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Abstract.

We have used broadband seismograms recorded at portable and permanent seis-

mic stations in South America to image the three-dimensional S-velocity structure beneath cen-
tral and western South America. We have interactively fitted the waveforms of S and surface
wave trains in 500+ seismograms from 90 earthquakes and 60 different stations. The constraints
on upper mantle S-velocity structure provided by the waveform fits have been combined with
independent estimates of depth to the Mohorovi¢i¢ discontinuity, yielding model SA99. The
S-velocity structure of SA99 reveals a highly heterogeneous upper mantle with a maximum
peak to peak S-velocity difference of 1 km/s above 100 km. The heterogeneity seems to be
correlated with tectonic and geologic domains. SA99 shows high lithospheric S-velocities for
the Precambrian cratons. The Amazon basin is also underlain by high S-velocities while three
other intra-platform basins are underlain by low S-velocities at various depths. SA99 shows
extremely low S-velocities in the mantle wedge beneath the volcanically active Andes. We ex-
plain these low S-velocities as originating from realistic amounts of volatiles, released by the
subducting Nazca crust, and resulting amounts of partial melt within the peridotitic mantle wedge,
without requiring elevated temperatures. While SA99 could be consistent with diffuse influx

for corner flow in the mantle wedge, it does not support models that require influx of sub-
continental upper mantle into the mantle wedge through a laterally uniform low-viscosity chan-

nel.

1. Introduction

South America is an assembly of all classified types of tec-
tonic environments, from Precambrian shield, through flood basalt
province and sedimentary basin, to mountain range (Figure 1). The
South American Precambrian shields are found in Brazil, Venezuela,
Guyana, Surinam and French Guiana, with edges in Bolivia and
Colombia. The shield regions are composed of Archaean nuclei,
such as the Sao Francisco craton, and Proterozoic mobile belts [ Cor-
dani and Brito Neves, 1982]. The Amazon basin is an elongated
basin composed of the Solimdes basin in the west and the Amazonas
basin in the east, with 4 to 6 km, respectively, of sediments along the
central axis [Milani and Zaldn, 1999]. The Amazon basin is thought
to be related to a failed rift system [Satzmari, 1983]. The Chaco,
Pantanal and Parand basins are much less elongated, with aspect
ratios closer to 1. The Parana basin is a province of 140-120 Ma old
flood basalts covering the basement together with up to 5 km pre- and
post-volcanism sediments [Piccirillo and Melfi, 1988; Milani and
Zaldn, 1999]. The Pantanal wetland basin is filled with up to 0.5 km
sediments [Ussami et al., 1999] while the much larger Chaco basin
is filled with up to 4 km sediments [Horton and DeCelles, 1997]
derived from erosion of the adjacent and parallel Andes mountain
range. The Andes mountains are folded and thrust crust, are seismi-
cally and magmatically active, and contain rich mineral resources.
The Andes between 4°S and 47°S were formed due to subduction
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of the Nazca plate under the South American plate [James, 1971b;
Gansser, 1973; Ramos, 1999]. Nazca subduction occurs at an an-
gle near 30° in the central section of the Central Andes between
14°S and 24°S, while flat subduction takes place north and south of
there, between 6°S and 14°S and between 24°S and 32°S, respec-
tively [Cahill and Isacks, 1992; Ramos, 1999]. Dip angles of the
subducting Nazca plate have also changed through geologic time
[James and Sacks, 1999].

In this study we investigate whether and to what extent the differ-
ent tectonic and geological terranes of South America are reflected
in the structure of the upper mantle beneath the continent. If the
South American tectonic plate extends to considerable depth in the
upper mantle or if mantle flow under the plate is coherent with the
plate’s motion, we may expect South America to overly a highly
heterogeneous upper mantle, in accordance with its tectonic and
geological diversity. If, however, South American plate motion is
decoupled from deeper upper mantle motion we expect to find a
low-viscosity layer in the upper mantle, showing little correlation
with surface tectonics and geology. Moreover, we would expect
this layer to partake in corner flow in the mantle wedge over the
subducting Nazca plate beneath the Andes.

Upper mantle structure of South America has been imaged in
global scale tomographic studies but these do not show structure at
the geological scales of Figure 1 either due to their very large reso-
lution lengths [> 102 km, e.g. Li and Romanowicz, 1996; Ekstrom
and Dziewonski, 1998] or due to lack of resolution for the uppermost
mantle away from the Wadati-Benioff zone [e.g. Bijwaard et al.,
1998]. Regional phase and group velocity maps contain informa-
tion about upper mantle structure on shorter (< 10® km) resolution
length scales. The group velocity maps of Vdovin et al. [1999]
begin to show considerable heterogeneity for the seismic velocity
structure of South America. Vdovin et al. [1999] interpret the
mapped heterogeneities in group velocity as being caused by the
presence of sediments in the Chaco and Parana basins, thicker crust
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under the Andes, and cratonic keels in the upper mantle under the
Guyana and Brazilian shields. The mapped group velocities do not,
however, relate unambiguously to crust and upper mantle structure
at particular depths. The western hemisphere S-velocity model of
Grand [1994] includes the upper mantle of northern South Amer-
ica, where high S-velocity Precambrian cratons predominate. A
regional phase velocity study by Snoke and James [1997] inferred
very low S-velocities beneath the Chaco basin but it provides little
information on the lateral extent of this low velocity region. Higher
resolution regional studies tend to focus on a specific region within
South America and/or resolve a limited depth range of upper man-
tle structure. Engdahl et al. [1995] and VanDecar et al. [1995b]
have resolved the high-velocity structure of the subducting Nazca
plate in the mantle beneath the central Andes from P-wave travel
times. However, due to their event-station distribution they do not
resolve uppermost mantle structure away from the subducting plate.
VanDecar et al. [1995a] and Schimmel et al. [2001] have resolved
a deep low velocity fossil plume beneath the eastern Parand basin
but their model does not extend beyond the margins of the BLSP
[James et al., 1993] seismic networks. On a smaller scale, Myers
et al. [1998] have used local body wave travel times to image P
and S-velocity structure in the mantle wedge beneath southwestern
Bolivia.

