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Crustal Thickness Variation in the Andean Foreland, Argentina,

from Converted Waves

by Marc Regnier, Jer-Ming Chiu, Robert Smalley, Jr., Bryan L. Isacks, and Mario Araujo

Abstract Local network three-component digital data from the San Juan area,
Argentina, provide the first seismological images of the deep crustal structure
in the Andean foreland above a horizontal segment of the subducted Nazca plate.
We have identified S-to-P seismic phases converted on the Moho by analysis
of seismograms formed by taking the product of the radial and vertical com-
ponents (R * Z) from intermediate-depth earthquakes in the Benioff zone directly
beneath the network. Under the Sierras Pampeanas, the Moho is estimated to
be at a depth of about 52 km. Beneath the eastern Precordillera, the Moho
deepens to 55/57 km and further west, beneath the central Precordillera, to 60
km. We therefore estimate a 5° to 10° westward dip to the Moho under the
Andean foreland. In both the Sierras Pampeanas and Precordillera provinces,
the thickness of the ductile lower crust is comparable to that for a stable con-
tinental crust, while the brittle upper crust, implied from the spatial distribution
of the seismicity, shows an important thickness increase. This rheological be-
havior is interpreted to be a consequence of the flattening of the dip of the
subducted plate. The east—west deepening of the seismicity, the Moho, and the
depth to basement under the Precordillera all suggest that the Andean foreland
lithosphere is underthrusting beneath the Andes. The associated shortening is
estimated to be about 15% across the Sierras Pampeanas. It is estimated to be
at least 38% across the Precordillera for the part of the crust beneath the

décollement, while it is up to 70% for the part above the décollement.

Introduction

Recently, several articles have dealt with kinematic
evolution of the Andean orogen (Isacks, 1988; Allmen-
dinger et al., 1990; Sheffels, 1990), and they have shown
that models involving a large amount of crustal short-
ening could satisfactorily explain the main morphotec-
tonic features of the Andes. In an attempt to quantify
this amount of shortening across the entire Andean oro-
genic belt at 30° S latitude, Allmendinger et al. (1990)
proposed a family of models that can account for the
uplift of the high Cordillera but differ in the manner that
they link upper and lower crustal deformation. A key
parameter of these models to further constrain the mode
of deformation in the lower crust is the crustal thickness.
Indeed, knowing the upper crustal structure and the depth
extent of the brittle deformation, the determination of the
Moho depth should allow us to better estimate the amount
of ductile thickening in the lower crust. To date, very
few measures of crustal thickness have been obtained in
South America, and especially in the Andes. To provide
such important information, a portable seismic network
(PANDA, Chiu et al., 1991) was operated in the prov-

ince of San Juan, Argentina, (Figs. 1 and 2) from Au-
gust 1987 to May 1988. The network was located above
a subhorizontal subducting segment of the Nazca plate.
The numerous intermediate-depth earthquakes from the
Wadati—Benioff zone (Fig. 3) recorded by the whole
network provide an opportunity to study the crustal
structure of the Andean foreland and Precordillera thrust
belt through sampling by upgoing ray paths. In this area,
the foreland is a distinctive morphotectonic province
characterized by a series of mountains and basins, the
Sierras Pampeanas. Although the Sierras Pampeanas are
not part of the morphological Andes, they are an integral
part of the Andean deformation, and shortening in that
province is important to the overall estimation of crustal
shortening. The Precordillera is the easternmost belt of
the Andes and its relationship to the Sierras Pampeanas
is not well understood, especially at depth where there
are very few structural constraints. The amount of crus-
tal thickening, however, can be estimated from the crus-
tal thickness beneath seismic stations, as determined from
travel-time analysis of Moho converted waves from un-
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derlying intermediate-depth events (Fig. 3). Significant
amounts of crustal thickening can then be related to
shortening of the total crust under the Sierras Pampeanas
and the Precordillera.

