the Cordillera Oriental and the Subandean zone in
central Bolivia (18°S, 66W).

The Cordillera Oriental runs southeast, and then southsoutheasg
from the cordillera of Arcopongo, just north of Cochabamba (17
24'S, 66 09'W; Ahlfeld, 1972, p. 20).

Vega and Buforn (1991) and Dewey and Lamb (1992) have investigated
the focal mechanisms of earthquakes in central Bolivia.

There are two main bands of associated deep earthquakes, one from
06.5° S, 71.5° W, to 11.5° S, 71.0° W, in western B§a21l and
southern Peru, and the other from 19.0 S, 63.5 W to 28.5 S, 63.0
W in southern Bolivia and northern Argentina (Okal et al., 1994).

On June 9, 1994, a deep event, that was felt as far away as
Canada, occurred between these zones (Harvard centroid time and
location, 00:33:44.4, 13. 81" S, 67. 20° W, depth 657.4 km; Mw 8.3).
It has been the subject of a symp051um. in two sessions plus
presentation of posters in the AGU Fall Meeting 1994 (AGU, 1994).
Within our project Angel Vega (1994, p. 39-55) has studied that
earthquake.

TABLE 2
TOP 20 KM OF THE MODEL OF THE ALTIPLANO REGION
Layer Compressional Shear Density Poisson's Quality
thickness velocity ve1001ty g/cn? ratio factor
km km/s km/s Q
7.0 4.50 2.70 2.50 0.219 20
7.0 5.00 2.97 2.70 0.227 30
6.0 5.40 3.21 2.70 0.227 40

In the region of the low angle Main Andean Thrust, between the
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Cordillera Real and the Subandean Ranges in northern Bolivia (15 .7
S, 67°.5 W), there is overlap of approximately 230 km of Neogene
age (Roeder, 1988; cf. A}lmendinger et al., 1990, for overlap in
Argentina at latitude 30 S). The Cordillera Real fault system, at
the southwestern border of the Cordillera Real (16 .6 S, 67 .8 W),
marks a subvertical boundary, dipping slightly to the southwest
from the surface down to a depth of 140 km; it separates two
strongly contrasting velocity units (Dorbath et al., 1993). The
depth to the Moho beneath the Altiplano is approximately 70 km and,
beneath the Cordillera Real, is approximately 60 km (James, 1971;
Ocola et al., 1971; Wigger et al., 1991; 1994; Beck, personal
communication). The Brazilian Shield under the Eastern Cordillera
appears to be partially molten (Wigger et al., 1994; Giese, 1994);
measurements of primordial mantle 3He (Hoke et al., 1993; 1994)
indicate active mantle melting under the Cordillera Real.

Surprisingly, with 230 km of thrusting, there is normal faulting
in the western part of the Cordillera Real (Dorbath et al., 1993).
The explanation appears to be that the Brazilian Shield is causing
a vertical gravitational stress with a corresponding horizontal
extension. Schwartz (1988) has offered this explanation for the
spectacular normal faulting (e.g. 3 m in the Ancash earthquake of
1946) in the Cordillera Blanca Fault Zone in the northern Peruvian
Andes (cf. Sébrier et al., 1985; 1988; Suarez et al., 1983).

For the regions of the Cordillera Real and the Altiplano, the
variation with depth of the displacement of the Love and Rayleigh
modes is normalized (see figs. 2, 3, 4) such that the energy the
mode transports is proportional to the product of its wave number,
its frequency and the square of its amplitude (Lysmer and Drake,
1972) . The analysis of the finite element model gives the phase
changes of the Love and Rayleigh modes of diferent frequencies
across the irregular part of the model, and, hence, the average
phase velocities of these modes within the model. Results for the
fundamental Love mode and for the fundamental Rayleigh mode at a
period of 2 s are tabulated in table 3. The analysis of the finite
element model also gives the changes of amplitude of the modes
across the model and the percentages of energy either retained in
the modes or reflected and scattered into other modes. The changes
of amplitude of the fundamental Love mode and of the fundamental
Rayleigh mode at a period of 2 s are tabulated in table 4. The
surface amplitude of the fundamental Love mode actually increases
on passing from the Altiplano to the Cordillera Real. Because 91.69
percent of the energy .of the fundamental Love mode at a period of
2 s is transmitted from the Altiplano to the Cordillera Real, 8.31
percent of the energy of this mode goes into reflected and forward
scattered modes. Energy in the fundamental Love mode below the
surface of the Altiplano has passed to the surface in the
fundamental Love mode of the Cordillera Real to give the increase
of surface amplitude. Because 98.60 percent of the enerqgy of the
fundamental Rayleigh mode passes from the Altiplano to the
Cordillera Real; only 1.40 percent of the energy of this mode is
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reflected and scattered. The results in tables 3 and 4 were
obtained without allowance for absorption, in order to make sure
that the energies of the incidental fundamental Love and Rayleigh
modes exactly balanced the sums of all of the energies of the
reflected and transmitted modes.

A two-dimensional section of length 62 km of this deforming
region, along a part of the SW-NE profile examined by Dorbath and
her coworkers (1993), from the Altiplano to the Cordillera Real,
northeast from 17 S, 68° W and just south of La Paz, Bolivia, has
now been modelled by the finite element method in the frequency
domain, and the propagation of Love and Rayleigh waves of short
period has been analysed. The horizontally layered structures
representing the regions of the Cordillera Real and the Altiplano
are shown in tables 1 and 2 (Wigger et al., 1991; 1994; Dorbath et
al., 1993); values of Poisson's ratio and the properties of the
earth's mantle were taken from global models (Dziewonski and
Anderson, 1981; Dziewonski et al., 1975; Morelli and Dziewonski,
1993; Kennett, 1991; 1995). The thicknesses and material properties
of the intermediate elements of the finite element model were
averaged from the thicknesses and material properties of the layers
of the end structures.

TABLE 3
PHASE VELOCITIES FROM THE ALTIPLANO TO THE CORDILLERA REAL
Phase velocity Altiplano Transition zone Cordillera Real
km/s
Love wave 2.7337 2.9441 3.0717
Rayleigh wave 2.4805 2.6905 2.7590
TABLE 4
DISPLACEMENTS FROM THE ALTIPLANO TO THE CORDILLERA REAL
Surface displacement Altiplano Cordillera Real
Love wave 0.1119 0.1176
Rayleigh wave: horizontal 0.1104 0.0998
vertical 0.1620 0.1478

In western Bolivia, southeast of Lake Titicaca, there is left-hand
strike-slip on the Laurani fault (Dorbath et al. 1993), but in
central Bolivia, southeast of Cochabamba, there is right- hand
strike-slip on, for example, the north-south Aiquile fault (18° S,
65°15'W; Vega and Buforn, 1991; Dewey and Lamb, 1992). The brlef
explanatlon of this difference is that the pole of rotation of the
Nazca-South America plate convergence is at 56° N, 94 W (Fowler,
1990, p. 13; Gordon, 1995); the resulting convergence at Arica
(18°29's, 70°20'W) is 8.24 cm/y with an azimuth of 77°; the
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TABLE 5
MODEL OF IQUIQUE TO A DEPTH OF 220 KM