The growing number of permanent and portable broad band seis-
mic stations in South America, together with the development of
sophisticated waveform analysis techniques, has created an oppor-
tunity to circumvent the limitations in lateral resolution, depth res-
olution and geographical coverage of global and regional studies
discussed above. The deployments of portable seismic networks in
central South America enables unprecedented resolution of seismic
structure across the width of the continent. In this study we derive
a 3-D S-velocity model for the South American crust and upper
mantle by modeling wave trains containing S-and surface wave ar-
rivals recorded at permanent and portable South American stations.
The distribution and characteristics of events and recording stations
in our study yields a resolution that strongly varies spatially but is

Figure 1. Geologically labeled map of the part of South America
studied here. Background topography and bathymetry are shaded.
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several hundred km in the well resolved regions. While our event-
station distribution is not capable of resolving 3-D S-velocity struc-
ture for northeastern and southern South America, 3-D S-velocity
structure is well resolved for central and western South America.

2. Method

We used the method of Partitioned Waveform Inversion (PWI)
[Nolet, 1990] in the form described by Van der Lee and Nolet [1997].
Originally, Nolet [1990] applied the method in two dimensions to
data from the linear NARS array [Dost et al., 1984]. PWI was first
applied to retrieve three-dimensional (3-D) upper mantle structure
by Zielhuis and Nolet [1994]. Here, we apply PWI to image the
3-D S-velocity structure of the upper mantle of western and central
South America using vertical component seismograms recorded by
South American stations. These seismograms are from a mix of rel-
atively uniformly distributed, permanent stations and from concen-
trated groups of stations from temporary experiments using portable
seismometers [Van der Lee et al., 2000], as described in the next
section. This combination results in a wave path coverage and re-
sulting spatial resolution that is less uniform than in some other 3-D
applications of PWI [Van der Lee and Nolet, 1997; Simons et al.,
1999; Lebedev and Nolet, 2001]

Van der Lee and Nolet [1997] introduced an inversion for S-
velocity parameters defined at nodes of a 3-D Cartesian grid to
prevent biases introduced by cell size variation with latitude and
depth that is unrelated to the sensitivity of the data to the model pa-
rameters. Biases introduced by non-uniform wave path coverage,
such as the South American coverage, are expressed in relatively
bad resolution in regions of sparse wave path coverage, such as the
seismically inactive margins of the continent, and relatively good
resolution in regions of dense wave path coverage, such as near the
locations of the temporary seismic experiments in South America.
For presentation purposes, for computational efficiency, or for inte-
grated quantitative interpretation such geographical biases could be
elegantly incorporated by using a variable grid spacing [Sambridge
and Gudmundsson, 1998; Bijwaard et al., 1998], where smaller
cells are used for regions of denser ray coverage. However, in our
present application to South America, our interests are restricted to
the S-velocity structure in the regions of dense wave path cover-
age, e.g. the target regions of seismic experiments. Our data set
from the mix of portable and permanent stations in South America
provides non-uniform resolution. The resolution is dominated by
damping and smoothing in regions of sparse wave path coverage and
the resolution is good throughout the uppermost mantle in central
and western South America, as discussed in detail in a following
section.

In applying PWI, we have extracted linear constraints on average
earth structure between an earthquake and a station by non-linear
waveform fitting of wave trains composed of fundamental and higher
mode surface waves. Due to severe ambiguities in the interpretation
of Rayleigh wave amplitude anomalies [Van der Lee, 1998] we do
not include the amplitude differences between observed and syn-
thetic wave trains explicitly as constraints on earth structure. Hence
the waveform fits are dominated by phase matches for the waves
of various modes and frequencies in the fitted wave train. We use
different 1-D starting models for different seismograms, depending
on the character of the path followed by the waves. For continental
wave paths we use the iasp91 model [Kennett and Engdahl, 1991]
with densities from the PEM-C model [Dziewonski et al., 1975].
For the quality factor for shear waves, QQs, we follow Snoke and
James [1997] and use a constant value of 200 throughout the up-
per mantle, as a reasonable average of the complex variations in
Qs beneath South America [Sacks and Okada, 1974]. For paths
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Figure 2. (a) Observed seismograms (solid lines) and synthetic seismograms for iasp9! (dotted lines) and a posteriori
synthetic seismograms for 3-D model SA99 (dashed lines) for the event on January 20, 1994, mb 5.6 in Peru. “Final”
fits to individual seismograms from an intermediate stage of PWI are not shown. Insets show maps with the focal
mechanism of the event, the wave paths, and the stations. Topography is shaded. (b) Same as Figure 2a but for
February 8, 1995, mb 6.2 Colombia. A reduction velocity of 6 km/s was used. (c) Same as Figure 2a but for April 24,
1996, mb 5.6 Peru. A reduction velocity of 6 km/s was used.

traversing the Nazca plate or the Atlantic Ocean we use a starting
model similar to iasp9] , but with a crustal structure typical for
oceanic crust [Nishimura and Forsyth, 1989], with a total thickness
of 6 km below a 4 km deep ocean. For paths crossing comparable
amounts of both ocean (Pacific/Atlantic) and continent we again
use a model similar to iasp91 , but with a water layer and a 25 km
thick crust, reflecting the mixed character of the path. The fits to
South American waveforms from continental propagation indicate
that the continental crust is on average somewhat thicker than the 35
km of iasp91. Consequently, we use iasp91 with crustal thickness
modified to 40 km as the reference model in the inversion for the
3-D model.