Regional Setting

The Sierras Pampeanas, a region of Precambrian
metamorphic basement block uplifts (Caminos et al.,
1982), is the easternmost province of the Andean orogen
between 28° and 33° S (Fig. 1). These ranges are east
of and adjacent to the Precordillera, a narrow foreland
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Figure 1. Map of western South America il-
lustrating upper plate tectonic features, volcanic
arc, and contours of the Wadati—Benioff zone
(WBZ). Along-strike segmentation of the upper
plate tectonic provinces correlates with the along-
strike segmentation of the WBZ (Jordan er al.,
1983). The distribution of Neogene volcanos (open
circles) (Isacks, 1988) shows an active magmatic
arc over the steep WBZ segment and the absence
of an active arc over the flat segment.
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thrust belt which ends eastward the physiographic Andes
(Fig. 1). Such thick-skinned deformation east of the thin-
skinned thrust belt is unusual and found only in regions
overlying subhorizontal subduction (Dickenson and Sny-
der, 1978). Both provinces have a bimodal depth distri-
bution of seismicity corresponding to intermediate-depth
events of the subhorizontal Wadati-Benioff zone of the
subducted Nazca plate and the crustal events located in
the upper plate (Fig. 3). The Sierras Pampeanas moun-
tains are bounded by moderately dipping thrust faults
whose seismic activity extends down to a maximum depth
of 30 km (Kadinsky-Cade and Reilinger, 1985; Smalley
and Isacks, 1990; Regnier ef al., 1992). In the Precor-
dillera, the seismicity is confined to the basement at depth
between 5 and 35 km in a pattern of segmented faults
that do not correlate with the surface mapped faults
(Smalley et al., 1993). Ongoing deformations started 10
m.y. ago in the central Precordillera and spread eastward
to affect the eastern Precordillera 2.3 m.y. ago (Johns-
son et al., 1984; Whitney et al., 1984, Bastias et al.,
1984). Thrusting in the Sierras Pampeanas is estimated
to be younger than 10 m.y. and coincident with the shut-
down of the volcanic arc in this segment of the Andes
(Kay et al., 1988).

Data and Method

Crustal and upper mantle velocity structures have been
successfully investigated using converted waves at in-
terfaces beneath seismic stations at both short (Smith,
1970; Chiu et al., 1986; Li et al., 1992) and teleseismic
epicentral distances (Bath and Stefansson, 1966; Jordan
and Frazer, 1975; Langston, 1979). In particular, con-
verted phases are extremely useful to determine the ve-
locity and geometry of deep structures that cannot be
imaged easily with seismic refraction or reflection pro-
files. At short epicentral distance, because of the large
S-wave amplitude, the most pronounced converted phase
is often the S-to-P phase (Sp), and both its relative travel
times T (S-Sp) and amplitudes can be used to constrain
the velocity model where the conversions occurred. In
this study, we used transmitted Sp converted waves from
intermediate-depth earthquakes in the subhorizontal
Wadati—~Benioff zone and recorded by a local network
of three-component seismic stations. The network was
operated in the San Juan area from September 1987 to
May 1988 and covered an area of roughly 150 km north—
south by 100 km east—west (Fig. 2). The network con-
sisted of 26 sites, three of which (CFA, LFL, and LLA)
contained small-aperture (several meters to 1 km) multi-
station arrays (six to 11 three-component stations). Our
study uses a subset of about 300 A quality events (events
with well-recorded arrivals through the whole network)
during a period when the complete network was opera-
tional. The phase reading procedure was identical to that
described in Regnier et al. (1992). Initial locations were
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Figure 2. Map of San Juan region. Mountain ranges are shaded light for the
sedimentary rocks of the thin-skinned Precordillera and dark for the basement
block uplifts of the Sierras Pampeanas. Intermontane valleys of Carboniferous to
Quaternary sediments are shown in white. The eastern Precordillera is the chain
of mountains east of the Matagusanos Valley. The seismic network stations are
shown by open triangles for the three-component high-gain/low-gain stations and
solid triangles for the small-aperture arrays composed of multiple three-compo-
nent high-gain /low-gain or high-gain/high-gain stations. Intermediate-depth epi-
centers (JHD locations) used in this study are also shown.
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Figure 3. Selected shallow- and intermediate-depth earthquakes from the San
Juan region. The east—west cross section shows seismicity has bimodal depth
distribution (crustal and WBZ). Crustal seismicity is associated with the Pampean
range Sierra Pie de Palo and the eastern side of the Precordillera. Projection of
the locations of the PANDA stations are indicated by the solid triangles.
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obtained using HYPOINVERSE (Klein, 1978) and a three-
layer velocity model (Table 1) modified from the four-
layer model of Bollinger and Langer (1988). Both P and
S arrivals were used for locating the earthquakes with a
V,/V, of 1.75, which was obtained from a least-squares
fit of a line on Wadati diagrams (Vlasity, 1988). Av-
erage rms residuals of approximately 0.3 sec were found
for our three-layer velocity model, or slight variations of
it. Final locations were obtained using joint hypocentral
determination, JHD, (Frohlich, 1979), which reduced the
average rms residual of the data set to 0.2 sec. Finally,
over 90% of the locations have estimates of epicentral
and depth errors of 1 km and 2 km, respectively.
Figure 4 shows an example of an intermediate-depth
earthquake recorded at one station of the network. The
data suggests arrivals of energy on the Z component be-
tween the P and § arrivals but it is not possible to un-
ambiguously identify and pick the corresponding phase
in the raw data, as it is mixed with scattered energy. To
enhance body-wave phases that are coherent on two of
the three directions Z, R, and T, the products R * Z and
T = Z are computed. Important properties of the RZ prod-
uct, pointed out by Jacob and Booth (1977), are that waves
with elliptical particle motion are attenuated and coher-
ent rectilinear motion is enhanced. In addition, P and S
wave types have opposite signs; for P the RZ product is
positive, while for § the RZ, product is negative. Be-
cause of the high-frequency content of the body waves,
the products were computed with the raw data. Low-pass
filtering of the data prior to the product resulted, in most
cases, in a loss of efficiency of the product operation.
Since we did not use amplitudes, the computed products
have then been low-pass filtered below 5 Hz to be more
easily interpreted. On the RZ product (Fig. 4), it is now
possible to identify clear P-type arrivals between the P
and S, which we interpret as S-to-P (Sp) converted waves
at discontinuities beneath the network. The first large
amplitude in the Sp wave group is interpreted to be the
S-to-P conversion from the Moho. The coda of this ar-
rival, mainly composed of successive Sp phases, indi-
cates that the crust is highly layered and/or fractured.
As we are dealing with three-component data, we also