Layer Compressional Shear Densit Poisson's Quality
thickness velocity velocity g/cm ratio factor
Km kn/s km/s Q

0.3 3.80 2.28 2.35 0.219 20

1.5 5.50 3.30 2.63 0.219 20

1.8 5.90 3.51 2.68 0.227 20
10.4 6.30 3.74 2.75 0.227 30

6.0 6.80 3.98 2.83 0.240 40

8.8 7.00 4,09 2.86 0.240 60
13.6 7.40 4,27 3.14 0.250 80
9.0 8.20 4.80 3.30 0.240 400
22.6 8.02 4.69 3.35 0.240 400
23.0 8.02 4,69 3.36 0.240 400
23.0 8.02 4.69 3.37 0.240 400
20.0 7.85 4.46 3.38 0.262 80
20.0 7.85 4.46 3.39 0.262 80
20.0 7.85 4.46 3.40 0.262 80
20.0 7.85 4.46 3.41 0.262 80
20.0

7.85 4.46 3.43 0.262 80

resulting principal compressive stress from the Nazca plate on the
Andes, striking NW-SE in the region of the Laurani fault, is
towards the right along the strike of the fault and this causes
left-hand strike-slip; in the region of the Aiquile fault, the
strike of the Andes is N-S; the resulting principal compressive
stress is towards the left along the strike of the fault and this
causes right-hand strike-slip.

During the period of this report, a large amount of seismic
investigation has taken place into the irregular earth structure in
the region of the Andes in Bolivia (Beck et al., 1994a; 1994b;
Soler, personal communication; Okal et al., 1994). Absorption of Lg
in the Western Cordillera is probably connected with the high heat
flow (80 mW/m2) and the volcanism there since the beginning of the
Neogene; heat flow in the Cordillera Real is less (60mW/m2; Omarini
et al., 1991; Giese, 1994).

We have observed at La Paz that Lg waves of periods of 1.5 and 1.6
s arrive from the Caribbean Sea, north of northwestern Colombia,
but, apart from absorption in the Western Cordillera and in the
Altiplano, they appear not to arrive from the Chile trench to the
west of La Paz. We have constructed models of the structure below
Igquique, Chile (20 13'S, 70° 10'W), and of the structure below the
oceanic trench off the coast from Iquique (tables 5 and 6; Wigger
et al., 1994; Dziewonski et al., 1975; Dziewonski and Anderson,
1981; Kennett, 1991; 1995; Drake, 1989).




TABLE 6
MODEL OF IQUIQUE TRENCH TO A DEPTH OF 220 KM
Layer Compressional Shear Density Poisson's Quality
thickness velocity velocity g/cm’ ratio factor
km km/s km/s Q
6.0 1.52 0.001 1.03 0.500 500
1.0 2.15 0.50 1.80 0.471 20
1.0 4.70 2.50 2.50 0.303 40
5.0 6.80 '~ 3.80 2.90 0.273 60
20.0 8.20 4.70 3.31 0.255 400
27.0 8.20 4.70 3.33 0.255 400
20.0 7.90 4.34 3.34 0.284 80
20.0 7.90 4,34 3.36 0.284 80
20.0 7.90 4,34 3.37 0.284 80
20.0 7.90 4.34 3.38 0.284 80
20.0 7.90 4.34 3.39 0.284 80
20.0 7.90 4.34 3.40 0.284 80
. 20.0 7.90 4.34 3.41 0.284 80
20.0 7.90 4.34 3.43 0.284 80

The variation of displacement with depth of the fundamental Love
modes of periods 0.7 s, 1.5 s, 5.0 s and 10.0 s for the model of
the structure below Iquique is shown in fig. 2; the modes are
normalized so that the energy they transmit is proportional to the
product of their angular frequency and wavenumber (Lysmer and
Drake, 1972). The variation of displacement with depth of the
fundamental Love modes of these periods for the model of the
structure below the oceanic trench off the coast of Iquique cannot
be conveniently shown, because the modes of the shorter periods
travel practically entirely in the sediments in the trench (assumed
to be of thickness 1 km) while the mode of period 10 s travels
predominantly in the low velocity zone at a depth of approximately
110 km (Drake and Bolt, 1980). The phase velocities of these modes
in the model of the structure below Iquique are between 3.06 and
4.14 km/s; the phase velocities of the Love modes of the shorter
period (1.9 to 3.7 s) in the model of the structure below the
trench are between 0.51 s and 0.57 s. There is no need to analyse
a two-dimensional finite element model to see that there is
practically no coupling between the Love modes below the oceanic
trench and the modes below Iquique. In 1957, Ewing, Jardetzky and
Press (p. 219) noted that as little as 2° of intervening ocean is
enough to eliminate the Lg phase entirely. At present we are
considering the relation between the Love and Rayleigh modes of
short period in our various models and the Lg and the Rg phases
(Press and Ewing, 1952; Nuttli, 1986).

The investigations made after 6 months of recording in the
temporary project Lithoscope Bolivia, confirm the zone complexity
either considering surface geology and tectonics (see fig. 5) or
through the results of tomography obtained by Aldunate (1995) for
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the wave velocity anomalies, as it may be seen in fig. 6. In that
program 41 short-period seismographs were used, 34 of them‘ln
Bolivia, the others in Chile. 120 Teleseismic events with initial
P or PKP phase quite clear were considered. A similar result is
being obtained by Frontanilla, considering local or regional
earthquakes.

After all that, the results of ancient work of the Carnegie
Institution are not so surprising as they could appear: In 1957
they failed to record explosions of 60 tons at Toquepala, Peru,
beyond 230 km across the mountains and the Altiplano, although from
explosions both at this mine and at the Chuquicamata mine, Chile,
they successfully identified the Mohorovicic discontinuity in Peru
and Chile for wave paths running along the western flank of the
plateau (Aldrich et al., 1958; 1959). In 1968 a larger group used
explosions of one ton in lakes 850 km apart, in southern Peru
through central Bolivia, hoping to obtain a reversed profile, but
they failed to record any seismic energy from the mantle in Peru
and obtained only 200 km of single profile in Bolivia (Department
of Terrestrial Magnetism staff et al., 1970).

Minaya and her coworkers (1989), Ayala and his coworkers (1993)
and Ayala (1994) have observed that, at the WWSSN station at La
Paz, Bolivia (LPB; 16° 32'S, 68° 06'W; 3292 m) there is much greater
attenuation of Lg waves of periods of approximately 1.2 s from the
Western Cordillera to the west of La Paz than from the Brazilian
and Guyana shields to the east. Ayala (1994) gives different
formulas for Lg equivalent body waves magnitude and different
exponential decays of the maximum amplitude of the Lg waves with
distance (0.2/degree from the west, and 0.09/degree from the east).
The Cordillera Occidental appears to be highly attenuating at these
short periods. We suspect that the 20 km thickness of sediments
beneath the Altiplano (Dorbath et al., 1993) also strongly absorbs
seismic waves of short period.