We invert simultaneously for S-velocity and for depth to the Mo-
horovici¢ discontinuity (Moho), following Das and Nolet [1995]
and Gomberg et al. [1988]. In our study, Rayleigh waves alone
cannot uniquely determine Moho depth together with the S-velocity
structure of uppermost mantle and crust. We therefore include ad-
ditional, independent constraints on Moho depth in the inversion to
allow for a better separation of the effects of S-velocity and crustal
thickness on the Rayleigh wave trains. We use results from re-

ceiver function analysis [Beck et al., 1996, Assumpgdo et al., 2002]
as firm independent constraints on Moho depth beneath the Boli-
vian and Brazilian stations. We assume that the crust is in isostatic
equilibrium where the constraints from receiver function analysis
or from the Rayleigh waveform fits do not require otherwise. To
compute the Moho depths predicted from isostasy we use average
densities at the surface of 2.7g/cm3, 2.9g/cm? for the lower crust
and 3.3g/cm? for the underlying mantle. The results of these pre-
dictions are similar to results based on extrapolated crustal types
used for South America in model CRUSTS.1 [Mooney et al., 1998].

We have jointly inverted the constraints from waveform fitting
and receiver function analysis, for S-velocity and for crustal thick-
ness. Further following Van der Lee and Nolet [1997], the S-velocity
is parameterized as coefficients for nodes of a Cartesian grid, while
the crustal thickness is parameterized as nodes of a triangular tessel-
lation on a sphere. The distance between the Cartesian nodes in the
z-direction is 50 km. This distance in the x- and y- direction as well
as the distance between the triangular nodes is roughly 90 km. We
search for the best fitting smooth model, using a smoothing radius
of 180 km in the longitude-latitude plane. Using a larger smoothing
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Plate 1. (a) Topographic map of South America with the events (yellow circles), stations (red triangles), wave paths
(black lines), and receiver function locations (small inverted red triangles) used in the inversion for SA99. (b) Depth
to the Mohorovic¢i¢ (Moho) discontinuity in SA99. The cross sections shown in Plate 3 are taken along the black
great circle segments shown on this map. The darker grey contour represents the 2 km elevation contour. (c) Spike

resolution test results at 100 km. The input model is represented by the white contours at £3.5%. (d) As c but at a
depth of 300 km and with fewer spikes.

radius does not lead to a significantly different model. Usingalarger using the damped least-squares inversion method as implemented
node spacing for the grids leads to a model with sharper velocity by Van der Lee and Nolet [1997], with damping parameter A = 1.

gradients. The inversion problem is mixed determined and is solved =~ The inversion converged to a remaining root-mean-square (RMS)
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Figure 3. The same four vertical cross sections as in Plate 3, but showing the results of a series of spike resolution
tests. The -3.5% and +3.5% levels of the anomalies in the input model are indicated by the thin black contours. The
anomalies of the output model are shaded with the shown color scale.

residual for each waveform constraint corresponding to 14% of the
initial waveform misfits. The initial overall RMS waveform misfit
was reduced by 58%.

3. Data

The coverage of South America with permanent broadband sta-
tions has improved significantly in the last decade from 1 station in
1993 to 9 installed stations in 1996. Moreover, in the same period
an impressive amount of broadband data has been collected from
limited-duration seismic experiments with portable seismometers.
We selected vertical component seismograms of events from the
period 1992 through 1996 that are recorded by one or more sta-
tions from the seismic experiments BLSP92 [James et al., 1993],
BANIJO/SEDA [Beck et al., 1994], BLSP9S [Assumpg¢do et al.,
2002], or VENO2 [Russo et al., 1996] with a good signal to noise
ratio for SV and/or Rayleigh waves. In addition we collected seis-
mograms of these events from the IRIS-DMC that were recorded
by permanent stations of the Global Seismic Network in and around
South America. In particular, these seismograms were recorded
by the GTSN, IRIS/IDA, and IRIS/USGS networks. Our data se-
lection and subsequent analysis yielded fitted waveforms of 554
vertical component seismograms from 90 events and 60 different
stations. Of these 554 seismograms 87 were recorded by perma-
nent stations and 467 by the portable experiments (276 by BLPS92,
109 by BANJO, 41 by BLSP95, 11 by VEN92, 19 by SEDA, and 11
by the Carnegie station LCOC). The relatively short period SEDA
seismograms could be fitted by using the results from fitted BANJO
seismograms as starting models. The selected events are both re-
gional and teleseismic, shallow and deep, and they range in magni-
tude from 4.6 to 6.6. For the generation of synthetic seismograms for
these events we assume the ISC hypocenter and origin time as well

as the Harvard CMT solution, along with an earth model that ap-
proximates average earth structure near the source. Only azimuths
away from the fundamental-mode Rayleigh-wave source-radiation
nodes have been considered. Our diverse set of events together
with our heterogeneous collection of portable and permanent sta-
tions precludes any automated waveform fitting process. Instead,
each seismogram was subjected to interactive quality control [Van
der Lee, 1996], and its waveforms were fitted interactively as well.
Plate 1a illustrates the distribution of events, stations, great circle
wave propagation paths, and receiver function models.

