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A substantial portion of Earth's topography is known to be caused by the viscous coupling of mantle flow to
the lithosphere but the relative contributions of shallow asthenospheric flow versus deeper flow remains
controversial. The Argentine Basin, located offshore of the Atlantic margin of southern South America, is
one of the most anomalously deep ocean regions as it is significantly deeper than its age would suggest. Pre-
viously, the anomalous depth has been attributed to asthenospheric flow and the coupling of the South
American plate's westward motion to the shallow mantle. Using a combination of geophysical observations
and geodynamic modeling we propose that subducted slab-driven dynamic topography has primarily driven
the long-wavelength anomalous residual basin depth since the opening of the South Atlantic. Using an in-
verse mantle convection model with plate motions since the early Cretaceous, we suggest that the median
of present-day dynamic topography of the basin is −400 m. When the residual basement depth is low-
pass filtered the depth anomaly is −730 m, suggesting that more than half of the residual basement depth
can be attributed to deep-seated mantle dynamics. We conclude that coupled plate tectonic–mantle convection
models tied to seismic tomography, bathymetry and sediment thickness data can help to elucidate the driving
forces behind Earth's topography, one of the most fundamental characteristics of this planet.

© 2011 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Since 140 Ma the South American continent has experienced sig-
nificant changes in relative and absolute plate motions and plate
boundary evolution. The opening of the Atlantic Ocean and the west-
ward motion of South America are coupled with the subduction of the
oceanic Farallon, Phoenix and Nazca plates along the western margin.
Over time, subduction has imparted viscous forces on the overlying
continent, leading to the uplift and crustal deformation of the Andes
and associated foreland basins (e.g. Isacks, 1988; Kley et al., 1999),
as well as anomalous continental subsidence and uplift attributed to
dynamic topography (Shephard et al., 2010).

It is well established that mantle convection imparts an influence
on surface plate dynamics and the surface expression of such deep-
earth processes is manifested in large-scale and non-isostatic vertical
motions also termed “dynamic topography”. Anomalous continental
subsidence and uplift of South America leading to the mid-Miocene
disappearance of a large wetland system and formation of the Amazon
River has also been recently attributed to dynamic topography
(Shephard et al., 2010). Furthermore, global models of present-day dy-
namic topography (Steinberger, 2007) show that South America exhibits
of Geosciences, University of
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one of the strongest negative dynamic topography signals in the world,
with one of the largest negative dynamic signals overlying the Argentine
Basin, located offshore of the Atlantic margin of Argentina.

The Argentine Basin represents one of the world's largest oceanic
depth anomalies and exhibits a negative residual basement depth of
over 1200 m (Crosby et al., 2006). The Argentine Basin also coincides
with a long-wavelength free-air global gravity low (Sandwell and
Smith, 1997). The amplitude of the Argentine Basin depth anomaly
is unusual compared to other regions of oceanic lithosphere of a similar
age (Müller et al., 2008a); it is well known through previous studies
that old oceanic lithosphere (typically older than ~80 Ma; Parsons and
McKenzie, 1978) in some regions of the world exhibit a “flattening” of
the age-depth curve that cannot be accounted for by simple thermal
subsidence or half-space cooling models (e.g. Phipps-Morgan and
Smith, 1992; Hohertz and Carlson, 1998). Consequently, various age-
depth curve models for oceanic lithosphere have been constructed to
account for these anomalies. These include plate and thermal boundary
layer models (e.g. Stein and Stein, 1992; Crosby et al., 2006) as well as
asthenospheric flow models, which are a function of shear-induced
flow from the absolute plate motion and pressure-induced flow from
hotspot-ridge flow interaction (e.g. Phipps-Morgan and Smith, 1992).

It has been suggested that the existence of smaller wavelength, and
anomalously shallow, features in the center of the Argentine Basin are
associated with local free-air gravity anomalies that can be attributed
to “local dynamic” processes (Hohertz and Carlson, 1998). Furthermore,
Hohertz and Carlson (1998) suggested that a model combining
halfspace-cooling and flow in the asthenosphere accounts for the 98%
Published by Elsevier B.V. All rights reserved.
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of the variance of depth in the southern portion of the Argentine Basin.
It should be noted, however, that Hohertz and Carlson (1998) only re-
moved topographic wavelengths less than 100 km. We argue that
100 km as a cutoff-wavelength is too small for the remaining basin-
wide anomalous residual depth to be considered “long-wavelength”.