Table 1
Crustal Velocity Models*

Three Layers over Half-Space Model

Depth (km) Velocity (km/sec)
0.0 5.88
10.0 6.20
32.0 7.30
45.0 8.10

*Three-layer model used in San Juan area; the top layer
of the velocity model is based on shallow refraction data
(Bollinger and Langer, 1988) and the bottom two layers
from regional earthquake studies (Volponi, 1968).
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compute the 7Z product. The two products show that
body-wave energy, in both the direct P and secondary
phase, is usually split between the three directions of
motion, indicating waves have propagated through a
complex 3D velocity structure (Langston, 1977). How-
ever, we did not observe secondary arrivals systemati-
cally at any station. No dependance of the presence of
the Sp phase with distance or backazimuth could be es-
tablished. The occurrence of the Sp phase is more likely
due to a favorable coupling of adequate focal mechanism
and local focusing effect at the base of the crust. Con-
sidering the small seismic wavelength used in this study,
between 0.5 and 1 km, it is not surprising to observe
important variation in the Sp amplitude.

Sierra Pie de Palo

The record section of Figure S presents the R * Z
product for many earthquakes recorded across the sub-
network located on the Sierra Pie de Palo. To remove
the source depth effect when searching for the Sp phase,
traces are lined up on the § arrivals. They are also cut
before the § arrival because the RZ product of that phase
is so large that it dramatically scales down any smaller
signal when displayed. One can see large arrivals of en-
ergy between the P and § phase. From its polarity and
apparent phase velocity across the array, we interpret this
body wave to be the S-to-P converted wave from the
Moho. Theoretical arrival times curves for $ and Moho
S-to-P conversion are also shown. They are calculated
using the same velocity model (Bollinger and Langer,
1988) used for the locations but with a 50-km-deep Moho
instead of the initial 45-km depth. The velocities of the
model have not been changed.

For each station, a least-square solution of the depth
of a horizontal Moho was estimated, minimizing the res-
idues of the relative S-Sp time for a varying Moho depth.
The S-Sp relative times were modeled using the velocity
model of Bollinger and Langer (1988) and allowing only
the Moho depth to vary. The top layers of the Bollinger
and Langer velocity model were derived from shallow
refraction surveys in the San Juan area (YPF, unpub-
lished data) and most of our stations were on outcrops
of Precambrian metamorphic crystalline rock or com-
petent sedimentary rock. We therefore consider that we
have a good control on the upper crustal structure be-
neath the stations and that it would not be appropriate to
constrain some of the upper crust parameters further with
our data. The major source of error comes from picking
the Sp phase. Even on the products, it can be slightly
emergent and we estimate the uncertainty in picking the
arrival time of the Sp phase to be 0.2 sec. The uncer-
tainty from earthquake location is one order less and will
not seriously affect our Moho depth determination since
the S-Sp time does not vary significantly over the range
defined by the errors on earthquake depth and distance.
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Another possible source of error on the Moho depth de-
termination can be noticed if one looks at the geometry
of ray paths used in this study. Figure 6 represents a
cross section with two intermediate-depth earthquakes at
different epicentral distances together with the ray paths
of all the direct waves generated in a two-layer velocity
model. First, one can see that at a given distance the Ps
and Sp phase do not convert at the same place on the
interface. The main feature is the large moveout of the
conversion point of the Sp phase with distance, while
the conversion point of the Ps remains pretty much be-
low the station (see inset in Fig. 6). This large variation
spreads the sampling of the Moho over a wide area and
introduces scatter due to both azimuthal and distance de-
pendent variation in Moho depth. Since we are using
short-period data, it is also likely that a “minimum noise”
is present in the Moho depth measurements due to short
wavelength topographic variations of the Moho. In order
to reduce the effect of distance dependent variation of
the Moho depth, we have only used events with epicen-
tral distance to each individual station less than 50 km.
Figure 7 displays an example of rms curve as a function
of Moho depth for the station i15. As expected, for a
given crustal velocity model, one can see a strong de-
pendence on Moho depth. For the Pie de Palo subnet-
work, the rms are generally inferior to 0.3 sec with an