A total of 3362 significant linear constraints were derived from
the waveform fits and have been inverted for S-velocity structure
together with the independent estimates of crustal thickness. Solv-
ing the inverse problem yielded our 3-D S-velocity model SA99.
We used SA99 to compute a posteriori waveform misfits [Van der
Lee and Nolet, 1997]. As expected, the a posteriori misfits show a
much narrower distribution than the initial misfits for the 1-D ref-
erence model. Also as expected, the a posteriori misfit distribution
is slightly wider than that for the final misfits, which are based on
the best-fitting 1-D models for individual seismograms. Figure 2
shows some of the seismograms that have been used in the inversion.
The seismograms are shown with initial and a posteriori synthetic
seismograms, based on iasp91 and SA99, respectively. The lat-
ter synthetic seismograms fit the observed seismograms from both
temporary and permanent stations well. Figure 2 also shows that
both the fundamental mode Rayleigh wave trains and the higher-
mode/body-wave trains are fit well by SA99.

4. Resolution

The wave path coverage of Plate 1a suggests that the best resolu-
tion for our model SA99 is expected for central and western South
America, where the density and azimuthal coverage of the wave
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paths is best. Most of the events used are located in the Wadati-
Benioff zone, while the stations recording the events are on the
continental side of the zone. Therefore, the wave trains used in this
study are relatively sensitive to mantle structure on the continental
side of the Wadati-Benioff zone while they are less sensitive to the
velocity structure of the subducting Nazca plate, the largest part of
which underlies the Wadati-Benioff zone [Engdahl et al., 1997].
To assess the spatially varying resolving power of our data in more
detail we have carried out a large variety of standard resolution tests.

For each test synthetic data with added random noise are inverted
using the data sensitivity matrix computed from the observed data.
The tested structures range from unrealistic but traditionally tested
patterns of spikes of alternating amplitude, via more realistic mod-
els (hypothesizing anomalies representing subducting lithosphere,
hydrated mantle wedge, and cratonic lithosphere, for example) to a
uniform upper mantle anomaly. In this paper, we can only show a
subset of the performed resolution tests. In summary, and not sur-
prisingly, our resolution tests show that 1) spatially bigger anomalies
are better resolved than smaller anomalies, 2) the damping applied
reduces the absolute values of the recovered anomalies, especially in
regions of lower combined sensitivity, 3) in regions where the wave
paths fall within a narrow azimuth range, imaged anomalies rep-
resent the laterally averaged anomaly along the wave paths, which
becomes more apparent with depth, where sensitivity is lower, and
4) vertical smearing is negligible, owing to the combined sensitivity
of body- and surface-waveforms.

The results of our spike resolution tests, shown in Plates 1c, 1d
and Figure 3, illustrate most of these features. The input model for
these resolution tests contains limited-size S-velocity anomalies of
alternating sign. The input spike models have extrema of +6.5%
relative to iasp91 . The resolution of these relatively narrow spikes
presents a lower limit for the resolution of upper mantle structure
related to the larger tectonic domains of the South American conti-
nent. For the largest part of South America the resolution of SA99
below 400 km is not useful. Above 400 km there are strong vari-
ations in resolution, laterally and with depth. Plate 1c and d show
that, as expected, some of the recovered spike anomalies are later-
ally smeared. Spike resolution at a depth of 300 km is fair for the
central Andes and is best in the eastern part of the model. Ata depth
of 100 km the spike resolution is best for central and western South
America.

The cross sections through our model SA99 in Plate 3 are ac-
companied by the input and recovered anomalies of one of our res-
olution tests with hypothesized structures that might be considered
as realistic. The input model contains a dipping +9% anomaly,
representing subducting lithosphere, an adjacent, parallel dipping
-6.5% anomaly, representing a mantle wedge on which depth res-
olution can be tested, as well as a horizontal -6.5% layer, repre-
senting a possible subcontinental low-velocity layer. Plate 3 shows
that, as expected, resolution for the anomaly representing subduct-
ing lithosphere is not nearly as good as resolution for the continental
anomalies. However, at particular depths and in particular parts of
the region covered by our data this subducting-plate anomaly is re-
solved. For the anomalies representing the mantle wedge and the
subcontinental low-velocity layer the resolution for recovery of the
strength of the anomaly is heterogeneous. The resolution below
300 km varies laterally from none to good. However, above 300
km the spatial resolution for these anomalies is very good. Plate
3 and Figure 3 show that, as expected, the anomalies do not smear
vertically. In the next sections we discuss model SA99, only for the
best-resolved regions.

5. Results

Model SA99 consists of the 3-D South American upper mantle
S-velocity distribution and Moho depth. The latter is shown in Plate
1b. This Moho map shows the Andes having a very thick (up to 70
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km) crust, which is consistent with results from an early surface
wave analysis by James [1971a]. The S-velocities of SA99, relative
to the S-velocities of iasp91 , are shown in Plate 2 for different depths
in the upper mantle. Discussion and interpretation of the features
of SA99 that are well resolved is deferred to the next section. Here
we first present and describe the major anomalies of the the well re-
solved regions of SA99: 1. Most of the part of Brazil that is covered
by our data as well as southern Venezuela and eastern Colombia are
underlain by high S-velocities (see 100 km map), locally up to 4.7
km/s. In the next section we interpret these anomalies as repre-
senting Precambrian cratonic lithosphere. 2. Low S-velocities have
been imaged beneath the Pantanal basin (central anomaly on the
200 km map) as well as beneath the Chaco basin and the western
Parand basin (anomalies in northern Argentina and east of Paraguay,
respectively, on the 100 and 150 km maps). The lateral extent of
these anomalies is better resolved in the north-south direction than
in the west-east direction, as can be inferred from the spike res-
olution test in Plate 1c. S-velocities around 4.3 km/s are located
beneath the eastern Parand province (the easternmost low-velocity
anomaly on the 300 km map). 3. Although the region through
which the Amazon river flows is also a basin, it is not underlain by
low velocities but by high velocities similar to those imaged for the
Precambrian cratons. 4. SA99 shows extremely low S-velocities of
4 km/s in the mantle wedge around 100 km beneath the highest to-
pography of the Andes. The imaged low velocity anomalies lie just
east of the contours outlining the Wadati-Benioff zone [Hasegawa
and Sacks, 1981; Cahill and Isacks, 1992], confirming their inter-
pretation (next section) as slab-overlying mantle wedge material. 5.
Relatively high velocities have been imaged parallel to the Andes
at depths around 150-200 km. The imaged high velocity anomalies
lie just west of the slab contours confirming their interpretation as
subducting Nazca lithosphere. These high velocities do not form
a continuous unit, mainly due to strong variations in resolution for
the subducting lithosphere below the Wadati-Benioff zone (Plate 3).
We document these features in more detail by showing four vertical
cross sections through SA99 in the 2nd and 3rd frames of Plate 3a
through d.

