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INTRODUCTION
Understanding subduction initiation at a pas-

sive margin is a major geodynamic problem, 
however it remains highly controversial due to 
the magnitude of force that is estimated as nec-
essary to overcome bending and frictional re-
sistance to initiate subduction (e.g., McKenzie, 
1977; Mü ller and Phillips, 1991). Many solu-
tions have been proposed for this problem: 
(1) plate rupture within an oceanic plate or at 
a passive margin (e.g., Mü ller and Phillips, 
1991); (2) sediment loading at passive margins 
(e.g., Pascal and Cloetingh, 2009); (3) forced 
convergence at oceanic fracture zones (e.g., 
Doin and Henry, 2001; Hall et al., 2003; Gurnis 
et al., 2004; Leng and Gurnis, 2011); (4) ten-
sile decoupling of the continental and oceanic 
lithosphere due to rifting (Kemp and Stevenson, 
1996); (5) Rayleigh-Taylor instability due to a 
lateral buoyancy contrast within the lithosphere 
(Niu et al., 2003); (6) water in the lithosphere 
(Regenauer-Lieb et al., 2001; Van der Lee et al., 
2008); (7) spontaneous thrusting of the buoyant 
continental crust over the oceanic plate (Mart 
et al., 2005); (8) small-scale convection in the 
sublithospheric mantle (Solomatov, 2004); and 
(9) the interaction of thermal-chemical plumes 
with the lithosphere (Ueda et al., 2008).

Many parameters that can lead to subduction 
initiation at a passive margin of Atlantic type 
have been examined in two-dimensional (2-D) 
numerical modeling (e.g., Cloetingh et al., 

1982; Erickson, 1993; Faccenna et al., 1999; 
Leroy et al., 2004; Mart et al., 2005; Van der 
Lee et al., 2008; Goren et al., 2008; Burov and 
Cloetingh, 2010; Nikolaeva et al., 2010, 2011). 
In particular, the 2-D numerical models of 
Nikolaeva et al. (2010) showed that the process 
of spontaneous subduction initiation, driven by 
gravitational collapse of a passive margin (e.g., 
Stern, 2002, 2004), is complex and includes 
two main stages: initial overthrusting of con-
tinental crust over oceanic plate, which may 
eventually evolve into a second stage of self-
sustained subduction. Nikolaeva et al. (2011) 
evaluated the probability of subduction to initi-
ate at the eastern margins of the Americas and 
concluded that regions of the South American 
Atlantic margin were the most prone to sub-
duction initiation. Marques et al. (2013) inves-
tigated the effects of topographic forcing on 
subduction initiation, and concluded that the 
southeast Brazilian margin is the most prone 
for subduction initiation.

NUMERICAL MODEL
In order to simulate spontaneous subduction 

initiation by passive-margin collapse, we use a 
gravitationally driven, 3-D thermomechanical 
model in which we do not prescribe any plate 
velocities. In 3-D, the margin geometry is de-
fi ned by the angles α and β (Fig. 1A): α is the 
dip of the continent-ocean lithospheric bound-
ary surface, and β is the angle between the trace 
of the curved section of the margin at the Earth’s 
surface and the z-axis. To avoid introducing ef-
fects from other parameters in our models, 
we kept α constant along the continent-ocean 

boundary (Fig. 1A), despite the curved nature 
of this boundary in the horizontal xz plane. Here 
we consider that self-sustained subduction ini-
tiates (Figs. 1B–1D) when the sinking oceanic 
slab reaches 200 km depth (e.g., Nikolaeva et 
al., 2010).

The GSA Data Repository1 and Zhu et al. 
(2013) provide a full description of the numeri-
cal method used.

MODELING RESULTS
In addition to analyzing the evolution of ma-

terial composition (which allows visualizing the 
confi gurations of the plates over time), we also 
analyze the model results based on the evolution 
of temperature, pressure, and velocity.

Model 1 (β = 0°)
The cylindrical model 1 (straight margin, in-

variant in the z direction [β = 0°]) serves as the 
reference model used to evaluate the infl uence 
of β in the non-cylindrical models 2 and 3. Un-
der the applied conditions, subduction initiates 
at ~1.215 m.y. along the entire model domain 
in the z direction (Fig 1B). The model behavior 
is 2-D, which is expected for a purely cylindri-
cal model.

Model 2 (β = 20°)
Comparison of model 2 (β = 20°) with model 

1 shows that, under identical parametric condi-
tions (except for β), subduction initiates later 
in comparison to the cylindrical model (at 
~1.22 m.y. in model 1, and ~1.96 m.y. in model 
2). Furthermore, in contrast to model 1, the sub-
duction process varies in the z direction. From 
the cross sections shown in Figure 2, it is clear 
that subduction initiates progressively later from 
the front wall (z = 0 km, at ~1.96 m.y.) to the 
back wall (z = 200 km, at >2.5 m.y.).