Isacks (1988), Ayala (1991) and Cahill and Isacks (1992) have
mapped the warping of the Nazca plate under South America. It
appears to be flat in southern Peru. At 15° S there is a sharp
flexure of the plate and its dip under Bolivia is approximately
30°. There is a gradual transition southward to nearly horizontal
dip in the region from the 28° S to 32° S beneath the western
Argentina. At 33° S there is another sharp flexure of the plate to
a dip of approximately 30°.

The Andean chain originated in two major orogenic cycles of the
Phanerozoic, the Late Precambrian-Paleozoic Preandean Cycle and the
Mesozoic-Cenozoic Andean Cycle (Omarini et al., 1991). During the
Preandean Cycle, huge depocenters developed successively further
westward, from the Subandean Ranges in Bolivia and northern
Argentina to the Longitudinal Valley and Coastal Cordillera in
Chile (Castafios and Rodrigo, 1978, p. 41; Instituto Geografico
Militar, 1985, p. 166; Ahlfeld, 1972, p. 40). During the Andean
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Cycle, four magmatic arc systems developed successively eastward
(Dorbath et al., 1993). In the region of Main Andean Thrust,
between the Eastern Cordillera and the Subandean Ranges in northern
Bolivia, there is overlap of approximately 230 km of Neogene age
(Roeder, 1988; cf. Allmendinger et al., 1990). The Main Andean
Thrust appears to be steeply dipping and the Cordillera Real fault
system, at the southwestern border of the Cordillera Real, marks a
subvertical boundary, dipping slightly to the southwest, which,
from the surface down to a depth of 140 km, separates two strongly
contrasting velocity units. :

Whitman and his coworkers (1992) have noted that for a portable
seismic network deployed in Jujuy Province (24 S, 65° W),
Argentina, P and S short period waves propagate beneath the plateau
much more efficiently from the north and northwest than from the
west and south; 1likewise Sn phases from regional crustal
earthquakes in the Subandean foreland fold-thrust belt to the north
propagate efficiently to the Jujuy network, while Sn is not
observed from foreland earthquakes located at similar distances to
the south of the nerwork.

Colombia and Venezuela

For Colombia, we have constructed velocity models of the regions
below Quibdé (5° 42'N, 76°40'W; Flih et al., 1981), below
Barranquilla (10" 59'N, 74°48'W) and below the Caribbean Sea, using
the amplitudes of Love and Rayleigh waves. With the purpose of
comparison, similar models have been constructed for the Coastal
Cordillera, east of Iquique, below the Cordillera Occidental, below
the Altiplano, below La Paz, and below the Cordillera Oriental. At
present we continue analyzing by the finite element method the
propagation of Love and Rayleigh waves across these regions,
considering also Lg and Rg phases.

We have studied the structure of Colombia by analyzing its
seismicity and correlating it with tectonic and geological
characteristics, to gain insight of lithospheric plate dynamics in
the region; the end product will be the knowledge of seismic wave
transmission.

That correlation may be complex when three or more plates meet in
a region and it is paticularly complex in the southwest corner of
the Caribbean plate in Colombia, where the South American plate,
the Nazca plate and the Andean block (apparently detached from
South American plate, Ramirez, 1977; Pennington, 198la; 1981b) meet
the Caribbean plate (fig. 7); moreover the direction of South
American plate related to the Caribbean is oblicuous to the
direction of Nazca plate movement.

This may be crucial to interpret the regional plate dynamics. Most
investigastors in their studies focusing the northern and eastern
Caribbean, include, as a complementary subject, the southwestern
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Caribbean region; then they follow the opinion of Pennington et
al., (1979), considering, either explicitly or implicitly, the
Bucaramanga seismic nest (6.8 N, 73.1° W, depth around 158 Kkm) as
the end of the Caribbean subducted slab. That nest is located in a
tectonically tormented 2zone in the southern apex of Maracaibo
triangle (fig. 7), that is to say, in the bifurcation of faults
Santa Rosa-Bucaramanga 1left-hand strike-slip SE-NW and Bocond
right-hand strike slip SW-NE. The Oca-Ancén is another fault system
right-hand strike-slip, cutting the Maracaibo block, as a
continuation of El1 Pilar-San Sebastidn E-W system (Pennington,
198l1a; 1981b; Beltran, 1993; Coral-Gbémez and Mendoza, 1993).

A recent estimation of plate motions and boundaries, with the
assumption that "plates appear to an excellent approximation to be
rigid" (Gordon, 1995), suggests that there is some thrust
superposed on the right-hand strike-slip motion of the Boconé-
Mérida fault system near Mérida in western Venezuela (8° 36'N, 71°
08'W) .

We have examined the hypothesis of the Bucaramanga nest pertaining
to the Caribbean subducted plate, looking for the characteristic
continuous band of seismicity along subducted plates at shallow and
intermediate depth, below the top plate. We could not find such a
continuous band, especially after excluding several foci of
entirely dubious determination (See fig. 8). On the contrary, since
the Pacific coast the northernmost part of Nazca plate reveals
itself through the characteristic band of seismicity dipping
westnorthwest (with hypocenters what could appear belonging to the
Caribbean plate) until the Bucaramanga nest (See fig. 8). This
explains partly the good recording of Lg in Bolivia originated in
Bucaramanga intermediate depth foci, since the slab offers a good
S wave path to the surface.

Looking to the absolute plate movements, we summarize: The Nazca
plate, with superposed Andean block, from the west, and the South
American plate, from the east, squeeze the wedge of Maracaibo block
near Bucaramanga; this block slides to the north, explaining the
convexity into the Caribbean, but distending the central part of
the base of the Maracaibo triangle in the back basin of lake
Maracaibo. The drag of the South American plate and the immobility
of the Caribbean in the other side, have detached that convexity
along the Oca-Ancén fault, dividing the Maracaibo block into two
microplates. The southwestern part of the Caribbean with the
obduction of South America, is deformed, being the main aspects of
deformation the elevation of Santa Marta massif during the Plio-
Quaternary and the contortion of Panama isthmus. The northernmost
part of Nazca plate moves northnorthwest (though slower than the
rest of the plate, because for the same rotation the radius is
shorter); it is subducted beneath Colombia until a depth of about
200 km, with a lower seismic activity, except in the Bucaramanga
nest, where tectonic complexity, with causes suggested above,
explain the permanent unrest. :
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Seismicity

Instrumental data is obtained and analyzed daily in the Bolivian
network (fig. 9). ‘

The study of seismic activity is not only useful for the
prevention of seismic risk, but moreover it is a contribution to
the knowledge of earth structure.

A main objective in the study of the seismicity of Bolivia has
been to revise and complete the catalogues of hypocenters and
intensities. Upon the recommendation of CERESIS the catalog of the
Programa para la Mitigacién de los Efectos de los Terremotos en la
Regidén Andina (SISRA) was extended until 1991 for earthquakes of
magnitude mb greater than or equal to 3.0 and, concerning
intensities, with the aim of including all those felt.