The cross section in Plate 3a runs through the region with dens-
est station coverage, dominated by the BLSP and BANJO networks
(1st frame). The bottom two frames of Plate3a show the input and
output models of a resolution test. The test shows that the resolving
power is very good for a hypothesized layer of anomalous velocity
(whether low or high) between 150 and 250 km. However, such
an anomaly is not imaged at these depths in SA99 (2nd and central
frames). For this cross section, the dipping high and low veloc-
ity anomalies in the western part (bottom frame) cannot be resolved
(4th frame) below some 250 km. Above the Wadati-Benioff zone of
relocated hypocenters [Engdahl et al., 1998] SA99 (central frame)
shows the extremely low velocity (4 km/s) mantle wedge directly
beneath the crust of the Altiplano and eastern Cordillera of the An-
des. Another low velocity (-4%) anomaly has been imaged in the
center of the profile. This anomaly underlies the northern Chaco
and the Pantanal basins and it extends from beneath the crust to
roughly 350 km. At near-transition-zone depths we have imaged a
low velocity (4.3 km/s) anomaly beneath the eastern Parana basin
and southern Sdo Francisco craton, on the east side of the profile.
This cylindrical anomaly extends from a depth of 100 km down
into the transition zone. The western Parana basin, slightly south of
profile aa’, is underlain by low velocities at a much shallower (100
km) level. The eastern part of the profile also shows the relatively
high-velocity lithosphere of the Sao Francisco craton.
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Plate 2. SA99 at depths of 100 150 200, and 300 km. The 2-km elevation and seismicity [Hasegawa and Sacks, 1981;
Cahill and Isacks, 1992] are contoured with fat grey and black lines, respectively. Historical and active volcanoes are
represented by light grey triangles [James and Sacks, 2000]. Areas to which our data have negligible sensitivity are
made grey. The color scale is saturated. Resolution varies laterally (see Plates 1 and 3, and Figure 3).

Plate 3b shows a cross section along the strike of the Andes and
the underlying extremely low velocity mantle wedge. The reso-
lution test in the bottom two frames shows that the low velocity
anomaly in the mantle wedge is spatially well resolved, though
somewhat damped to a less extreme value. This test also shows

that, as expected, the anomaly representing subducting lithosphere
is strongly damped and locally unresolved. Plate 3b shows that
the mantle wedge of SA99 (2nd and central frames) dips from the
center of the profile (at 26.5°S) gently to the north. This dip is in
accordance with the variation in dip of the subducting Nazca plate
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Plate 3a. Vertical cross section aa’ through SA99 and a resolution test, taken along great circle segments. First panel
is a map astride the great circle segment, keyed to the segments mapped in Plate 1b; second panel is a cross section
through the absolute S-velocity of SA99; third panel is a cross section through the SA99 anomalous S-velocity relative
to iasp91 (the color scale is saturated); fourth panel is a cross section through the input model of the resolution test with
a hypothetical mantle structure (which is not designed to imitate SA99, but simply represents one possible concept of
realistic mantle structure); and fifth panel is a cross section through the results of this resolution test (resolution does
not depend on the sign of the anomaly). The thick black lines represent the Moho. In the second and third panels the
thin black line and the grey-lined small orange triangles represent 10 times exaggerated topography and volcanoes,
respectively. The grey dots are hypocenters [Engdahl et al., 1998] within 1°of the profile.

along the strike of the Andes [Cahill and Isacks, 1992]. The cross
section shows a good correlation between the well resolved bottom
of the low-velocity mantle wedge and the superimposed earthquake
hypocenters from the independent data set of Engdahl et al. [1998].
The imaged high velocity anomalies beneath the low velocity man-
tle wedge (3rd frame of Plate 3b) are likely related to subducting
Nazca lithosphere.

Plate 3c shows a cross section through the Peruvian Andes and
the western Amazon basin. The north-eastern half of this cross sec-

tion through SA99 shows the high velocity anomaly beneath the
western Amazon basin extending down to roughly 150 km, below
which our data still have resolving power (Figure 3). The bottom
two frames of Plate 3¢ show that a (high or low) velocity anomaly
at 200 km would be resolved by our data, though damped to a lower
extreme value. Flat subduction is on-going on the south-western
side of this profile [Cahill and Isacks, 1992], as indicated by the
hypocenters in the 2nd and 3rd frames for SA99. Low velocities are
confined to the region above the Wadati-Benioff zone. Although our
data cannot resolve high velocity slab material directly below the
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flat Wadati-Benioff zone for this profile, our data do have resolving
power for deeper levels, including for the high velocity anomaly at
300 km just northeast of the Andes (see also Figure 3c).