i03 A= 16.60° baz= -1.28°
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average of 0.2 sec, roughly corresponding to an error of
*2 km on the Moho depth determination. Figure 8 shows
a map with Moho depths determined at a single station.
The depth beneath Pie de Palo ranges from 48 to 55 km.
A systematic increase in Moho depth is observable from
south to north with an average Moho depth of 50 km
and 53 km in the southern and northern parts of the sierra,
respectively. This result is in agreement with the tectonic
model proposed by Regnier e al. (1992) of a range di-
vided in two blocks.

To confirm these average Moho depths, we have
looked at Sp phases from intermediate-depth earthquakes
located beneath the Sierra de la Valle Fertil and recorded
at the western stations of the network. Figure 9 shows
a record section for Precordillera stations of RZ prod-
ucts. For each trace, backazimuth is roughly eastward.
The distance is large enough so the S-to-P conversion
point lies beneath the Sierra Pie de Palo (see Fig. 6).
Theoretical arrival times for S and S-to-P conversions
from a 50-km-deep Moho are also shown. The onset of
coherent arrival of energy between the P and S line up
well along the S-to-P curve. This result agrees with the
Moho depth determined at stations located on the sierra
using underneath intermediate-depth earthquakes.

The average crustal thickness of 52 km found be-
neath the Sierra Pie de Palo is greater than the average
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Example of an intermediate-depth earthquake recorded at one sta-

tion on the Sierra Pie de Palo. The three-component data are normalized together.
There are suggestions on the raw data of arrivals of energy between the P and
S arrivals. The Sp phase is clearly revealed by the RZ product. Both products
are low-pass filtered for easier interpretation. Energy in the TZ product indicates

a complex 3D velocity structure.
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Figure 5. Multiple stations/many earthquakes RZ product record section that
clearly shows coherent arrival of energy between P and S phases across the Pie
de Palo subnetwork (traces are cut and lined up on the § arrivals). Theoretical
arrival times for § and S-to-P conversions from a 50-km-deep Moho are also
shown.
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Figure 6. Geometry of ray paths used in this study. Note that the S-to-P con-
version point varies strongly with epicentral distance (see inset).
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40-km crustal thickness estimated for the Brazilian cra-
ton (Assumpcao and Suarez, 1988) and indicates the crust
has undergone a significant amount of crustal thicken-
ing, about 12 km, which is a 30% increase. If we assume
the brittle activity domain is 30-km thick, as imaged by
the crustal seismicity beneath Pie de Palo (Regnier ez al.,
1992), we can then estimate the ductile lower crust to
be 22-km thick, the difference between the Moho depth
and the upper crustal thickness. According to Condie
(1989), this value for the lower crustal thickness is very
close to that for a shield or platform area (19 to 21 km).
This would indicate that most crustal thickening occurs
through an increase of the brittle domain rather than of
the ductile domain of the crust. As pointed out by Sibson
(1982), the cutoff depth for microseismicity, identified
to the brittle-ductile transition, depends strongly on the
geotherm. Here, a moderate to low heat flow, due to the
doubling of lithosphere and the absence of volcanic are
(Jordan et al., 1983), associated with an important strain
rate, can explain the unusually large thickness of the brittle
upper crust.

Precordillera

In order to survey the Moho under the whole net-
work, we have also looked for Sp converted waves at
the stations located on the Precordillera. Figure 10 shows
a record section of the RZ product for multiple events at
the stations of the eastern Precordillera (Figs. 2 and 8).

