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ABSTRACT

Slant stacking of broadband seismograms recorded in the western United States for
two 1993 intermediate-depth earthquakes that occurred near the Bolivia-Argentina-Chile
borders reveals small but clear precursors fo both the compressional (P) wave and shear
(S) wave depth phases. We interpret and model these precursors as underside reflections
from the thickened Andean Altiplano crust. We model the crustal structure of the Altiplano
with a grid-search technique to match the timing and amplitudes of the depth phases and
precursors in the waveforms of both the P wave and S wave. Our best-fit model has an
average crustal velocity of 5.9-6.0 km/s, a crustal V' /V, of 1.6, a crustal thickness of 75-80
km, and a high-velocity (V,, = 8.4 km/s), high-V,,/V, (1.9) mantle wedge. Assuming isotropy,
the low V,/V, ratio of 1.6 for the crust corresponds to an anomalously low Poisson’s ratio
of 0.18. Such a low value, in conjunction with the low average V', estimate, is consistent only
with a felsic composition and high upper-crustal temperatures. The finding of a thick felsic
crust overlying a high-velocity mantle supports models of Altiplano uplift due predomi-
nantly to crustal shortening as opposed to mafic magmatic addition and is inconsistent with
recent mantle delamination.

MODELS FOR RAISING Both magmatism and compressional short-

THE ALTIPLANO

The South American Altiplano, at an av-
erage elevation of nearly 4 km, is one of the
great plateaus on Earth (Isacks, 1988). The
Altiplano is located within the Andean Cor-
dillera where the mountains attain their
largest width in central and southern Bolivia
(Fig. 1). The plateau is a series of high, con-
tiguous intermontane basins bounded by the
volcanic Cordillera Occidental on the west
and the mountainous fold-and-thrust belt of
the Cordillera Oriental on the east (Richter
et al., 1992).

The construction of the Andean Cordil-
lera has been ongoing since at least the Mes-
ozoic Era and is clearly associated with the
subduction of the Nazca plate beneath west-
ern South America. The Andean Cordillera
has a different character south of 22°S; the
wide flat plateau of the Altiplano is replaced
by a narrower and higher mountainous re-
gion called the Puna. North of 22°S, the sub-
ducting Nazca plate dips at ~30°, reaching a
depth of ~250 km beneath the eastern edge
of the plateau; south of ~22°S, the slab has
a shallow dip with a corresponding cessation
of active volcanism (Whitman et al., 1992).
The present high topography of the Alti-
plano is generally attributed to crustal thick-
ening since the late Oligocene—early Mio-
cene (Isacks, 1988; Sempere et al., 1990).
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ening may have been accelerated during a
period (26—6 Ma) of fast Nazca-South
American plate convergence (Richter et al.,
1992). Within this simplified tectonic con-
text, three end-member models have been
proposed for the plateau formation and up-
lift (summarized recently in Kono et al,
1989): (1) voluminous magmatic addition
associated with subduction-related volcan-
ism, (2) whole-crustal distributed shortening

or crustal shortening by crustal-scale under-
thrusting driven by plate convergence, or (3)
crustal uplift due to lithospheric thinning
beneath the edge of the South American
continent. In this paper, we present new es-
timates of Altiplano crustal thickness and
composition and discuss their implications
for formation of the high plateau.

SLANT STACKING FOR UNDERSIDE
MOHO REFLECTIONS

The use of teleseismic recordings to esti-
mate crustal Poisson’s ratio of the seismic
station site was pioneered by Jordan and
Frazer (1975). Our approach uses similar
principles but takes advantage of the source-
side reverberations associated with an inter-
mediate- or deep-focus earthquake and the
availability of array data to improve the sig-
nal-to-noise ratio of small-amplitude phases
(Zhang and Lay, 1993). Two moderate-mag-
nitude, intermediate-depth earthquakes oc-
curred in 1993 near the Bolivia-Argentina-
Chile borders. The great-circle paths between
these two earthquake epicenters and seismic
stations in the western United States transit
directly beneath, and along the strike of, the
southern Altiplano and the adjacent West-

