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1 INTRODUCTION

SUMMARY

We investigate how subduction may be triggered by continental crust extension at a continen-
tal margin. The large topography contrast between continental and oceanic domains drives
the spreading of continental crust over oceanic basement. Subduction requires the oceanic
plate to get submerged in mantle, so that negative buoyancy forces may take over and drive
further descent. This is promoted by two mechanisms. Loading by continental crust bends
the oceanic plate downwards. Extension in the continental domain induces crustal thinning,
which acts to raise mantle above the oceanic plate. In this model, the width of the continental
region undergoing extension is an important control parameter. The main physical controls are
illustrated by laboratory experiments and simple theory for elastic flexure coupled to viscous
crustal spreading. Three governing dimensionless parameters are identified. One involves the
poorly constrained oceanic plate buoyancy. We find that the oceanic plate can be thrust to
depths larger than 40 km even if it is buoyant, enabling metamorphic reactions and density
increase in the oceanic crust. Another parameter is the ratio between the width of the conti-
nental extension region and the flexural parameter for the oceanic plate. Initiating subduction
is easier if the continent thins over a short lateral distance or if the oceanic plate is strong.
The third important parameter is the ratio of oceanic plate thickness to initial continental crust
thickness, such that a weak plate and a thick crust do not favour subduction. Thus, the change
from a passive to an active margin depends on the local characteristics of the continental crust
and is not determined solely by the age and properties of the oceanic lithosphere. It is shown
that the spreading of continental crust induces uplift of the margin as the adjacent seafloor
subsides. Evidence for the emplacement of continental crust over oceanic basement at passive
margins is reviewed.

Key words: Subduction zone processes; Continental margins: convergent; Continental tec-
tonics: extensional; Dynamics of lithosphere and mantle; Lithospheric flexure; Mechanics,
theory, and modelling.

asthenosphere (Hynes 2005; Afonso et al. 2007). The average den-
sity of an oceanic plate depends on the compositions of crust and

Subduction is a key geodynamic process, yet some of its most basic
features have not been explained satisfactorily. From the standpoint
of thermal convection, the Earth is expected to be in a stagnant
lid regime, such that a cold and highly viscous upper boundary
layer remains stable and does not participate in convective motions
(Ogawa et al. 1991; Davaille & Jaupart 1993; Solomatov & Moresi
2000). From the standpoint of subduction zones as they exist on
Earth today, one striking observation is that they are almost entirely
absent from the Atlantic Ocean despite the presence of very old
seafloor in the North. The most challenging problem about subduc-
tion is, perhaps, that oceanic lithosphere may not be denser than the
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depleted mantle and on the thermal structure, which evolves as the
plate ages and cools down. Using a comprehensive data set, Afonso
et al. (2007) have suggested that the oceanic plate remains buoyant
with respect to the asthenosphere at all ages, as proposed earlier
by Hynes (2005). Density calculations may not be accurate enough
yet for definitive statements on plate buoyancy but there can be no
doubt that the negative thermal buoyancy is nearly balanced by a
positive chemical buoyancy. Thus, subduction may be triggered not
by an intrinsic instability process but by some mechanism external
to the oceanic plate.