1(S)-t(Sp) least squares inversion
2.0

- 15

; 0.5

35 45 55 65 75
moho depth (km)

Figure 7. Least-square inversion resuits to es-
timate the Moho depth from the relative arrival
times 7(S)-T(Sp) observed at one station. The rms
residuals are plotted against Moho depth for the
Bollinger and Langer (1988) crustal velocity model.
Source distances are less than 50 km.
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It clearly shows arrivals of energy between P and S phases.
Large variations~in backazimuth together with lateral
variation of structure in the crust are probably respon-
sible for the important differences observed in the over-
all waveform of the S-to-P energy and for the scatter of
onset of energy around the computed travel-time curve.
Because the energy is split between the radial and tan-
gential component (Fig. 4) for off-azimuth arrivals due
to nonplanar or dipping interfaces, the RZ product is not
always as large as it would be for a flat layered crust
and shows important amplitude variations. A 55-km-deep
Moho velocity model has been used to compute the curves
shown on Figure 10. Further west, the data recorded at
the westernmost stations of the network located on the
central Precordillera (Figs. 2 and 8) exhibit very clear
Sp phases on the vertical component after low-pass fil-
tering below 3 Hz. Figure 11 shows a multiple events
record section of the vertical component at these three
stations (i12, 011, and 010). A clear phase is observed
throughout the section at about the time of the computed
S-to-P converted phase for a 59-km-deep Moho. Traces
are lined up on the observed S time and are cut before
the S arrival for easier comparison with the product rec-
ord sections. At very close distances, the S-Sp relative
travel time is quite insensitive to earthquake depth, while
the S-P time, i.e., the length of plotted signal, shows
large variation due to scatter in the depth of the events.
The Moho depth found beneath station 009 located be-
tween the Sierra Pie de Palo and the eastern Precordillera
is 52 km (Fig. 8). This is similar or slightly larger than
the average 50-km Moho depth found beneath the south-
ern block of the Sierra Pie de Palo, northeast of station
009. That would indicate that the Moho does not shal-
low, at least on the west side of the Sierra Pie de Palo,
and that the thickening of the crust is continuous from
the Sierra Pie de Palo toward the Precordillera. From
both the record sections (Figs. 5, 10, and 11) and the
Moho depths displayed on Fig. 8, there is a systematic
Moho depth increase from east to west. There is about
a 3- to 5-km difference in total crustal thickness between
the Sierra Pie de Palo and the eastern Precordillera, and
there is also a thickness increase between the eastern and
the central Precordillera. The distance between the east-
emn and central Precordillera is about 25 km, which yields
an 11° westward sloping Moho for a 5-km depth differ-
ence between them. Using this slope estimate, the Moho
would be at a 70-km depth beneath the frontal Cordillera
if the Moho slope remains constant.

Figure 12 shows the effect of dip on S-Sp relative
time. The two curves are for a flat (solid line) and a
dipping Moho (dashed line) with a 55-km Moho depth
beneath the station (see insert). The time differences be-
tween the two curves at distances greater than 120 km
are bigger than 1 sec., which is resolvable in the data if
such distance dependant variation of the S-Sp time ex-
ists. To check whether there is a regional trend or not,
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we have mapped S-Sp residual times at all stations on
the Precordillera on a single polar plot for a horizontal
crust 55- or 60-km thick depending on stations location
(Fig. 13). The size of the symbols is proportional to the
residual. The residuals for events beneath the stations (A
< 40 km) are very small, both positive and negative,
indicating a good fit of the observed relative travel times
to the crustal model. Beyond 40 km, the residuals pat-
tern shows a radial increase of the residual amplitude and
an east—west variation of the residual sign similar to the
time differences of the dashed curve (dipping Moho) mi-
nus the solid curve (flat Moho) from Figure 12. The
westward increase of the positive residuals indicates a
westward increase of the Moho depth. A 5° to 10° west-
ward slope for the Moho beneath the Precordillera could
account for the increase in residual amplitudes.