Unlike previous studies, Steinberger (2007) suggested that based on
a mantle flow model for the present, deep mantle convection might be
responsible for large-scale surface elevation anomalies in the region.
He found that a downward mantle flow rate of over 2 cm/yr for the
410 km and 660 km boundaries may provide the mantle perturbation
required for an expression of negative dynamic topography in the
Fig. 1. Horizontal temperature slices at 189 km depth with colored contours showing isothe
ent depths. Plate boundaries, including subduction zones and mid-ocean ridges, are also del
this figure legend, the reader is referred to the web version of this article.)
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Argentine Basin region. The south of South America is a relatively narrow
continental mass, and has therefore been in close proximity to the sub-
duction zone(s) that have existed along its western margin, together
with the evolving Argentine Basin. Since at least the Valanginian
(~125 Myrs ago) as rifting initiated (Larson and Ladd, 1973) and seafloor
spreading in the South Atlantic started (120–130 Myrs ago; Fitzgerald et
al., 1990), the subduction of slabsmay have provided themechanism re-
quired to drive regional negative dynamic topography, thus initiating
eastward-propagating anomalous subsidence across South America.

Unlike the basin's bathymetric, physiographic and ecological dy-
namics, studies of its formation remain poorly examined. Here we
rms of effective-temperature anomalies 40 °C lower than the ambient mantle at differ-
ineated at each reconstructed time step. (For interpretation of the references to color in
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propose that the sinking slabs of the subducted Phoenix and Nazca
plates (Fig. 1) have imparted a downward viscous pull of the surface
lithosphere and contributed, at least in part, to the anomalously neg-
ative residual depth of Argentine Basin.

2. Methodology

For robust geodynamic results, the modeling of time-dependent
mantle dynamics demands initial conditions and parameters to be
well constrained. An iterative procedure that does not rely purely
on initial conditions can be achieved using the adjoint method. Initially
applied for meteorology and oceanography (Talagrand and Courtier,
1987), adjoint models have been expanded to mantle convection
(Bunge et al., 2003; Ismail-Zadeh et al., 2004; Liu and Gurnis, 2008).
We ran an inverse model of mantle convection using the iterative ad-
joint method with the 3-D finite element code CitcomS 2.1 (http://
geodynamics.org; McNamara and Zhong, 2004; Tan et al., 2006). The
first approximation of initial conditions for our geodynamic models is
optimized through a simple backwards integration of governing equa-
tions and refined through an iterative forward-inverse optimization
algorithm (Liu and Gurnis, 2008).

Using Grand's (2002) S-wave tomographic inversion, we generate
an initial temperature field, scaled at 2×103 °C/km/s. We emphasize
that this scaling may be different from values obtained by direct lab-
oratory measurements, since ours is an inverse problem where the
magnitude of the seismic anomaly is likely smeared during the tomo-
graphic inversion. However, this scaling has been successful in other
geodynamic models that predict reasonable long-wavelength dynamic
topography of North America and northern South America (Spasojevic
et al., 2009; Shephard et al., 2010).

We chose to use the S-wave tomography model by Grand (2002)
because it is a robust global inversion that captures major mantle
structures under southern South America and has been previously
employed in successful geodynamic models, particularly when using
the adjoint method (Liu et al., 2008; Spasojevic et al., 2009;
Shephard et al., 2010). P-wave tomography models may be useful in
other regions with good data coverage (unlike the Argentine Basin);
however, we previously computed another global geodynamic in-
verse flow model with the P-wave model of Li et al. (2008) and
found that the S-wave model by Grand (2002) is more appropriate
in predicting the North American Late-Cretaceous subsidence history
with a better spatial match of the flooding maps. The use of shear
wave tomography models in constraining depth and resolution has
also been shown to best reproduce dynamic topography in other re-
gions (e.g. Boschi et al., 2010). However, it should be noted that the
resolution and modeled output of our adjoint model is limited by
the resolution of the input tomography. This may account for some
Fig. 2. Simplified model setup with a regional slice showing the four-layer mantle with non-d
global mesh (black dots, not all shown) were organized into 12 caps each with 129×129 n
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longitudinal offset between the modeled dynamic topography and
observed residual basement, however we argue that this does not sig-
nificantly affect our study of long-wavelength features and the corre-
lation to residual basement depth.