Previous studies have established that self-sustaining subduc-
tion driven by negative buoyancy can only occur if the oceanic
plate is first pushed into the asthenosphere by some external pro-
cess (McKenzie 1977; Cloetingh ef al. 1989). This is obvious if
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the oceanic plate is buoyant because a phase change is required to
augment its density. One candidate is the gabbro-to-eclogite phase
change, which occurs at depths of at least 40 km (Peacock 2003).
Even if the oceanic plate is denser than the asthenosphere, it has
elastic strength, so that it must be bent downwards to some finite
depth before negative buoyancy may dominate the force balance, as
shown by McKenzie (1977). Ridge push is not large enough for this,
implying that other forces must operate. Many different models have
been proposed but none has gained widespread acceptance. Loading
by sediments can only work for large sediment thicknesses acting
on a weak plate with small rigidity, which may be achieved on thin
(Cloetingh et al. 1982) or hydrated lithosphere (Regenauer-Lieb
et al. 2001). This predicts that subduction gets triggered on seafloor
that is either very young or older than 100 Ma. Observations, how-
ever, indicate that subduction may begin on oceanic basement of
all ages (Jarrard 1986). Other authors have argued that present-
day trenches are indirect consequences of older mature subduction
zones (Mueller & Phillips 1991; Kemp & Stevenson 1996). Burov
& Cloetingh (2010) have recently proposed that a mantle plume
impinging on continental lithosphere acts to thrust downwards cold
lithospheric mantle slabs. By construction, however, this model re-
quires line plumes to generate downwellings over large horizontal
distances and does not address oceanic subduction. The initiation
process that has been pursued most extensively involves compres-
sion acting on pre-existing zones of weakness in oceanic basement
(Toth & Gurnis 1998; Gurnis et al. 2004). In the calculations of
Gurnis et al. (2004), the force that allows thrusting along the weak
zone is not required to match known plate-driving forces, such as
ridge push. This is reasonable for intra-oceanic settings, because one
deals with part of a much larger plate boundary, such that the large
trench pull exerted by an extensive system of mature subduction
zones overwhelms resistance on a small plate segment. This model
accounts for many features of young or incipient subduction zones
in the Pacific domain (Gurnis ef al. 2004). It does not address sub-
duction initiation in primordial ocean basins, however, and leaves
us with challenging questions on the fate of recent ocean basins that
are devoid of large subduction zones, such as the Atlantic.

As emphasized by McKenzie (1977), one place on Earth
where forces are large enough to initiate subduction is at an
ocean—continent boundary. Continental crust is thicker and less
dense than its oceanic counterpart, and hence, stands at a higher
elevation than adjacent seafloor. In such a setting, lateral varia-
tions of density and elevation generate horizontal stresses in the
50-100 MPa range, which are larger than the strength in tension
of the upper continental crust (Brace & Kohlstedt 1980) and are,
therefore, sufficient to induce crustal extension towards the adja-
cent oceanic domain. These stresses are also large enough for the
decoupling of oceanic and continental domains, so that the oceanic
plate can be bent downwards into the asthenosphere. Processes at
an ocean—continent boundary have been studied using laboratory
experiments (Mart e al. 2005; Goren et al. 2008) and numerical
calculations (Nikolaeva et al. 2010). In the laboratory studies of
Mart et al. (2005) and Goren et al. (2008), self-sustaining subduc-
tion was not observed for reasons that are not entirely clear. This
may be due to the purely viscous rheologies that were used and
we shall see indeed that elastic behaviour is an important ingre-
dient. The numerical model of Nikolaeva et al. (2010) deals with
a much more elaborate physical system involving different types
of materials in continental and oceanic domains and predicts that
self-sustaining subduction can occur in certain conditions. In this
model, two types of processes operate: spreading of continental
crust onto seafloor and thrusting of continental lithospheric mantle

over oceanic lithosphere. The first is topography-driven, whereas the
second one is due to the buoyancy of continental lithospheric man-
tle. According to Nikolaeva et al. (2010), subduction may not begin
in earnest if continental lithosphere has not been thinned to less
than about 120 km over a large horizontal distance. Such conditions
seem far removed from what is known about continents (Yuan &
Romanowicz 2010; Lévy & Jaupart 2011). The conclusions of
Nikolaeva ef al. (2010) depend on a large number of input pa-
rameters, flow laws and initial conditions and it is worth revisiting
the mechanism invoked using a different approach. We have been
studying this mechanism independently (Lévy 2009; Lévy & Jau-
part 2009) and summarize our main results in this paper.

In this study, we aim for a simple diagnostic analysis of neces-
sary conditions for subduction initiation at a passive margin. The
interplay between key variables is made explicit through dimension-
less numbers. We focus on initial stages where crustal spreading is
the dominant process, which allows us to study a reduced physi-
cal system involving a minimum number of input parameters. We
demonstrate that a key variable is the width of the region of conti-
nental extension. We incorporate several factors that Nikolaeva et al.
(2010) did not account for, such as oceanic lithosphere that may not
be denser than the asthenosphere. In addition, we have made a series
of laboratory experiments that illustrate the bending of an elastic
plate as material spreads over it and its unbending in later phases.
We finally discuss observations that support the spreading of conti-
nental crust over oceanic basement, a process which is expected on
physical grounds but which has rarely been recognized as such in
passive margins. In recent years, a number of detailed geophysical
surveys have made it clear that passive margins may not be as pas-
sive as they were thought to be and that some of them are affected
by extension after the onset of seafloor spreading (Shillington et al.
2006; Peron-Pinvidic et al. 2007; Pallister et al. 2010). For clarity
purposes, the discussion of the relevant evidence is deferred until
the end of the paper.