In August 1993 we began the revision of the archives of the Casa
de la Moneda in Potosi and in the Archivo Nacional in the city of
Sucre. The history of Bolivian seimicity has been improved; several
earthquakes felt in Potosi previously were not catalogued: 22
February 1662; 26 February 1678; September 1720; 2 September 1743;
July 1747; 1793. Another earthquake occurred in 1873 in the city of
Sucre.

Finally, six seismogenic zones in Bolivia have been distinguished:
1. In the zone of Consata-Mapiri, in the north of the Departamento
of La Paz, the seimic activity is of shallow and intermediate
depth. The largest shallow earthquake has been of magnitude 6.2 and
of modified Mercalli intensity VIII, on 24 February 1947.

2. In the central zone of Bolivia, behind the Arica "elbow", in the
Departamentos of Cochabamba, Chuquisaca and Santa Cruz, the seismic
activity is of shallow depth. It may be subdivided into three
sections: a. between Cochabamba and the Provinces of Chapare and
Carrasco, being the largest earthquake of mb 5.6, of MM intensity
VI-VII, on 9 May 1986; b. southsouthwest of Santa Cruz City, being
the largest earthquake of mb 5.9 and MM intensity VII, on 26 August
1957; c. the area between Arque and Aiquile, with the largest
earthquake of mb 5.9, MM intensity VII, on 1 September 1958.

3. Sucre-Tinquipaya has shallow seismic activity. The 1largest
earthquake has been of magnitude 6.1 of MM intensity VII, on 28
March 1948; it caused extensive damage in Sucre, the capital of
Bolivia.

4. In the zone of the deepest earthquakes, Santa Cruz-Yacuiba, the
magnitudes are in the range of 4.5 to 6.0.

5. In the 2zone Yacuiba-Tartagal, shared between southern Bolivia
and northern Argentina, the seismic activity generally is of
shallow depth. The largest earthquakes have been of magnitude 6.4
and of MM intensity VII-VIII, on 23 September 1887 and 23 March
1899.

6. In the subduction zone, extending into southern Peru and
northern Chile, there are intermediate depth earthquakes. On 17 May
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1909 an earthquake of magnitude 5.2 was felt with MM intensity VI.

Vega (1980), using the instrumental catalogue of earthquakes of
Bolivia from 1913 to 1976 and isoseismal maps, was able to
calculate the maximum accelerations which would have been felt at
each point of a 1° x 1° geographic grid over the territory of
Bolivia, caused by each one of the earthquakes of the catalogue
that he considered. The earthquakes he used covered the latitudes
10" to 24° S and the longitudes 60° to 73° W, and, for each point of
the grid, he considered the earthquakes which had occurred within
a space with sides of one geographic degree. Once he had calculated
the accelerations, in percentages of the acceleration of gravity
for each point of the grid, by linear regression, he determined the
constants of the mean annual frequency of occurrence of the
accelerations N(A):

log N(A) = log B - ¥ log A

Knowing the value at each point, he was able to define the seimic
risk as:

R(T,A) = 1 - exp(-N(A).T)

for a risk period T. He made a provisional seismic zonation of
Bolivia by determining the probable maximum intensities for a
period of T = 100 years, which is approximately the return period
of the largest earthquakes in Bolivia, by use of the formula:

I(B ,T, vy) =4.4750 + 3 y (log B + log T)

(Castano, 1977; Epstein and Lomnitz, 1966; Grases, 1989a; 1989b;
Lomnitz, 1974, p. 88). Cabré and Vega (1993) continued this work,
calculating probabilities of exceedance of an acceleration of 0.05
g in 50 years for the grid of Bolivia and the probabilities of the
occurrence of an earthquake of magnitude 5.5 within 30 years. With
the improvement of the earthquake catalogue for Bolivia, we are
also continuing this work.

Use of ancient seismograms

We have found the response curves of - the seismographs that
operated at La Paz the years 1913 to 1962, thus revealing a
considerable amount about world, and especially South American,
seismicity. "Data for the southern hemisphere were much improved
by the establishment of the station at Riverview (near Sydney),
Australia, beginning March 18, 1909.... A further improvement
followed the installation at La Paz (Bolivia), with reports
beginning May 1, 1913. La Paz at once became, and still remains,
the most important single seismological station of the world. This
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is a consequence of its isolated 1location, the sensitive
instruments, and the great care with which records were interpreted
and reports issued under the direction of Father Descotes"
(Gutenberg and Richter, 1954, p.6); in 1962, LPB, the World-Wide
Standard Seismograph Network became operational.

For the three seismogra?hs recording on smoked paper, dynamic
magnification equals V/D'¢, where V is static magnification and

, T 4 1n® ¢ T
D=[1-(—32+ — ()2
T, 2 + 1n° € T,

T being the ground period, T, the period of the seismometer, € the
damping ratio and 1ln the logarithm to the base e. V, T, and € are
given in the La Paz Boletin Sismico; r/Tf, the solid (or pen)
friction, is also given, but its effect, except for very large pen
movement, is included in the damping ratio € (Sohon, 1932, p. 63 ;
Byerly, 1933; 1942, p. 110). At a period of 12 s, the dynamic
magnification of the two horizontal seismographs recording on
smoked paper was approximately 500. For the Galitzin-Wilip
seismographs, dynamic magnification equals T/C'UDY?, where C' is
mL/AK, L 1is the distance from the hinge to the center of
oscillation of the pendulum, A is the optical lever arm of the

galvanometer, K is Galitzin's 'transfer factor', U is 1+(T/TQ2, T,

2 is 1-{2, { is the fraction

is the period of the galvanometer, B
of critical damping of the seismometer and

D= (1+ (T/T,)?%?% - 164%(T/T,)?
(Galitzin, 1911, p.266). T, T, u? and log C' are given in the La
Paz Boletin Sismico. At a period of 8 s, the dynamic magnification
of the Galitzin-Wilip seismographs at La Paz was approximately
2000.

Engagement in GSSETT-3

The Secretary of the Ministry of External Relations of Bolivia
sent the following message to the Director of Observatorio San
Calixto on 26 July 1995: "I am informing you that, having analyzed
the suitability of incorporating Bolivia into the International
Experimental System of Seismic Monitoring, Group of Scientific
Experts Technical Test 3 (GSETT-3), we have sent to the Center for
Questions of Disarmament, a section of the Conference on
Disarmament of the United Nations, the agreement of the Government
of Bolivia to be incorporated into GSETT-3 and to assign an Alpha
seismographic station.

"The Center for Questions of Disarmament, in accordance with the
express requirements of the United Nations, and the Embassy of the
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United States, in the framework of the programs of cooperation
known as the Auxiliary Seismic Net, have encouraged the Government
of Bolivia to take this step, which is in accord with its
traditional policy of supporting efforts favoring peace and
international security. In this sense it much appreciates that you
take proper note of this present information and assist in carrying
it out exactly."