Discussion

One important result of this study is that the product
of orthogonal components to enhance body-wave signal
to noise ratio can be a powerful tool, especially when
reflected /converted waves are weak and hidden by scat-
tered energy. Synder ef al. (1990), in processing deep
seismic reflection profiles in the same area, came to the
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conclusion that the Pampeanas basement has low seismic
reflectance. No feature in the lower crust could be iden-
tified on their sections. This result is in agreement with
the absence of observable P-to-S converted waves from
the lower crust in our data. Indeed, P-wave incidence
on the Moho from short-distance intermediate-depth
earthquakes is generally steep (Fig. 6) for a Ps ray path,
and this phase will have significant amplitude only if a
high enough velocity contrast is present. Since we sel-
dom found S-wave phases in the P coda of the radial
component or large negative pulses on the RZ product
(Fig. 4) within the expected time range for Ps phases,
the lower crust appears to have low velocity contrast.
The very high amplitude of the § wave can, however,
generate observable Sp phases (Fig. 4). These qualitative
interpretations on the lower crust velocities agree with
the velocity model used in this study (Volponi, 1968;
Bollinger and Langer, 1988), which comprises a very
high lower crust velocity (V, = 7.3 km/sec). For such
a crustal velocity model, a low velocity contrast across
the Moho discontinuity is likely. We did not model the
amplitude of the S-to-P converted arrivals for several
reasons. First, body-wave amplitudes are strongly de-
pendent on focal mechanisms and very few focal mech-
anisms are available for the intermediate-depth events
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Figure 8.

Map of San Juan region showing the Moho depth determined at

each individual station. There is a systematic increase of the Moho depth from
south to north across the Sierra Pie de Palo. There is also a regional east—west

increase of the Moho depth.
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(Reta, 1992), making amplitude modeling hazardous.
Also, propagation effects such as attenuation, scattering,
and focusing/defocusing are obviously present in the
short-period data and would prevent successful model-
ing. It is interesting to note the frequency content vari-
ation of the Moho Sp phase as one moves from stations
in the eastern to the central Precordillera, as it is prob-
ably related to variation of the thickness of the Moho
transition zone. The low-frequency Sp phase from be-
neath the central Precordillera (Fig. 11) would indicate
a thinner Moho transition zone than that found under the
eastern Precordillera and Sierra Pie de Palo. Alterna-
tively, it can also indicate a larger velocity jump across
the Moho.

Our model of crustal thickness variation is sum-
marized in a regional cartoon (Fig. 14) incorporating re-
sults of this study with latest tectonic model for the An-
dean foreland (Regnier ef al., 1992; Smalley et al., 1993).
The Moho depth determination has been achieved solely
with travel-time modeling. The velocity model we used
was derived by Volponi (1968) for the lower crust from
the refraction method with earthquake data and refined
by Bollinger and Langer (1988) for the upper crust from
shallow refraction profiles. It is valid for the Sierra Pie
de Palo area. Our Moho study implicitly makes the as-
sumption that crustal velocities do not vary much from
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the Sierra Pie de Palo to the Precordillera since detailed
velocity models for both areas are unavailable. Because
there is a trade-off between crustal thicknesses and ve-
locities in crustal structure determination, the increase of
the S-Sp time from east to west could be also explained
by an east-west decrease of the mean crustal velocity
instead of an east—west increase of the crustal thickness.
However, it is interesting to note that the crustal seis-
micity is also deepening westward, with maximum depth
ranging from 30 km beneath the Sierra Pie de Palo (Reg-
nier ef al., 1992) to between 35 and 40 km beneath the
eastern Precordillera (Smalley er al., 1993). Both max-
imum depth values were obtained through independent
JHD locations, which correct for lateral crustal structure
variations (Pujol et al., 1991). Between the Sierra Pie
de Palo and the eastern Precordillera, the increase of the
Moho depth is equivalent to the deepening of the seis-
micity, ca. 5 km, indicating that both the Moho and the
upper crust lower boundary show the same westward
slope. This similar behavior of both boundaries strongly
suggests an east—west crustal thickness variation as a major
component of the S-Sp times increase; the amount of lat-
eral variation of velocity cannot be constrained by our
data. An important consequence of our model (Fig. 14)
is that, along the same east—-west profile, the ductile lower
crust shows no thickness variation and remains 21-km
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Figure 9. Record section at Precordillera stations of RZ product from inter-

mediate-depth earthquakes beneath the Sierras Pampeanas province. Delta is large
enough so the S-to-P conversion points lay beneath the Sierra Pie de Palo (Fig.
6). The 50-km Moho depth estimated from this record section is in agreement
with the Moho depth determinations at the single station on Sierra Pie de Palo.