The paper is organized as follows. Laboratory experiments are
described in the first part and allow some understanding of the key
processes at work. In the theoretical part, we derive the governing
equations that are required to describe crustal flow and flexure of
the oceanic lithosphere. Dimensional analysis leads to a small set of
dimensionless numbers that characterize the dynamics and the var-
ious regimes in compact form. We then obtain numerical solutions
and investigate requirements for the passive-to-active transition at
a continental margin. We review evidence for extension at conti-
nental margins and emplacement of continental crust over oceanic
basement. We discuss the implications of our model for both the
initiation of subduction and the dynamics of passive margins.

2 LABORATORY EXPERIMENTS

In the laboratory experiments and theory that are described in this
paper, continental crust spreads over an oceanic plate, which be-
haves elastically. This marked contrast in deformation behaviour
is due to the large differences of driving force and deformation
amplitude that exist: The oceanic lithosphere bends slowly over
small vertical distances, whereas large topography gradients drive
continental crust extension over long horizontal distances. Such be-
haviour can be observed in the elaborate numerical calculations of
Nikolaeva et al. (2010), which account for the full range of rheolog-
ical behaviours. We use a viscous rheology to describe the spreading
of continental crust but show that it does not limit the validity of
the model. We have also sought observations that support the basic
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Table 1. Properties of materials used in the labora-
tory experiments.

PVC elastic sheets

v Poisson’s ratio 0.4 -
E Young’s modulus 1.23 GPa
p  Density 1293 kgm™3
hy Thickness 300 and 690 m
w Width 19t0 19.8 cm
L Length 52to0 58 cm
Natrosol and salt solutions
p12  Density 1003-1309  kgm™3

n2  Viscosity 0.1-175 Pas

tenets of the mechanism proposed for subduction initiation. On the
one hand, it is known that bending of the oceanic lithosphere at
subduction zones can indeed be accounted for by an elastic model,
as demonstrated convincingly by Levitt & Sandwell (1995). On the
other hand, evidence for the spreading of continental crust over
oceanic basement is difficult to find in the literature because it has
rarely been sought. We, thus, devote part of the discussion section
to several salient features of continental margins.

The purpose of the laboratory experiments is to illustrate a few
features of the mechanism proposed for the initiation of subduc-
tion. At the start of an experiment, an elastic plate is resting on a
viscous fluid, with one edge clamped and the three others free. This
represents the oceanic plate that lies next to a continental domain
made of a buoyant fluid layer lying on the same lower fluid than
in the oceanic domain. The plate gets overridden by the buoyant
fluid and gets deflected downwards. The plate may eventually be
pushed into the lower fluid, so that it is subjected to a buoyancy force
whose sign and magnitude depend on the density contrast. In the
experiments, the plate is denser than the lower fluid and, hence, may
sink under its own weight in a situation analogous to subduction.
We shall show later, however, that a dense plate does not always
get submerged in the lower fluid and that a buoyant plate may do
so in some cases. Thus, subduction requires specific conditions that

Subduction initiation 781

are more involved than restrictions on the sign and magnitude of
oceanic plate buoyancy.

2.1 Experimental set-up

To model the elastic oceanic lithosphere, we used thin polyvinyl
chloride (PVC) sheets allowing deformations that can be observed
and measured at the scale of the laboratory. We worked with two
thicknesses (300 and 700 p«m) and, hence, two rigidities. Continen-
tal crust and mantle were represented as viscous fluids. We used
aqueous solutions of salt and a cellulose compound called Natrosol
(Tait & Jaupart 1989), which set the density and viscosity of the
fluids, respectively. We were able to vary independently these two
physical properties and investigate a large range of conditions. The
physical properties of both the elastic plates and the viscous fluids
were measured in our laboratory (see Table 1).

We report on three different sets of experiments using the basic
set-up illustrated in Fig. 1. In the first set, a fixed volume of fluid
is released at the edge of the plate. Thus, a constant volume of
buoyant fluid spreads over the plate so that the same total mass
gets distributed over an increasing distance as time increases. In
the second set, the buoyant fluid overriding the oceanic plate is fed
from the adjacent continental domain and its volume increases with
time. The third set of experiments is aimed at the behaviour of a
two-layer crust.