SEISMIC  ~]
STATIONS

Figure 1. Map of South
American central Andean
Cordiliera. Shading indi-
cates elevations above
~3500 m. Circles indicate
epicenters of the two
earthquakes used in this
study; ellipses indicate
their corresponding
crustal sampling zones.
Upper-right inset is map

of broadband stations in
western United States.
Arrow shows azimuth of
raypaths from Altiplano
earthquakes.
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evidence for strong crustal anisotropy. Re-
cently, some laboratory measurements have
revealed very strong anisotropy in some
crustal rocks (Fountain and Christensen,
1989; Barruol and Mainprice, 1993). Foun-
tain and Christensen (1989) mentioned that
anisotropic rocks are often characterized by
two different shear-wave velocities in a sin-
gle direction; thus, two Poisson’s ratios
could be calculated for that single direction.
This observation can be especially confusing
in attempts to combine results from differ-
ent studies if the P-wave and S-wave veloc-
ities are measured in different directions.
Barruol and Mainprice (1993) measured an-
isotropy in lower-crustal rocks and con-
cluded that mafic rocks are weakly aniso-
tropic but felsic rocks can display significant
anisotropy. This observation supports our
inference of a felsic composition even if the
low V,/V, value is due, in part, to effects of
anisotropy.

DISCUSSION

Our results suggest that the present
southern Altiplano crust has a predomi-
nantly felsic composition and is 75-80 km
thick and that the uppermost mantle has a
relatively high velocity. With independent
evidence for a low-seismic-attenuation up-
per mantle (Whitman et al., 1992), our
model does not support suggestions of re-
cent delamination beneath the southern Al-
tiplano. The results are inconsistent with Al-
tiplano uplift models that require large
volumes of mafic magmas in the Altiplano
crust. They are consistent with large vol-
umes of granitic material, either by melting
of existing crustal material or by magmatic
differentiation. Both processes require a
mechanism to “remove” the mafic compo-
nent from the crust (Kay et al., 1992). In
more recent models, crustal thickening and
uplift are driven primarily by crustal short-
ening (Isacks, 1988; Sheffels, 1990; Sempere
etal., 1990). In this case, either the preshort-
ened crust was predominantly felsic, or a
mechanism is required to accommodate the
shortening differentially within the felsic up-
per crust while removing any significant
thickness of mafic lower crust.

The largely felsic crust in the central and
southern Bolivian Andes may be an inher-
ited feature. A predominantly felsic crust is
weaker than a more mafic crust (Kusznir
and Park, 1986) and would act to localize the
focus of regional deformation, providing a
natural explanation for the large amount of
crustal shortening and the formation of an
anomalously thick crust. A localized anom-
alous crust in the central Andes would also
explain the location of the hinge line of the
South American oroclinal bending that has
been cited as making a significant contribu-
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tion to the crustal-thickening process
(Isacks, 1988).

Alternatively, the felsic crust may be the
end product of the crustal shortening and
thickening process. In this scenario the
shortening and thickening are preferentially
accommodated in the weak, felsic upper to
middle crust, and the mafic lower crust is
progressively pushed to deeper levels. A by-
product of this rapid sinking of the lower
crust is a phase transition of a mafic layer to
a high-density eclogite facies. The high-den-
sity eclogite would promote further sinking
and possibly the detachment (or delamina-
tion) of the lower-crustal layer and the un-
derlying mantle, leaving behind a more fel-
sic crust, a process suggested by Kay et al.
(1992) on the basis of geochemical argu-
ments. In the case of the Altiplano upper
mantle, the detachment either took place
many tens of millions of years ago and the
resulting new mantle has evolved to a more
typical high-velocity lid, or the detached lith-
osphere was replaced by underthrusting of
the Brazilian craton lithosphere. Another
possibility is that the detachment did not oc-
cur or was prematurely arrested, perhaps
because of the presence of the underlying
subducting Nazca plate.
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