This letter implies that the Bolivian Government officially
delegates the cooperation in seismic monitoring to the Observatorio
San Calixto, especially for staffing the National Seismic Data
Center for Bolivia.

REFERENCES

Abers, G.A. (1992). Relationship between shallow- and intermediate-
depth seismicity in the eastern Aleutian subduction zone. Geophys.
Res. Lett. 19, 2019-2022.

AGU, (1994). Fall Meeting Abstracts. American Geophysical Union.
Eos, Transactions 75, Supplement, 465-472.

Aldrich, L.T., H.E. Tatel, M.A. Tuve and G.W. Wetherill (1958). The
Earth's crust, in Annual Report of the Director of the DTM,
Carnegie Instltutlon ‘'of Washington, 234-236.

Aldrich, L.T., M.N. Bass, M.A. Tuve, G.W. Wetherill (1959). The
Earth's crust in Annual Report of the Director of the DTM,
Carnegie Instltutlon of Washington, 234-236.

Ahlfeld, F.E. (1972). Geologia de Bolivia. Amigos del Libro,
Cochabamba.

Aldunate, M. (1995). Estudio sismolégico a partir de telesismos:
Tomografia de la parte centro Andina de Bolivia. Tesis de Grado
UMSA, La Paz

Alewine, R.W. (1995). Global CTBT monitoring - an overview. In
Monitoring a Comprehensive Test Ban Treaty (E. Husebye, Director).
NATO Advanced Study Institute, Alvor, Algarve, Portugal (Abstract).
Allmendinger, R.W., D. Flgueroa, D. Snyder, J. Beer, C. Mpodozis
and B.L. Isacks (1990) . Foreland shortening and crustal balancing
in the Andes at 30°S latitude. Tectonics 9, 789-809.

Ayala, R.R. (1991). Deriva continental y tectonlca de placas con
relacién a la evolucién de la placa de Nazca y los Andes Centrales,
Revista: Academia Nacional de Ciencias 6, 98-118. (Bolivia).
Ayala, R.R. (1992). Magnltudrn g Para sismos sudamericanos. Revista
Geofisica, Instituto Panamerlcano de Geografia e Historia 36, 123-
134.

Ayala, R.R., R. Cabré and E. Minaya (1993). Atenuacién de las fases
de corto periodo P, Li, Lg y Rg a través de Peri- Bolivia,
registradas en LPB. Revista Geofisica, Instituto Panamericano de
Geografia e Historia 38, 37-78.

Baby, P., B. Guiller, J. Oller, G. Herail, G. Montemurro, D.
Zubietta and M. Specht (1993). Structural synthesis of the Bolivian
Subandean zone. In Andean Geodynamics (Extended Abstracts).
L'Institut Francais de Recherche Scientifique pour le Développement
en Coopération, Paris, pp. 159-162.

15




Beck, S., T. Wallace, S. Myers, J. Swenson, M. Tinker, R. Brazier,
P. Silver, R. Kuehnel, L.A. Drake, E. Minaya, R. Alcal&, P. Soler,
P. Baby, B. Guillier, .G. Zandt, D. Rock, S. Ruppert, J. Telleria
and S. Barrientos (1994a). A passive broadband seismic experiment
in the Central Andean Cordillera: the BANJO and SEDA experiments.
Asamblea Regional de Sismologia en América del Sur, Brasilia,
Brasil (Abstract).

Beck, S., P. Silver, G. Zandt, T. Wallace, S. Myers, R. Kuehnel, S.
Ruppert, L. Drake, E. Minaya, P. Soler, P. Baby, S. Barrientos, J.
Telleria, M. Tinker, and J. Swenson (1994b). Across the Andes and
along the Altiplano: a passive seismic experiment. IRIS Newsletter
13, No. 3, 1-3.

Beltran, C. (1993). Mapa Neotectdénico de Venezuela. Fundacién
Venezolana de Investigaciones Sismolégicas (FUNVISIS), Departamento
de Ciencias de la Tierra, Caracas.

Byerly, P. (1933). Reduction of trace amplitudes. Bulletin of the
National Research Council 90, 198-205.

Byerly, P. (1942). Seismology. Prentice-Hall, New York.

Cabré, R. and A. Vega (1993). Seismic hazard in Bolivia. In_The
Practice of Earthquake Hazard Assessment (R. McGuire, ed.).
International Association of Seismology and Physics of the Earth's
Interior, Denver, Colorado. pp. 34-37

Cahill, T. and B. Isacks (1992). Seismicity and shape of the
subducted Nazca plate, J.Geophys. Res. 97, 17,503-17,529.
Castano, J.C. (1977). Zonificacién sismica de la Repiblica
Argentina. Instituto Nacional de Prevencién Sismica (INPRES),
Publicacién Técnica 5.

Castafios, A. and L.A. Rodrigo (1978). Sinopsis estratigrafica de
Bolivia: Parte de Paleozoico, Academia Nacional de Ciencias de
Bolivia, La Paz.

Conferencia de Desarme (1994a). Informe del Grupo ad Hoc de
Expertos Cientificos Encargado de Examinar las Medidas de
Cooperacidn Internacional para Detectar e Identificar Fenémenos
Sismicos al Coémite ad Hoc sobre la Prohibicién de los Ensayos
Nucleares acerca de la Vigilancia Sismolégica Internacional y el
Experimento ETGEC-3. CD/1254, Ginebra.

Conferencia de Desarme (1994b). Informe a la Conferencia de Desarme
sobre los Trabajos Realizados por el Grupo ad Hoc de Expertos
Cientificos Encargado de Examinar las Medidas de Cooperacién
Internacional para Detectar e Identificar Fenémenos Sismicos.
CD/1270, Ginebra.

Coral-Gémez, C. and C. Mendoza (1993). Seismic Hazard in Colombia.
In_The Practice of Earthquake Hazard Assessment (R. McGuire, ed.).
International Association of Seismology and Physics of the Earth's
Interior (1993). Denver, Colorado, pp. 69-73.

Curtis, A.R. and M. Shimshoni (1970). The smoothing of
seismological travel-time tables using cubic splines, Bull. Seism.
Soc. Am. 60, 1077-1087.

Department of Terrestrial Magnetism and Collaborators (1970).
Explosion studies in the Altiplano, in_ Annual Report of the
Director of the DTM, Carnegie Institution of Washington, 459-462.
Dewey, J.F. and S.H. Lamb (1992). Active tectonics of the Andes.

16




Tectonophys. 205, 79-95.

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

Drake, L.A. (1989). Love and Rayleigh waves in irregular
structures. In__ Observatory Seismology (J.J. Litehiser, ed.).
University of California Press, Berkeley, pp. 333-346.

Drake, L.A. and B.A. Bolt (1980). Love waves normally incident at
a continental boundary. Bull. Seism. Soc. Am. 70, 1103-1123.
Dziewonski, A.M. ‘and D.L. Anderson (1981). Preliminary Earth
reference model. Phys. Earth Planet. Interiors 25, 297-356.
Dziewonski, A.M., A.L. Hales and E.R.Lapwood (1975). Parametrically
simple Earth models consistent with geophysical data. Phys. Earth
Planet. Interiors 10, 12-48.