1106

thick, sloping 5° to 10° westward. The crustal thickening
occurs through an increase of the brittle upper crust be-
neath both the Pampean foreland and the Precordillera.
Although the two areas have different seismicity pat-
terns, partly controlled by the different time periods
elapsed since their last respective large or characteristic
event (1944 for the Precordiliera and 1977 for the Sierra
Pie de Palo), they probably have comparable crustal
rheology. The deepening of both the ductile lower crust
and the seismicity suggests that the Pampean crust is un-
derthrusting beneath the Precordillera. The east—west in-
crease of the depth to the basement also supports this
model. The depth to the Precambrian basement is vari-
able in the foreland basin west of the Sierra Pie de Palo
(Tulum valley, Fig. 2), but no deeper than 5 km (Bol-
linger and Langer, 1988). Westward, the depth to the
décollement thickens from 9 km beneath the eastern Pre-
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cordillera to about 15 km beneath the central Precordil-
lera (Allmendinger et al., 1990). The increase of the depth
to the basement is then of the same order as the Moho
depth increase and also suggests the foreland crust un-
derthrusts beneath the Precordilleran thin-skinned belt.
As pointed out by Allmendinger et al. (1990), crus-
tal scale balanced sections are very powerful in this seg-
ment of the Andes for two major reasons: (1) the absence
of important magmatic addition to the andean crust dur-
ing the last ~9 m.y. (Kay et al., 1988) and (2) the
boundary conditions, both horizontally and vertically, set
up by the subducted plate, which severely limit the do-
main of deformation of the South American lithosphere
above the Nazca plate. Finally, the geometry of the plate
convergence and the topography of the Andes do not show
evidence of indentation and of large lateral motion of
lithospheric blocks (Isacks, 1988), which allows us to
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Figure 10. Multiple events RZ product record section at stations of the eastern
Precordillera (015, o012, LLA, il1, i09, i07, i08, and 007). A major arrival of
energy is observed between the P and S phases throughout the section at about
the time of the computed S-to-P converted phase for a 55-km-deep Moho. As in

Figure 5, traces are cut at the § arrival.
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assume a 1D shortening across the orogen. Although it
is very likely that a 3D distribution of deformation oc-
curs often locally, the 1D shortening model is probably
valid on a regional scale. If this assumption is not true,
this would lead to an underestimate of the actual short-
ening across the orogen when computed from thickening
inferred in a single cross section of the Andes only.
We estimated, using area balancing, the shortening
of the Sierras Pampeanas province for the last 5 to 10
m.y., during which compressive forces caused thick-
skinned deformation (Caminos, 1979). The actual east—
west width of the Sierras Pampeanas province is about
5° (Jordan and Allmendinger, 1986), which is 481 km
at the latitude 30° south. We estimated in this study the
crustal thickness to be 52 km at the western margin of
the province and we assumed the original thickness was
40 km. The initial width was then 625 km to match the
same area after deformation. The total shortening is 141
km or 29%. This value must be seen as the upper bound
for the shortening since we assumed a uniform crustal
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thickening all over the Sierras Pampeanas province. If
we assume a progressive linear thickening from east to
west, starting with a 40-km-thick crust along the eastern
margin (i.e., no thickening), the initial width becomes
553 km and the total shortening 72 km or 15% (Fig. 15).
A periodic crustal thickening with maxima beneath each
individual range would give about the same amount of
total shortening as the ramp model. These shortening
values are much larger than the 2 to 4% estimate of Jor-
dan and Allmendinger (1986) based on cumulative short-
ening across the entire Sierras Pampeanas fault system.
Snyder et al. (1990) suggested, from interpretation of
deep seismic sounding across Pampeanas fault systems,
that Jordan and Allmendinger’s estimate might be too
low. However, the important discrepancy between the
different estimates could indicate that crustal thickening
cannot be explained by horizontal compression alone and
requires addition of magmas in the lower crust by un-
derplating or crustal intrusion. Both a positive density
anomaly (Introcaso, 1980) and a high compressional wave
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Multiple events record section of the vertical component at sta-

tions on the central Precordillera (i12, o011, and 010). The seismograms are low-
pass filtered below 3 Hz. A clear compressional phase is observed throughout
the section at the time of the S-to-P converted phase for a 59-km-deep Moho.
Traces are lined up on the observed S time and are cut before the S arrival.
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Figure 12. Computed S-Sp relative travel time as a function of the epicentral
distance for a flat (solid curve) and a 5° dipping (dashed curve) Moho. The inset
shows the crustal model used for the computation. Note the large time differences
between the two curves at distances greater than 100 km and their opposite sign
on both sides of the station.
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Figure 13. Polar plot of the S-Sp residual times at all Precordillera stations
for a horizontal crust 55- or 60-km thick depending on station location (eastern
or central Precordillera). The size of the symbols is proportional to the residual.
A plus is a positive residual and an open circle a negative residual. The triangle
shows the station location. The increase of the residual amplitudes away from
the station and the distribution of positive and negative residuals indicate that the
Moho is dipping westward beneath the Precordillera.
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Regional cartoon incorporating results of this study (Moho depth

and ductile layer thickness). The crossed area is the Sierra Pampeanas province;
dashed area, Main Andes and Chilena terrane; dark grey area, Precordillera thin-
skinned tectonic province; light grey area, lithosphere. The dotted strip on top
of the Sierras Pampeanas and Main Andes province represents the ductile de-

formation zone.
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Figure 15. Schematic cross section of the Pre-
cordillera and Sierras Pampeanas terranes before
(top) and after (bottom) shortening. The shorten-
ing values are indicated for each unit. The Moho
slope is 5° in the Precordillera province. The ver-
tical exaggeration is X2.