Plate 3d shows a cross section through the Andes in central Chile
where the dip angle of subduction is decreasing from north to south
[Cahill and Isacks, 1992]. The bottom two frames show that the
subduction-related high-velocity anomaly imaged in SA99 (central
frame) is resolved down to 250 km. The lateral extent of this high-
velocity anomaly of SA99 is consistent with the relatively shallow
dip of the Wadati-Benioff zone. A low S-velocity anomaly is visi-
ble beneath the central Chaco basin near the center of this profile,
despite the somewhat weaker resolving power for this region. The
eastern part of this profile shows a high-velocity anomaly likely
related to the lithosphere of northern Argentina.

6. Discussion
6.1. Correlation with continental surface

The results presented in the previous section show that there
is a strong correlation between the imaged heterogeneity in South
American upper mantle S-velocity structure (Plates 2 and 3) and
the tectonics and geology of the continent (Figure 1). Model SA99
shows no evidence for a uniform subcontinental low velocity layer
as hypothesized in the resolution test shown along with SA99 in
Plate 3. The frames of Figure 3 showing absolute S-velocity of
SA99 indicate that velocity minima are found along the profiles at
depths varying from subcrustal to 250 km (excluding the deep east-
ernmost anomaly in profile aa’). However, this minimum-velocity
track along the profiles show little continuity with the low-velocity
mantle wedge. Therefore it is unlikely that large amounts of mantle
flow are concentrated in this low-velocity track. Its possible role
as a low-viscosity layer that decouples plate motion from upper-
mantle flow is thus highly questionable. The correlation between
S-velocity structure and surface tectonics and geology is more con-
sistent with previous work [VanDecar et al., 1995a; Russo and Sil-
ver, 1996; Meijer and Wortel, 1992; Silver et al., 1998] showing
that South-American upper-mantle motion is coherent with plate
motion. In this section we discuss the resolved S-velocity hetero-
geneity of SA99 in detail.

6.2. Precambrian cratons and intra-platform basins

The low S-velocity anomaly beneath the Chaco basin confirms
the conclusion of the 2-D surface wave analysis by Snoke and James
[1997]. This low-velocity anomaly beneath the Chaco and the
more deeply extending low S-velocity anomaly beneath the Pan-
tanal basins (Plate 3a) may indicate the presence of hotter mantle
material than implied by the iasp9] model. A temperature rise of
some 200° C would explain the -4% S-velocity anomaly [Goes et al.,
2000]. The deep cylindrical low-velocity anomaly beneath south-
eastern Brazil can be interpreted as the S-velocity image of the fossil
plume proposed by VanDecar et al. [1995a]. Similar features have
been imaged by Kennett and Widiyantoro [1999] beneath the Dec-
can Traps and by Richardson et al. [2000] beneath the Ontong-Java
plateau.

The high velocity anomalies (Plate 2) at 100 km depth in Brazil,
southern Venezuela and eastern Colombia can be related to cratonic
lithosphere of the various Archaean and Proterozoic terranes that
compose the South American Precambrian shields. In particular,
the lithosphere beneath the western Guaporé shield, the western
Guyana shield, and the western Amazon basin extends to depths of
roughly 150 km. High velocity lithosphere has consistently been
imaged beneath world-wide Precambrian shields and its appearance
beneath the South American shields is expected [e.g. Jordan, 1988].
The depth extent and velocity anomaly of the cratonic lithospheric
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in SA99 are not as large as for the lithosphere of the North Ameri-
can craton in 3-D S-velocity model NA9S [Van der Lee and Nolet,
1997]. Model NA9S is better resolved in shield areas than SA99.
However, if the South American craton is equally anomalous and
extends equally deep as the North American craton our data would
yield a stronger and deeper-reaching velocity anomaly for the west-
ernmost part of the craton than that present in SA99. This indicates
that the South American craton is likely to be weaker and/or thin-
ner than the North American craton, which is in agreement with an
observed difference in thickness of more than 50 km between these
cratons [Grand, 1994]. However, our data cannot resolve the large
eastern parts of the upper mantle beneath the Precambrian shields
of South America, which leaves the average thickness and strength
of all of the South American cratonic lithosphere unknown.

Among the sedimentary strata of the Amazon basin is evidence
for Mesozoic magmatism, and it has been suggested that subsidence
of the basin was initiated by rifting [Milani and Zaldn, 1999]. Con-
sidering this significant post-Precambrian tectonic activity, it is sur-
prising that the Amazon basin is underlain by thick, high S-velocity
lithosphere. From the presence of these well-resolved (Plate 1c, 3¢
and Figure 3) high lithospheric velocities we infer that the Ama-
zon basin is still part of the Amazonian craton, which comprises the
Guyana shield to the north and the Guaporé shield to the south of the
basin [Gibbs and Wirth, 1986]. Several geochronological provinces
of the Amazonian craton can be traced from one of these two shields
to the other on the opposite side of the basin [Tassinari and Macam-
bira, 1999]. The inference that the Amazon basin is underlain by
high-velocity lithosphere of the Amazonian craton implies that the
upper-mantle part of the Amazonian craton is still largely intact
and was not severely affected by the Mesozoic formation of the
Amazon basin across the craton. The unexpected combination of
high velocity Precambrian lithosphere underlying a Mesozoic basin
could further imply that this Precambrian lithosphere has a different
composition, causing it to be less buoyant than cratonic lithosphere
underlying Precambrian shields or that its buoyancy is compensated
by a thinner crust. SA99 seems to support a slightly thinner crust
but this result is not well constrained.

The high S-velocity lithosphere in SA99 of the southern Sao Fran-
cisco craton in eastern Brazil (Plate 3a) extends to depths slightly
less than 100 km if the bottom of the lithosphere is defined as the bot-
tom of the region that has higher velocities than iasp91 , and extends
to depths near 150 km if the bottom of the lithosphere is defined as
the point where the velocity gradient with depth is at its negative
extremum. The S-velocity of this high-velocity lithosphere is not
significantly higher than that of iasp9] at moderate upper mantle
depths. Assuming that these high S-velocities are caused predomi-
nantly by lower temperatures [Jordan, 1988] but also by a depleted
composition, this implies that the lithospheric root of the southern
Sao Francisco craton is not as cold or as depleted as the higher ve-
locity cratonic root of the Amazonian craton. This is not unlikely
given the narrow width of the craton and its proximity to the 120
Ma Parana basin and oceanic mantle.