Eisenberg, A., D. Comte and M. Pardo (1989). The need for local
arrays in mapping the lithosphere. In_Observatory Seismology (J.J.
Litehiser, ed.). University of California Press, Berkeley, pp. 187-
198. ,

Epstein, B. and C. Lomnitz (1966). A model for the occurrence of
large earthquakes. Nature 211, 954-956.

Ewing, W.M., W.S. Jardetzky and F. Press (1957). Elastic Waves in
Layered Media. McGraw-Hill, New York.

Flith, E.R., B. Milkereit, R. Meissner, R.P. Meyer, J.E. Ramirez, J.
del C. Quintero and A. Udias (1981). Observaciones de refraccién
sismica en el noroeste Colombiano en la latitud 5.5°N. 1In
Investigaciones Geofisicas sobre las Estructuras Océano-
Continentales del Occidente Colombiano (J.R. Goberna, ed.).
Instituto Geofisico, Universidad Javierana, Bogot&, Colombia, pp.
83-95.

Fowler, C.M.R. (1990). The Solid Earth: an Introduction to Global
Geophysics. Cambridge University Press, New York.

Fujita, K., E.R. Engdahl and N.H. Sleep (1981). Subduction zone
calibration and teleseismic relocation of thrust zone events in the
central Aleutian islands. Bull. Seism. Soc. Am., 71, (1805-1828).
Galitzin, B. (1911). Seismometrische Tabellen: Nachtrag zu der
Abhandlung: {iber ein Neues Aperiodisches Horizontalpendel mit
Galvanometrischer Fernregistrierungen. Comp. Rend. Commission
Sismique Permanente, St. Petersburg, 4.

Giese, P. (1994). Geothermal structure of the central Andean crust
- implications for heat transport and rheology. In_Tectonics of the
Southern Central Andes (K.-J. Reutter, E. Scheuber and P.J. Wigger,
eds.). Springer-Verlag, Berlin, pp. 69-76.

Gordon, R.G. (1995). Present plate motions and plate boundaries. In
Global Earth Geophysics: a Handbook of Physical Constants (T.J.
Ahrens, ed.). American Geophysical Union Reference Shelf 1, pp. 66—
87.

Grases, J. (1989%a). Peligro sismico con fines de ingenieria.
Revista Geofisica, Instituto Panamericano de Geografia e Historia
31, 261-279.

Grases, J. (1989b). Terremotos: un problema no deterministico: .
mediciones y efectos. Boletin de la Academia de Ciencias

17




Fisicas, Matemdticas y Naturales 49, 201-392.

Gutenberg, B. (1959). Physics of the Earth's Interior. Academic
Press, New York. -

Gutenberg, B. and C.F. Richter (1954). Seismicity of the Earth (2nd
ed.). Princeton University Press, New Jersey.

Harjes, H-.P. (1995). Towards a global seismic monitoring system -
lessons learned from the Geneva experiments. In__Monitoring a
Comprehensive Test Ban Treaty (E. Husebye, Director). NATO Advanced
Study Institute, Alvor, Algarve, Portugal (Abstract).

Herrin, E. (1968). Introduction to 1968 Seismological Tables for P-
Phases. Bull. Seism. Soc. Am. 58, 1193-1195.

Hoke, L., D.R.. Hilton, S.H. Lamb, K. Hammerschmidt and H.
Friedrichsen (1993). 3He evidence for a wide zone of active mantle
melting beneath the Central Andes since the Cretaceous. In Andean
Geodynamics (Extended Abstracts). L'Institut Francais de Recherche
Scientifique pour le Développement en Coopération, Paris, pp. 371-
372.

Hoke, L., D.R. Hilton, S.H. Lamb, K. Hammerschmidt and H.
Friedrichsen (1994). 3He evidence for a wide zone of active mantle
melting beneath the Central Andes. Earth Planet. Sci. Lett. 128,
341-355. .
Instituto Geografico Militar (1985). Atlas de Bolivia, Geomundo,
Barcelona.

Isacks, B.L. (1988) :Uplift of the Central Andean Plateau and
bending of the Bolivian Orocline, J. Geophys. Res. 93, 3211-3231.
James, D.E. (1971). Andean crustal and upper mantle structure. J.
Geophys. Res. 76, 3246-3271.

Jeffreys, H. and K.E. Bullen (1948). Seismological Tables. British
Association for the Advancement of Science, London.

Jordan, T. (1975). The present-day motions of the Caribbean plate,
J. Geophys. Res. 80, 4433-4439.

Kennett, B.L.N. (1991). IASPEI 1991 Seismological Tables. Research
School of Earth Sciences, Canberra, Australia.

Kennett, B.L.N. (1993). The distance dependence of regional phase
discriminants. Bull. Seism. Soc. Am. 83, 1155-1166.

Kennett, B.L.N. (1995). Seismic traveltime tables. In Global Earth
Geophysics: a Handbook of Physical Constants (T.J. Ahrens, ed.).
American Geophysical Union Reference Shelf 1, pp. 126-143.

Lamb, S., L. Kennan and L. Hoke (1993). Tectonic evolution of the
Central Andes since the Cretaceous. In_Andean Geodynamics (Extended
Abstracts). L'Institut Frangais de Recherche Scientifique pour 1le
Développement en Coopération, Paris, pp. 207-209.

Lomnitz, C. (1974). Global Tectonics and Seismic Risk. Elsevier,
Amsterdam.

Lysmer, J. and L.A. Drake (1972). A finite element method for
seismology. In_Methods in Computational Physics (B.A. Bolt, ed.).
Academic Press, New York, pp. 181-216.

Minaya, E., R.R. Ayala, I. Alcdcer and R. Cabré (1989). Ondas Lg de
sismos sudamericanos. Revista Geofisica, Instituto Panamericano de
Geografia e Historia 31, 115-146.

Morelli, A. and A.M. Dziewonski (1993). Body wave traveltimes and
a spherically symmetric P- and S-wave velocity model. Geophys. J.

18




Int. 112, 178-194.

Nuttli, O.W. (1986). Yield estimates of Nevada Test Site explosions
obtained from seismic L, waves. J. Geophys. Res. 91, 2137-2151.
Ocola, L.C., R.P. Meyer and L.T. Aldrich (1971). Gross crustal
structure under Peru-Bolivia Altiplano. Earthquake Notes 42 (3-4),
33-48.

Okal, E.,S. Kirby, E.R. Engdahl and W.-C. Huang (1994). Deep
earthquakes beneath South America and their physical significance.
Asamblea Regional de Sismologia en América del Sur, Brasilia,
Brasil (Abstract). :
Omarini, R., K. Reutter and T. Bogdanic (1991). Geological
development and structures. In_Central Andean Transect, Nazca Plate
to Chaco Plains: Southeastern Pacific Ocean, Northern Chile and
Northern Argentina, Global Geoscience Transect 6 (R. Omarini and
H.-J. Goetze, eds.). American Geophysical Union, Washington, pp. 5-
12.