velocity (Volponi, 1968) in the lower crust support the
model of underplated mafic magmas in the Pampean crust.
Thus, the thickening of the Pampean crust is due to the
combination of addition of mafic magmas and horizontal
compressive forces acting on the South American litho-
sphere. Without detailed information on the lower crust
layering, the respective importance of both causes is dif-
ficuit to establish. The Sp coda (Figs. 4 and 10) usually
shows that the lower crust is layered and large ampli-

tudes are present, indicating wave conversions at higher
velocity contrasts than the Moho discontinuity. These
velocity contrasts could represent the transitions from
underplated magmas to standard ductile lower crust.
The shortening across the Precordillera has been es-
timated by Allmendinger ez al. (1990) to 95 km or 70%,
with an original 135-km-wide belt. Using straightfor-
ward area balancing technics on the whole crust, this
amount of shortening, together with an initial 40-km-
thick crust, gives an estimate of the present crustal thick-
ness that is totally unrealistic (>100 km). The uncou-
pling of the domains above and below the décollement
provides a simple way to accommodate different defor-
mation rates for the two domains. Before shortening, the
thickness of the crustal domain below the décollement
was about 35 km, assuming the original sedimentary
wedge was 5-km thick (Allmendinger ef al., 1990) and
the crust 40-km thick. The present depth to the
décollement is estimated to be 15 km by Allmendinger
et al. (1990) with seismic reflection data. Together with
the crustal thicknesses found in this study, that leads to
thicknesses of 40 and 45 km for the crust below the
décollement for the eastern and central Precordillera, re-
spectively. Assuming an original width of 135 km and
a 10° westward Moho slope, the actual width of the do-
main below the décollement should be 86 km to match
the same area after deformation. That is a total short-
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ening for the crust below the décollement of 49 km or
57%. A 5° Moho slope would give a present width of
97.4 km, a shortening of 37 km or 38% (Fig. 15). In
these models, the Moho at the western boundary of the
Precordillera lower crust is at a depth of 70.16 km and
63.52 km for a 10° and 5° Moho slope, respectively.
This model also implies the Precordillera lower crust and
the décollement should now extend beneath the principal
mountain belts westward of the westernmost limit of the
Precordillera (Figs. 14 and 15). No lower crustal veloc-
ity is known beneath the Precordillera, so the presence
of underplated mafic magmas cannot be discussed. It is
likely, as one goes westward, that the ductile thickening
becomes more important as in Isacks’ (1988) shortening
model.

Conclusions

Analysis of converted wave travel times from inter-
mediate-depth local earthquakes in the Sierras Pam-
peanas and Precordillera provinces clearly shows a con-
tinuous east—west deepening of the Moho from 50 to 60
km, respectively, which we interpret as the underthrust-
ing of the South American craton beneath the Andean
mountain belts. A 5° to 10° westward dip of the Moho
under the Andean foreland is estimated. Thickening in-
ferred from measured crustal thickness suggests that the
Pampean foreland crust has undergone a 30% increase,
or about 12 km, during the last 10 m.y. In the central
Precordillera, the crust below the décollement also has
thickened by 10 km. In both areas of the foreland, most
of the crustal thickening resulted in a thickness increase
of the brittle upper crust imaged by unusually deep crus-
tal seismicity, while the ductile lower crust shows no
significant thickness variation with respect to that of sta-
ble continental crust. This rheological behavior of the
crust is likely due to an increase in strain rate and to
thermal effects linked to the presence of an horizontal
slab beneath the Andean foreland. The shortening across
the Sierras Pampeanas is estimated to be around 15% for
a model in which crustal thickness variation is due to
horizontal compression only, but could be slightly less
depending of the amount of magma addition in the lower
crust. The shortening across the Precordillera province
would change from 70% in the sediments of the thin-
skinned thrust beit above the décollement to at least 38%
below the décollement where basement involved defor-
mations are present.
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