Mantle parameters used in these convection models (Table 1) were
also utilized in earlier studies (Liu et al., 2008; Spasojevic et al., 2009) in
which the depth dependence ofmantle viscosity and seismic velocity to
density scaling were found by matching Cretaceous stratigraphy of
North America. We acknowledge that the magnitude and time-
dependence of predicted dynamic topography are influenced by viscos-
ities of both the upper and lower mantle, and the effect of these param-
eters has been explored in these previous studies. Significantly, these
viscosity values for the upper and lower mantle are in the range from
data inferred independently from post-glacial rebound (Milne et al.,
2004). The mantle is divided into four layers; the lithosphere
(0–90 km), upper mantle (90–410 km), transition zone (410–670 km)
and lower mantle (670–2891 km) (Fig. 2). The mantle is represented
by a temperature-dependent viscosity, and has a non-dimensional vis-
cosity of 100, 0.1, 1 and 15 (relative to 1021 Pa s) for the respectiveman-
tle layers. The globalfinite elementmeshwas composed of 12 caps,with
129×129 nodes in the horizontal and 65 in the radial directions.

To allow for the reconstruction of mantle structure in a context of
dynamic and time-dependent plate kinematics, we used the interac-
tive plate-tectonic desktop software package, GPlates (https://www.
gplates.org; Boyden et al., 2011; Gurnis et al., 2011) to derive surface
velocities grids back to 100 Ma. These grids, in 1 Million year incre-
ments were imposed as surface boundary conditions on the adjoint
model. Our palaeo-plate motions and velocities at each time step
were based on the plate model described in Müller et al. (2008a,b).
As implemented into the GPlates plate reconstructions, the cessation
of the Farallon-Phoenix Ridge occurred around 67 Ma, and the Farallon
Plate broke into the Nazca and Cocos plates at 23 Ma (Hey, 1977). The
geometry of the South American Plate, as delineated by mid-ocean
ridges, subduction zones and transform faults, also affects the longitudi-
nal location of subducted slab emplacement and formantle heterogene-
ity structure. Themodel was run from 100 Million years ago to present-
day. Subsequent modeling output was manipulated and imaged using
Generic Mapping Tools (GMT) (Wessel and Smith, 1998).

Dynamic topography, h, is calculated using the consistent bound-
ary flux method (Zhong et al., 2000) by balancing vertical stress and
restoring force at the surface:

h ¼ σrr=Δρg ð1Þ

where σrr is the normal of stress in the radial direction, Δρ is the den-
sity difference between the mantle and the overlying medium, and g
is gravity.
imensional viscosities superimposed over seismic tomography (Grand, 2002). Nodes of
odes in the horizontal direction and 65 in the radial direction.
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Table 1
Mantle parameters used in this study.

Parameter Value

Reference mantle density 3300 kg/m3

T at surface 0 °C
Super-adiabatic T change from CMB to surface 400 °C
Radius 6371 km
Coefficient of thermal expansion 3×10−5 K−1

Thermal diffusivity 10−6 m2/s
Reference viscosity 1021 Pa s
Rayleigh number 9×106
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To investigate the effect of dynamic topography on longwavelength
topographic features, we generated a global model of averaged residual
topography for both continental and oceanic regions. We combined
continental topography (ETOPO2), which we corrected for average
Fig. 3. a) Absolute dynamic topography across South America at 50Ma and present-day (0 Ma).
raphy. Argentine Basin delineated in the subfigure of present-day absolute dynamic topography. b)
red indicates uplift between these times. All maps have been rotated to present-day coordinates,
between+/−800m. Gray areas were outside of themodel domain. (For interpretation of the ref

Please cite this article as: Shephard, G.E., et al., Dynamic topography and a
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continental elevation (565 m; Harrison et al., 1983), and a residual
basement depth model (Müller et al., 2008a) based on the thermal
plate cooling model by Crosby and McKenzie (2009). We subsequently
filtered this combined grid, removing wavelengths less than 500 km
and passing wavelengths over 750 km (tapered in between). We
focus the comparison of dynamic topography and the combined residu-
al depth and elevation grid on the Argentine Basin as delineated in
Figs. 3 and 4. Applying a low-pass filter allows for the comparison of
long-wavelength signals from dynamic topography to those observed
in the anomalous topography/residual basement across the Argentine
Basin.