Model 3 (β = 40°)
Model 3 (β = 40°), like model 2, illustrates 

that subduction initiates later with increasing 
β (at 1.22 m.y. in model 1, 1.96 m.y. in model 
2, and 9.4 m.y. in model 3). Furthermore, in 
contrast to models 1 and 2, in which subduc-
tion initiated across the entire model (although 
later with increasing z values in model 2), there 
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ABSTRACT
Subduction initiation at straight passive margins can be investigated with two-dimensional 

(2-D) numerical models, because the geometry is purely cylindrical. However, on Earth, 
straight margins rarely occur. The construction of 3-D models is therefore critical in the 
modeling of spontaneous subduction initiation at realistic, curved passive margins. Here we 
report on the results obtained from gravitationally driven, 3-D thermomechanical numeri-
cal models using a visco-plastic rheology and a passive margin with a single curved section 
in the middle. The models show that the curvature angle β can control subduction initiation: 
the greater β is, the more diffi cult subduction initiation becomes. The 3-D thermomechani-
cal models provide an in-depth physical understanding of the processes. Specifi cally, we fi nd 
that pressure gradients, arising from density differences between oceanic and continental 
rocks, drive subduction initiation, and strongly infl uence the timing. The main difference 
between straight (cylindrical) and curved margins is that the orientation of the pressure 
gradient in 3-D is no longer constant, thus producing a horizontal, along-margin component 
of fl ow. We thus conclude that the reason for the impedance of subduction initiation is the 
result of partitioning of the vertical velocity component into a horizontal component, which 
therefore decreases the effective slab pull. We infer that, although favorable for subduction 
initiation in a 2-D model, because the estimated force balance is adequate, the pronounced 
curvature in the southeast Brazilian margin is a likely explanation why subduction initia-
tion is hampered there.
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was no subduction initiation in the back half of 
model 3 (Fig. 3).

Temperature, Pressure, and Velocity
The temperature distribution (Fig. DR1 in 

the Data Repository) shows that the core of the 
sinking oceanic slab thermally equilibrates over 
time with the surrounding mantle by becoming 
hotter. The pressure distribution in advanced 
stages of subduction initiation is complex, with 
both vertical and horizontal gradients being 
present along the margin. The main peculiarity 
of the curved margin is that horizontal pressure 
gradients along the z direction are present—a 
feature that is not present in the cylindrical mod-
el. The velocity fi eld in the xy section is rather 
simpler, with the development of a prominent 
clockwise vertically elongated convection cell 
at the continent-ocean boundary. This fl ow fi eld 
is a persistent feature from the earliest stages of 
deformation (Fig. 4).

DISCUSSION
In order to understand the driving mecha-

nism and interpret the different model results, 
we need to discuss (1) temperature, (2) density 
gradients, and (3) velocity fi elds.

Temperature
Temperature is a critical parameter because it 

controls density, thus affecting stresses and pres-
sure gradients. In the initial stage, isotherms are 
horizontal, but this confi guration rapidly chang-
es with deformation (Fig. DR1). If subduction 
initiation is fast, as in models 1 and 2, then ther-
mal re-equilibration of the sinking slab with the 
surrounding mantle is delayed. Hence, the slab 
remains cold to great depths, the density contrast 
with the mantle is maintained (cold slab in hot 
mantle), and the oceanic slab thus sinks rapidly. 
There is, therefore, a positive feedback between 
temperature and the sinking velocity of the oce-
anic slab (e.g., McKenzie, 1977), which can be 
further enhanced if the cold oceanic slab trans-
forms into high-density eclogite (not modeled).

On the contrary, if subduction initiation is 
slow, as in model 3, then thermal re-equilibra-
tion is promoted. This results in the sinking slab 
increasing in temperature, the density contrast 
with the surrounding mantle decreasing (hot slab 
in hot mantle), the negative buoyancy vanishing, 
and the oceanic slab sinking more slowly. Such 
a negative feedback can be further enhanced by 
the inhibition of eclogite formation. Ultimately, 
self-sustained subduction may never form; in-
stead, continental overthrusting will develop.

Pressure and Velocity
In order to discuss the pressure and pres-

sure gradients within the models, we need to: 
(1) evaluate horizontal density gradients in the x 
and z directions, which produce horizontal pres-
sure gradients at the margin; (2) examine the 

Figure 1. Initial stage (A) and fi nal results (B–D) of modeling. Initial stage shows 
zig-zag structure to simulate curved margins, lengths of continent and ocean, and 
angles α and β. α is dip of continent-ocean lithospheric boundary surface, and is 
45° for all models; β is angle between trace of curved section of margin at Earth’s 
surface and z-axis, and is 0° (model 1 in B), 20° (model 2 in C), or 40° (model 3 in 
D). t—time to subduction initiation.

Figure 2. Sections through end result (at 1.964 m.y.) of model 2 with β = 20°, at z = 
0 km (front wall), z = 100 km (middle), and z = 200 km (back wall). Note that oceanic 
slab reaches 200 km depth (subduction proper) faster in front than in back. UC—
upper crust; LC—lower crust
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velocity vectors to visualize the fl ow patterns 
resulting from pressure gradients (Fig. 4); and 
(3) examine the temperature fi eld (Fig. DR1) 
because it has a critical effect on density, and an 
inverse exponential control on the viscosity (the 
higher the temperature, the lower the viscosity).