6.3. Mantle wedge between Andean crust and subducting
Nazca plate

Upper mantle structure in western South America is dominated
by more recent and presently on-going processes related to sub-
duction of the Nazca plate beneath the South American plate. The
geometry of the subducting Nazca plate is most prominently out-
lined by the seismicity of the Wadati-Benioff zone [Hasegawa and
Sacks, 1981; Cahill and Isacks, 1992; Engdahl et al., 1997]. In
several regions SA99 shows high velocity material along the inter-
and extrapolated Wadati-Benioff zone beneath the Andes (Plate 3),
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Plate 3b. Same as Plate 3a but for cross section bb’.

in agreement with the expected location of subducted Nazca litho-
sphere. These high velocities do not form a continuous unit due to
variations in resolution for the subducting Nazca lithosphere (Plate
3). Although our data cannot resolve subducting lithosphere at a
depth of 200 km for profile cc’, the resolution is better around 300
km and it is likely that the high velocity anomaly in SA99 at 300
km just north-east of the Andes (Plate 3c) represents a deeper part
of the subducting Nazca plate. This interpretation would allow a
northward extension of the 300 km slab contour of Cahill and Isacks
[1992] (Plate 2) and implies a near-vertical dip of the subducting
plate below 200 km. This would be consistent with the cluster of
deep earthquakes [Engdahl et al., 1998] in this region and with
results from James and Snoke [1990]. Teleseismic arrival time to-
mography shows more uniform resolving power below 100 km for
the subducting Nazca plate [Engdahl et al., 1995; VanDecar et al.,

1995b; Bijwaard et al., 1998] than our predominantly continental
body and surface waveform tomography.

In regions along the Andes that are volcanically active SA99
shows extremely low S-velocities in the continental mantle wedge
directly above the Wadati-Benioff zone, which are well resolved
(Plate 3). These regions correlate with the regions of historic and
present volcanic activity (see map at 100 km in Plate 2). The depth
extent of this low velocity anomaly of the mantle wedge increases
with increasing dip of the Nazca slab, reaching its maximum around
a depth of 150 km (Plate 2 and 3). This low velocity anomaly is
located immediately adjacent to the Wadati-Benioff zone, which
suggests that the origin of the anomaly is related to the subducting
oceanic crust below it. Also, the clear boundary of the anomaly
on the continental side shows no continuity with a possible sub-
continental low S-velocity channel.

In general, alowered S-velocity can be achieved by elevated tem-
perature or anomalous composition, such as the presence of partial
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Plate 3c. Same as Plate 3a but for cross section cc’.

melt, volatiles, or a chemical enrichment in FeO. Chemical enrich-
ment alone cannot explain the more than 10% lower velocities. In
a dry mantle, anomalously high temperature in excess of 1500°C
[Karato, 1993; Sobolev et al., 1996; Goes et al., 2000] would be
required to explain such low velocities. It is difficult to identify
a mechanism that creates and maintains such high temperatures in
the direct vicinity of the subducting lithosphere, which is much
colder than the adjacent mantle wedge. Only the mechanism of
frictional heating of continental lithosphere under lateral compres-
sion [Kincaid and Silver, 1996] could create such high temperatures.
However, it is unlikely that the low velocities in the mantle wedge
are a pure thermal effect since Morris et al. [1990] have provided
evidence that a typical mantle wedge is rich in volatiles like HoO
released by the subducting oceanic crust. Such volatiles would
drastically lower the S-velocity in the mantle wedge, primarily by
lowering the solidus. Even at normal upper mantle temperatures,
the mantle wedge will be strongly fluxed by hydrous fluids and is
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< 400 - - 100
<

(0%
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OUTPUT

thus likely to contain partial melt. At an unelevated temperature
of 1200°C a 2.5% peridotite melt fraction can exist in the mantle
wedge at 0.15 wt% H»O content [Gaetani and Grove, 1998; Ulmer,
2001] while only 1.1% fraction of melt or fluid in a realistic, orga-
nized cuspate geometry is necessary to lower the S-velocity by 10%
[Hammond and Humphreys, 2000]. This 10% is of the same magni-
tude as the lowered S-velocity in the mantle wedge of SA99. If the
alkali-rich hydrous component in subducting Nazca crust is similar
to that of the subducting crust at the Marianas, a melt/fluid fraction
of as much as 4% can be present at only 1200° C [Gaetani and Grove,
1998]. This fraction would lower the S-velocity even more but can
also be consistent with our 10% velocity reduction if the geometry
of the melt or fluid is less organized [Hammond and Humphreys,
2000]. An unelevated temperature for the mantle wedge would be
consistent with the Andean gravity and geoid profile if the crust is
in isostatic equilibrium [Beck et al., 1996; Froidevaux and Isacks,
1984].
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Plate 3d. Same as Plate 3a but for cross section dd’.

The low S-velocity mantle wedge of SA99 is not centered be-
neath the active western arc but extends across the entire Andes,
including especially the eastern Altiplano and the eastern ranges
(Plates 2 (100 km) and 3a,c). This observation lends some support
to the argument that the low S-velocities are caused by hydration of
the mantle through the release of volatiles from past periods of flat
subduction, e.g. at 30 Ma in the central sector of the Andes [James
and Sacks, 1999]. James and Sacks [1999] also explain the temporal
shifts in types and locations of Andean volcanism as depending on
slab dip and and resultant degrees of hydration as well as cooling
and reheating of the overlying continental mantle.