Pennington, W.D. (198la). La subduccién de la cuenca oriental de
Panama y la sismotectdnica del noroeste de Sur América. 1In
Investigaciones Geofisicas sobre las Estructuras Océano-
Continentales del Occidente Colombiano (J.R. Goberna, ed.).
Instituto Geofisico, Universidad Javierana, Bogota, Colombia, pp.
97-137.

Pennington, W.D. (1981b). Subduction of the Eastern Panama Basin
and seismotectonics of northwestern South America. J. Geophys. Res.
86, 10753-10770. ’

Pennington, W.D., W.D. Mooney, R. van Hissenhoven, Hj. Meyer, J.
Ramirez and R.P. Meyer (1979). Results of a microearthquake
reconnaissance survey of Bucaramanga, Colombia. Geophys. Res. Lett.
6, 65-68.

Press, W.H., B.P. Flannery, S.A. Teukolsky and W.T. Vetterling
(1986) . Numerical Re01pes, Cambridge University Press, Cambridge.
Press, F. and M. Ewing (1952). Two slow surface waves across North
America. Bull. Seism. Soc. Am. 42, 219-228.

Ramirez, J.E. (1977). Panorama geoldgico y geofisico de Colombia.
In_La Transicién Océano-Continente en el Suroeste de Colombia (J.E.
Ramirez and L.T. Aldich, eds.). Instituto Geofisico, Universidad
Javeriana, Bogot&, pp. 43-46.

Riccardi, A.C. (1988). The Cretaceous System of Southern South
America. Geological Soc. Am., Mem. 168, Boulder, Colorado.

Richter, C.F. (1958). Elementary Seismology. Freeman, San
Francisco.
Roeder, D. (1988). Andean-age structure of Eastern Cordillera

(Province of La Paz, Bolivia). Tectonics 7, 23-39.

Scheuber, E., T. Bogdanic, A. Jensen and K.-J. Reutter (1994).
Tectonic development of the north Chilean Andes in relation to
plate convergence and magmatism since the Jurassic, in Tectonics of
the Southern Central Andes (K.-J. Reutter, E. Scheuber and P.J.
Wigger, eds.). Springer-Verlag, Berlin, pp. 121-139.

Schwartz, D.P. (1988). Paleoseismicity and neotectonics of the
Cordillera Blanca fault zone, northern Peruvian Andes. J. Geophys.
Res. 93, 4712-4730.

Sebrler, M., J.L. Mercier, F. Mégard, G. Laubacher and E. Carey-

19




Gailhardis (1985). Quaternary normal and reverse faulting apd the
state of stress in the central Andes of south Peru. Tectonics 4,

739-780.
Sébrier, M., J.L. Mercier, J. Macharé, D. Bonnot, J. paprera and
J.L. Blanc (1988). The state of stress in an overriding plate

situated above a flat,slab: the Andes of central Peru. Tectonics 7,
895-928.

Sohon, F.W. (1932). Seismometry. Vol. 2 of J.B. Macelwane and F.W.
Sohon, Introduction to Theoretical Seismology. Wiley, New York.
Suarez, G., P. Molnar and B.C. Burchfiel (1983). Seismicity, fault
plane solutions, depth of faulting, and active tectonics of the
Andes of Peru, Ecuador, and southern Colombia. J. Geophys. Res. 88,
10,403-10,428.

Sykes, L.R. (1995). Dealing with decoupled nuclear explosions under
a Comprehensive Test Ban Treaty. In_Monitoring a Comprehensive Test
Ban Treaty (E. Husebye, Director). NATO. Advanced Study Institute,
Alvor, Algarve, Portugal.

Vega, A. B. (1980). Riesgo sismico en Bolivia. Revista Geofisica,
Instituto Panamericano de Geografia e Historia 13, 121-129.

Vega, A.J. (1994). El gran terremoto profundo del dia 9 de junio de
1994 en el norte de la Republica de Bolivia, Revista Geofisica,
Instituto Panamericano de Geografia e Historia. 40, 39-55.

Vega, A.J. and E. Buforn (1991). Focal mechanism of intraplate
earthquakes in Bolivia, South America. Pure and Applied Geophysics
(PAGEOPH) 136, 449-458.

Whitman, D., B.L. Isacks, J.L. Chatelain, J.M. Chiu and A. Perez
(1992) . Attenuation of high-frequency seismic waves beneath the
Central Andean Plateau, J.. Geophys. Res. 97, 19,929-19,947
Wigger, P.J., M. Araneda, P. Giese, W.-D. Heinsohn, P. Rower, M.
Schmitz and J. Viramonte (1991). The crustal structure along the
central Andean transect derived from seismic refraction
investigations. In Central Andean Transect, Nazca Plate to Chaco
Plains: Southeastern Pacific Ocean, Northern Chile and Northern
Argentina, Global Geoscience Transect 6 (R. Omarini and H.-J.
Gotze, eds.). American Geophysical Union, Washington, pp. 13-19.
Wigger, P.J., M. Schmitz, M. Araneda, G. Asch, S. Baldzuhn, P.
Giese, W.-D. Heinsohn, E. Martinez, E. Ricaldi, P. Roewer and J.
Viramonte (1994). Variation in the crustal structure of the
southern Central Andes deduced from seismic refraction
investigations. In_Tectonics of the Southern Central Andes (K.-J.
Reutter, E. Scheuber and P.J. Wigger, eds.). Springer-Verlag,
Berlin, pp. 23-48.

PUBLICATIONS

Ayala, R.R. (1993). Elaboration d'un modéle de vitesse 3D pour la
localisation de séismes dans une zone de subduction: application a
la Bolivie, Institut de Physique du Globe de la Université Louis
Pasteur, Strasbourg. -

Ayala, R.R., R. Cabré, and E. Minaya (1993). Atenuacién de las

20




fases de corto periodo P, L;, L, y R a través de PeriG-Bolivia.
Revista Geofisica, Instituto Panamericano de Geografia e Historia
38, 37-78.

Beck, S., P. Silver, G. Zandt, T. Wallace, S. Myers, R. Kuehnel, S.
Ruppert, L. Drake, E. Minaya, P. Soler, P. Baby, S. Barrientos, J.
Telleria, M. Tinker, and J. Swenson (1994b). Across the Andes and
along the Altiplano: a passive seismic experiment. IRIS Newsletter
13, No. 3, 1-3. .

Cabré, R. and A. Vega (1993). Seismic hazard in Bolivia, in The
Practice of Earthquake hazard Assessment (R..K. McGuire, ed.),
International Association of Seismology and Physics of the Earth's
Interior, Denver, 34-37.

Drake, L.A. (in press). Seismograms at La Paz, Bolivia.
Seismological Research Letters.