3. Results

Our inverse model of mantle convection shows the evolution of
major negative temperature anomalies, mostly interpreted as remnant
Blue indicates negative dynamic topography, whereas red indicates positive dynamic topog-
Change in dynamic topography from50Ma-present-day. Blue indicates subsidencewhereas
with the present-day coastlines of South America superimposed. Note the fixed color palate
erences to color in this figure legend, the reader is referred to the web version of this article.)
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http://dx.doi.org/10.1016/j.gr.2011.12.005


Fig. 4. a) Combined map of continental topography (ETOPO2) corrected for mean continental elevation (563 m; Harrison et al., 1983) and residual basement depth (Crosby and
McKenzie, 2009). b) Same as a) but low-pass filtered for wavelengths smaller than 500 km and passed for wavelengths over 750 km. Present-day coastlines and the Argentine
Basin are included for reference in black. Contours from present-day dynamic topography (Fig. 2) between −200 m and −1200 m are superimposed in green. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

5G.E. Shephard et al. / Gondwana Research xxx (2012) xxx–xxx
slabs of the Farallon, Phoenix and Nazca plates, under South America
(Fig. 1). Throughout time, there is a large amount of lateral slabmaterial
under the south of the continent. However, the very shallow sheet-like
anomaly (above 200 km) between 35°S and 55°S probably represents a
continental lithosphere or an abandoned fossil slab, and a detailed study
of this feature is out of the scope of this paper. Slabs under the more
northern latitudes (south of 10°N) form a more linear distribution.
These subducted slabs represent the movement of the overriding
South American Plate over oceanic plates being subducted along its
western margin.

Associated with the distribution of cool, sinking, slabs is the surface
prediction of long-wavelength and time-dependent deformation, or dy-
namic topography. From 50 Ma there is an evolving dynamic topograph-
ic low of up to −1000 m across South America (Fig. 3). At 50 Ma, the
expression of dynamic topography largely consists of two negative sig-
nals, in the northwest of the continent and further south, across both
continental and oceanic regions. With time, negative dynamic topogra-
phy shifts eastwards to dominate the continental and southern offshore
regions of South America, forming a linear roughly north–south trending
signal of up to −1500 m by present-day. Across the Argentine Basin
(Fig. 3), present-day dynamic topography expresses a signal in the
range of−740 m to 80 m, with a median of−400 m. However, further
southwest of the basin, adjacent to the continental shelf margins of
southern Argentina, there is a maximum negative dynamic topography
signal of over 1100 m. The change in dynamic topography between
50Ma and present-day predicts broad subsidence across the majority
of the continent and offshore Atlantic regions. The viscous sinking of
remnants of the Farallon, Phoenix and Nazca plates coupled with the
westward motion of the overlying continent has generated a long-
wavelength and time-dependent subsidence of ~6 m/Myr on average.

We find that low-pass filtered residual depths in the Argentine Basin
(Fig. 4) range from −1670 m to 80 m, with a median of −730 m. The
magnitude of anomalous residual basement displays a negative gradient
towards the west-southwest of the basin, which also matches the
pattern of present-day dynamic topography (Fig. 3). This correlation
Please cite this article as: Shephard, G.E., et al., Dynamic topography and a
Res. (2012), doi:10.1016/j.gr.2011.12.005
in magnitude and geometry suggests that to the first order, long-
wavelength dynamic topography driven by sinking slab material in
the lower mantle is contributing to the anomalous depth of the Argen-
tine Basin. These results are in line with the conclusions of Stein and
Stein (1994), suggesting that asthenospheric flow is not exclusively re-
quired to match observed and modeled residual oceanic basement
depth.

The geodynamic model used here fits a broader range of con-
straints than traditional shallow asthenosphere models. The model
not only accounts for at least half of the large-scale observed residual
depth anomaly in the Argentine Basin, but also matches the geologi-
cal record of time-dependent dynamic topography in North America
(Liu et al., 2008; Spasojevic et al., 2009) and northern South America
(Shephard et al., 2010) thus providing a robust general mechanism
for linking deep mantle structure to surface dynamic topography
matching observations from a large region, whereas asthenospheric
flow models (e.g. Phipps-Morgan and Smith, 1992) have only been
linked to present-day bathymetry.