6.4. Mantle flow

Classical geochemical models for a mantle wedge [e.g.
Hochstaedter et al., 2000] require a continuous influx of enriched
mantle material into the mantle wedge. Such an influx of enriched
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mantle material has been included in numerical subduction models
in the form of corner flow [Andrews and Sleep, 1974; Davies and
Stevenson, 1992]. The origin of material flowing into the South
American mantle wedge is unknown and could comprise the entire
subcontinental upper mantle. The more material flows from conti-
nental upper mantle into the mantle wedge, the more the correlation
between upper mantle structure and surface geology and tectonics
would be disturbed. This disturbance could be evident in tomo-
graphic images of upper mantle structure, such as SA99, depending
on the degree of disturbance. In order to use SA99 for investigating
the origin of material fluxing into the South American mantle wedge
we first estimate the rate of corner flow from Andean arc volcanism.

The volume of extrusive volcanism in the Andes has been esti-
mated by Francis and Rundle [1986] to be 3 to 4 km?>/m.y. per
km arc length. Assuming a range of 0 to 80 km®/m.y. of corre-
sponding intrusive volcanism and a range of 2.5% to 20% peridotite
melt fraction (R. Carlson, personal communication, 2000) provides
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minimum and maximum estimates of 15 and 3360 km®/m.y., re-
spectively, for the influx of enriched mantle material into the mantle
wedge. If this mantle material flows along an adiabat into the mantle
wedge from a diffuse region of adjacent continental upper mantle,
this influx would imply a material displacement range of 1 km to
250 km across a 400 km? interface within the mantle in the past
30 m.y.. These displacement estimates decrease when the interface
across which the enriched mantle material fluxes into the mantle
wedge is assumed wider, as is more likely further away from the
wedge in the case of diffuse influx, and they would increase when
this interface is assumed to be narrower, e.g. in the case of in-
flux through a narrow low-viscosity channel. Channeled influx is
not supported by SA99 since a low-viscosity channel would most
probably be imaged as a low S-velocity anomaly connecting to the
mantle wedge. Diffuse influx, however, would not be detectable in
our seismic results as even the maximum estimate of around 250
km of displaced upper mantle material would not be identifiable in
SA99 unless we knew the structure of the upper mantle at 30 Ma.
Therefore we argue that SA99 excludes the possibility of channeled
influx of low-viscosity material into the mantle wedge but is not
inconsistent with the geochemically required corner flow, if it is in
the form of diffuse influx of enriched mantle material.

7. Conclusions

Continental-scale, broad-band seismograms combined from
portable and permanent South American seismic networks provide
excellent wave path coverage for the central and western part of
the continent. We used the S- and surface wave forms from mainly
the global, BLSP and BANJO networks to derive 3-D upper man-
tle S-velocity model SA99. Model SA99 is well resolved in depth
owing to the combination of fundamental and higher mode surface
waves in our inversion. The lateral resolution of SA99 is hetero-
geneous, and is best in central and western South America, owing
to wave path coverage that is dense and well distributed over az-
imuth. Trade-offs between upper mantle S-velocity and depth to
the Moho have been largely eliminated by incorporating additional
constraints on crustal thickness from receiver function analysis and
by assuming Airy isostatic equilibrium. High resolution images
are thus obtained for continental upper mantle structure beneath the
Andes as well as beneath significant parts of the South American
platform.

In general, SA99 shows that the large-scale tectonic and geo-
logic domains of South America are reflected in corresponding up-
per mantle heterogeneity, showing variations in S-velocity of up to 1
km/s above 100 km. Our seismic modeling also precludes the pos-
sibility that South American plate motion is decoupled from upper
mantle motion along a laterally uniform low-viscosity layer.

In particular, resolved parts of the upper mantle structure be-
neath the western Guyana and Guaporé shields are shown to repre-
sent high-velocity lithosphere. This indicates that both shields are
underlain by cratonic lithosphere of the Precambrian Amazonian
craton. Despite Mesozoic rifting, the Amazon basin between the
two shields is also underlain by high-velocity lithosphere, extend-
ing as least as deep as that of the surrounding shields. Moreover,
this post-Precambrian rifting does not seem to have affected the
continuity of the high-velocity lithosphere of the Amazonian craton
within the resolution of our data.

In contrast to the Amazon basin, other intra-platform basins of
central and western South America are typically underlain by low
velocity upper mantle. The low velocities beneath the Pantanal and
Chaco basins extend from beneath the crust to, locally, depths of 350
km. Most probably the upper mantle beneath these basins is several
hundreds of degrees warmer than normal mantle material. The up-
permost mantle under the Parand basin shows slightly low velocities
in the west and higher velocities in the east. At larger depths under
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the eastern Parand basin a strong low velocity anomaly confirms re-
sults from teleseismic arrival time tomography postulating a fossil
plume here.

Along the volcanically active parts of the Andes we find a well
resolved mantle wedge with extremely low S-velocities below an ex-
tremely thick crust. The bottom of the low velocity mantle wedge
is immediately adjacent to the Wadati-Benioff zone and thus to the
subducting oceanic crust. The most consistent explanation of these
low velocities in the mantle wedge is 2.5% to 4% partial melt in a
realistic geometry, which is generated at temperatures near 1200° C
inreaction to realistic amounts (0.15 wt%) of volatiles released from
the subducting oceanic crust. Geochemical and petrological obser-
vations require active corner flow to refresh the mantle wedge with
enriched mantle material. SA99 permits diffuse influx of material
from the continental upper mantle into the mantle wedge but is not
consistent with influx through a low-viscosity channel.
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