Drake, L.A. (1994). Movimiento del suelo y dafio de los edificios,
Caracas 29 Julio 1987, y la Ciudad de México 19 Septiembre 1985, in
Conferencia Interamericana sobre Reduccidén de 1los Desastres
Naturales, Sistema Nacional para la Prevencién y Atencidén de
Desastres de Colombia, Cartagena de Indias, A13, 1-8.

Drake, L.A. and E. Minaya (1995). The propagation of L, and
Rayleigh waves of short period in the Andean region. In Monitoring
a Comprehensive Test Ban Treaty (E. Husebye, Director), NATO
Advanced Study Institute, Alvor, Algarve, Portugal (Abstract).
Drake, L.A. and E. Minaya (in press). Seismic wave propagation in
South America. Geofisica Internacional. .

Minaya, E., L.A. Drake and J. Loa (in preparation). Limites entre
las placas Caribe-Nazca y Caribe-Sudamérica. For Revista Geofisica,
Instituto Panamericano de Geografia e Historia.

Minaya, E. and R. Cabré (1994). Actualizacién de la geodinamica de
Sudamérica, Revista Academia Nacional de Ciencias de Bolivia (No.
8), 33-44. N

Vega, A. (1994). El gran terremoto profundo del 9 de junio de 1994
en el norte de 1la Republica de Bolivia. Revista Geofisica,
Instituto Panamericano de Geografia e Historia, 40, 39-55.

Vega, A. (in press). Complementos a la Historia sismica de Bolivia,
IIT Reunién Técnica del IPGH, México, DF, 26-30 Junio 1995.

Vega, A. (1995). Historia sismica del Altiplano Norte de Bolivia,
Seminario Binacional Bolivia-Perd; Desastres naturales comunes en
el Altiplano, Puno-Copacabana, 20-24 Nov, 1995. Contribucién al
DIRDN. :

Vega, A. and L.A. Drake (1995). Microzonacién en Bolivia. Programa
Y ReslGmenes. II_Cologquio de Microzonificacidén Sismica, Cumana,
Venezuela, 12-16 June 1995.

Vega, A. (in press). Tectonic setting of intraplate earthquakes in
Bolivia. Geofisica Internacional.

Vega, A. and L.A. Drake (in press). Microzonificacidén en Bolivia.

In__Proceedings of the Sequndo Cologquio de Microzonificacién
Sismica, Cumana, Venezuela, 12-14 June 1995.

PROFESSIONAL PERSONNEL
Lawrence A. Drake, M.A., Ph.D. (Berkeley, 1971): The Propagation of

21




Love and Rayleigh Waves in Non-Horizontally Layered Media.

René Alcala (Calvo), Ingeniero Electroénico.

René Rodolfo Ayala (Sanchez), Tesista, PhD, University of
Strasbourg.

Jorge José Loa, Grado (fisica, matematicas), Universidad Mayor de
San Andrés, La Paz.

Estela Minaya (Ramos), M.S. (St Louis), Geophysics.

William R. Ott, M.S., Ph.D. (Iowa, 1978), Physics, Geology.

Willy César Quevedo (Castillo), Tesista (geomorfologia),
Universidad Mayor de San Andrés, La Paz. )
Angel Vega (Benavidez),. Diploma, Geofisica, Universidad Mayor de
San Andrés, 1971.

INTERACTIONS

Dr. Drake attended the 15th Annual Seismic Research Symposium in
Vail, Colorado, 8-10 September 1993. He visited the Instituto
Geofisico, Bogotd, Colombia, 7-10 October, and attended the
Caribbean Conference on Natural Hazards, University of the West
Indies, 11-15 October.

Ing Angel Vega attended the Coloquio Franco-Latinoamericano sobre
Microzonificacién Sismica en el Estado Falcén de la Replblica de
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FIGURE CAPTIONS

Figure 1. Profile Altiplano-Cordillera Real of P-wave velocity, S-
wave velocity and density down to 40 km.

Figure 2. The normalized variation of displacement with depth of
the fundamental Love modes of periods 0.7 s, 1.5 s, 5.0 s and 10.0
s for the model of the structure below Iquique.

Figure 3. Normalized variation of fundamental Love mode
displacement with depth at periods of 3.5 and 2 seconds for the
eastern Cordillera and the Altiplano.

Figure 4. Normalized variation of horizontal and vertical
fundamental Rayleigh mode displacement with depth at period of 3.5
seconds for the Eastern Cordillera and the Altiplano.

Figure 5. Temporary short-period seismograph array Lithoscope-
Bolivia, across the Andes and Altiplano. (From Aldunate, 1995).

Figure 6. Tomographic vertical profile of P-wave velocity
anomalies beneath the Lithoscope-Bolivia array down to 650 km. The
Nos. 3 mean negative anomaly (what increases with darkness of
shading); the Nos. 4 mean that the anomaly is less than 0.5 %; the
Nos. 5 mean positive anomaly. (From Aldunate, 1995).

Figure 7. The structures and continental setting of the south
boundary of the Caribbean plate: a) bloque Maracaibo; b) bloque
Andino of Colombia; c) bloque Bonaire; d) blogue central del Caribe
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Montafioso; FDP) faja de deformacién de Panamd (belt, arcuate
structure); FCMS) falla marginal del Caribe Sur; CLR) Cafidén los
Roques; FOA) falla Oca-Ancén; FEP) falla El1 Pilar; GD) Golfo de
Darién or Uraba; FBo) falla Bolivar; FSMB) falla Santa Marta-
Bucaramanga; FB) falla Bocond; FV) falla Victoria; FLB) falla Los
Bajos-El Soldado; DA) Depresidén Atrato; FA) falla Atrato; FR) falla
Romeral; FS) falla Salinas.
The inset is enlarged to show the multiplicity of faults in the
southern tip of block Maracaibo, behind the Bucaramanga seismic
nest.

Figure 8. Seismic profiles across Colombia.

a) Map showing vertical sections where hypocenters occurring at
both sides within a band of 0.5° are projected (the No. 9 is 1°
broad) . -

b) Profiles Nos. 1 to 8 are parallel to the movement of Caribbean
plate relative to South American plate. Profiles Nos. 9 to 12 are
parallel to the movement of Nazca plate relative also to South
American plate, partly crossing the profiles Nos. 5 to 8, that is
to say, a part of hypocenters are repeated in both sets of
profiles. The continuity of seismic activity in the stripes 9 to 12
down to about 200 km endorses the thesis of Nazca plate being
subducted beneath the Andean block down to the Bucaramanga seismic
nest.

Figure 9. Permanent seismic stations in Bolivia controlled by the
Observatorio San Calixto: Network around La Paz, Cochabamba (CCH),
San Ignacio de Velasco (SIV) and Mochara.

Figure 10. a) Isoseismal map corresponding to the deep earthquake
of June 9, 1994 (below dated June 8, according to the Bolivian
time).

b) Attenuation of seismic intensity between 100 and 3000 km of
distance to the epicenter. The dashed lines apply to similar
earthquakes differing 0.5 in mb. (From Vega, 1994).
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