It is critical to analyze the density fi eld, as the 
gradients in density produce horizontal stresses 
and pressure gradients. In the initial stage: (1) a 
vertical column on the continental side of the 

continent-ocean boundary comprises 33 km of 
upper continental crust (2700 kg m−3), 12 km 
of lower continental crust (2900 kg m−3), and 
35 km of subcontinental mantle (3250 kg m−3); 
(2) a vertical column on the oceanic side con-
sists of 3 km of water (1000 kg m−3), 8 km of 
oceanic crust (3100 kg m−3), and 77 km of sub-
oceanic mantle (3300 kg m−3). These values 
imply that, between 0 km and ~20 km depth, 
the pressure is higher on the continental side, 

and below 20 km depth the pressure is higher 
on the oceanic side. Therefore, the horizontal 
density gradient in the initial stage generates 
a pressure gradient (larger on the continen-
tal side above 20 km depth), which triggers a 
clockwise convection cell with fl ow directed 
from the continent to ocean above 20 km depth 
(overthrusting), and from the ocean to the con-
tinent below 20 km depth (underthrusting) 
(Fig. 4).

The pressure distribution described above is 
similar within the initial stages of all three mod-
els presented here. However, there are signifi -
cant differences regarding the magnitude and 
orientation of the velocity vectors. In model 1, 
the z component of velocity is approximately 
zero, therefore we only have to analyze the 
interplay between the x and y components in 
favoring or hampering the process of subduc-
tion initiation. In model 1 (faster subduction 
initiation; Fig. 4A), the velocity vectors in the 
xy plane show greater magnitude and a greater 
y component than in model 3 (much slower 
subduction initiation; Fig. 4B). This increased 
vertical component of velocity accounts for 
the faster sinking of the oceanic slab, and thus 
explains in part the faster subduction initiation. 
However, in a 3-D model, one has to consider 
the z component of the velocity vector. The 
downward pull (y component) can be reduced 
by having to share part of its magnitude with 
a horizontal z component (the third dimension 
being absent in a cylindrical or 2-D model). 
This is visible on the xz plots of the 3-D ve-
locity fi eld (Fig. DR2). The z component of the 
velocity vector results from the rotation of the 
pressure gradient in the oblique trace of the pas-
sive margin. Therefore: (1) in models 2 and 3, 
the continent does not thrust toward the ocean 
as much as in model 1, especially close to the 
back wall; and (2) in the central oblique part 
of the margin, the velocity vector increases its 
z component with increasing β, overthrusting 
decreases, loading of the oceanic lithosphere 
decreases, and the slab pull is reduced.

The 3-D geometry we investigated in this 
work has a natural counterpart in the southeast 
Brazilian margin. Here the geodynamic setting 
and the topographic forcing are favorable for 
subduction initiation (Nikolaeva et al., 2011; 
Marques et al., 2013). Despite the favorable 
setting, and geological and geophysical signs 
of an early stage of continental overthrusting, 
a fully developed subduction zone has not yet 
formed. The 3-D models presented indicate 
that the development of a coherent subduction 
zone can be hampered by the curved nature of 
the southeast Brazilian margin.

CONCLUSIONS
From the numerical results, we conclude that 

the time required for subduction to initiate in-
creases as the curvature of the passive margin 

Figure 3. Sections through end result (at 9.393 m.y.) of model 3 with β = 40°, at z = 
0 km (front wall), z = 100 km (middle), and z = 200 km (back wall). Note that oceanic 
slab reaches 200 km depth (subduction proper) in front of model, but not in back. 
Colors are as in Figure 2.
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marked in A and B.
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increases. The physical explanations for this be-
havior are as follows:
• The density contrast between oceanic and 

continental blocks generates horizontal 
stresses and pressure gradients that drive fl ow 
from continent to ocean in the crust (over-
thrusting), and from ocean to continent in the 
mantle (underthrusting).

• In a curved margin, the pressure gradient is 
no longer exclusively perpendicular to the 
straight margin, as in a cylindrical or 2-D 
model. The more complex 3-D pressure gra-
dient shows that the orientation of the pres-
sure gradient in 3-D produces a horizontal z 
component of fl ow, which is not present in 
cylindrical models.

• The faster the oceanic lithosphere sinks in 
the initial stages, the faster the subduction 
initiates because of the relationship between 
velocity and thermal re-equilibration, and 
therefore density. The faster the sinking, the 
colder and denser the plate remains relative 
to the surrounding mantle, which promotes 
subduction initiation. A minimum veloc-
ity is needed to maintain cold isotherms at 
depth; otherwise temperature increases in 
the sinking slab. This causes the density con-
trast between lithosphere and asthenosphere 
to vanish, thus the oceanic lithosphere be-
comes buoyant and can no longer initiate 
self-sustained subduction.
While the southeast Brazilian margin may 

be favorable for subduction initiation in a 2-D 
model, because the estimated force balance is 
adequate (Marques et al., 2013), our 3-D models 
suggest that the arcuate margin geometry may 
hinder fast subduction initiation
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