In delineating the Argentine Basin (Figs. 3 and 4) we have tried to
avoid the continental shelf, where regions of high sedimentation and
flexural effects may distort the modeled grid of residual topography.
While such regions of high sedimentation, lithospheric flexure and
dynamic topography were removed in the original models of oceanic
basement depth (Crosby andMcKenzie, 2009), the inclusion of residual
continental topographywhich has been subsequently low-pass filtered,
has added anomalously deep values to our residual basement grid in
some continent-ocean boundary locations. This is particularly true in
the southern portion of the Argentine Basin, as it is adjacent to the
anomalously deep residual basement topography along the Falkland
peninsula. It is therefore possible that the long-wavelength residual
basement features of the basin are shallower than we suggest. Further-
more, with the magnitude of negative dynamic topography increasing
(more negative) towards the southwest, it is also conceivable that dy-
namic topography contributes to a higher proportion of the anomalously
deep residual basement than presented here.
nomalously negative residual depth of theArgentine Basin, Gondwana
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Amodel comparison by Stein and Stein (1994), focusing on alterna-
tive mechanisms for accounting for the observed oceanic basement
depth–age relationship in the northwest central North Atlantic and
western South Atlantic (i.e. Argentine Basin) showed that an astheno-
spheric flowmodel (Phipps-Morgan and Smith, 1992) cannot be recon-
ciled with the combined observed oceanic depths and heat flow in both
regions. In particular the northwest central Atlantic constitutes a region
where an asthenosphericflowmodelwould presumably bemost robust
due to the large distance from mid-ocean ridges, hotspots and subduc-
tion zones. However, Stein and Stein (1994) found that the astheno-
spheric flow model vastly over predicts anomalous depth there,
leading to the conclusion that there is a fundamental problem with
the formulation and application of this model as suggested by Phipps-
Morgan and Smith (1992). However, Stein and Stein (1994) did note
that return flow models still remain viable and that “regional” devia-
tions may be from asthenospheric flow. This is plausible for the South
American Plate, and adjacent regions such as the Argentine Basin, consid-
ering the plate has experienced relatively rapid westward motion over
the Cenozoic and is currently moving at 2.8 cm/yr (Silver et al., 1998).

We suggest that the residual depth of the Argentine Basin have
been driven in the most part by dynamic topography as produced
by deep-mantle slab sinking. We also acknowledge that an additional
mechanism(s) is required to account for at least another ~400 m of
anomalous deepening, and thismaybe be explainedwith asthenospheric
flow. The combination of dynamic subsidence from these mechanisms
may be comparable to another study (Winterbourne et al., 2009),
which suggested that 1 km of anomalous deepening has occurred at
the Argentine Basin.

4. Conclusions

The magnitude and location of dynamic topography as predicted
from our inverse models of mantle convection provide evidence for
deep mantle downwellings as a result of subducted slabs causing, or
at least significantly contributing to, the long-wavelength negative
residual depth anomaly of the Argentine Basin. Our observation is
also supported by the existence of a negative dynamic topography
signal in the region of the present-day Argentine Basin since at least
50 Ma, due to long-term subduction in this region, but its expression
in oceanic lithosphere is likely to be more recent. Combined with
Steinberger's (2007) present-day dynamic topography model and
the conclusions of Stein and Stein (1994) regarding anomalous
depths of old oceanic lithosphere, our results provide strong evidence
that the Argentine Basin anomalous depth is at least partly a result of
deeply-seated mantle flow, and not from shallow aesthenospheric
flow processes alone (Phipps-Morgan and Smith, 1992; Hohertz and
Carlson, 1998). It is also possible that dynamic topography in other
regions affected by long-lived subduction may account for regional
anomalous flattening of old oceanic lithosphere. While we do not ex-
clude the possibility of asthenospheric flow occurring beneath the
Argentine Basin, the correlation in magnitude and location of present-
day dynamic to a substantial portion of the regional residual depth
anomalies is compelling.
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