2.2 Spreading of a constant volume of fluid

At time ¢ = 0, a constant volume of buoyant fluid is poured on the
edge of the plate from an adjacent reservoir. As shown in Fig. 2,
the upper, buoyant, fluid initially spreads over the plate and bends
it downwards until the lower fluid begins to submerge the plate. We
follow the behaviour of the plate and of the fluid by tracking the
depth of plate tip and the leading edges of the upper and lower fluids
as they spread horizontally (Fig. 3).

Three phases are observed. The volume of buoyant fluid released
on the plate acts as an end load which initially induces a large
downward deflection. In the second phase, as the buoyant fluid

Natrosol 1

" |PVC plate (elastic Iithosphere)l

(continental crust)

Figure 1. Experimental set-up for laboratory experiments. Two different working fluids with different physical properties and elastic sheets of known properties
are used. In one set of experiments (Section 2.2), a slightly different set-up is used. A fixed volume of buoyant fluid is released at one end of the plate and
spreads over the plate. In a second set of experiments (Section 2.3), using the set-up shown here, a lock initially separates an oceanic-like domain with an
elastic plate resting on dense red fluid and a continental-like domain with buoyant viscous yellow fluid on top of the same red fluid. The lock is lifted at time =
0, allowing the buoyant fluid to undergo extension in the continental domain and spread over the elastic plate. The tip of the plate has a thick front to prevent
leakage of small amounts of buoyant yellow fluid below the plate in the first few seconds of an experiment. In nature, the oceanic plate is thick and does not

allow such leakage.

© 2011 The Authors, GJI, 188, 779-797
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Figure 2. Experiment with a fixed volume of buoyant fluid released on the elastic plate. The dashed black line delineates the elastic plate. Arrows indicate
the direction of motion of plate tip. These three photographs illustrate three different phases for plate flexure: rapid sinking due to loading (phase A), uplift
as the load spreads over a large distance (phase B) and slow sinking due to the negative buoyancy of the plate (phase C). Fluid properties are as follows:
p1=1006kg m3, pp=1022 kgm’3, n1=17.06 Pas and 1, =2.45Pas. The plate is 300 um thick.

spreads over an increasing distance, the plate unbends and its tip
comes back up. This uplift is an elastic response to the changing
distribution of a load of constant volume and we shall see that
this is an important phenomenon. Finally, the plate is overthrust
by the lower fluid and, once it is pushed into this fluid over some
threshold length, sinks under its own weight. In these experiments,
self-sustaining subduction only occurs in a late phase, and the initial
phases are entirely controlled by the upper fluid, such that the plate
responds passively to an evolving load. These experiments also
illustrate that the amount of upper fluid that is available is a key
parameter.

2.3 Spreading of buoyant fluid fed from an adjacent region

In these experiments, the oceanic and continental domains are ini-
tially separated by a lock (Fig. 1). On the left, the plate is on top of
the lower fluid, as in the previous experiment. On the right, there is
a layered system with a layer of buoyant fluid resting on lower fluid.
Hydrostatic equilibrium between the two compartments implies that
the top of the buoyant fluid lies at a higher elevation than the plate.
At time ¢t = 0, the lock is opened and the buoyant fluid spreads
onto the plate due to gravity. One typical experiment is illustrated in
Fig. 4. As extension proceeds in the continental domain, the volume
of fluid that spreads over the elastic plate increases, which pushes to
plate tip deeper into the lower fluid. In this experiment, lower fluid
eventually overthrusts the plate, which then sinks under its own
weight. As discussed in the introduction, self-sustaining subduction
requires that the oceanic plate gets submerged in mantle material
over a finite depth interval. This can be achieved in two different
ways, by pushing the oceanic plate into the mantle or by raising the
mantle over the plate. Both are driven by crustal extension: the for-
mer is due to the spreading of continental crust, whereas the latter
is a consequence of crustal thinning.

The experiment shown in Fig. 4 was used to assess the validity of
the quantitative physical model that is developed in the following
section.

2.4 A stratified continental domain with two buoyant
layers

The experimental set-up is comparable to the previous one, but the
buoyant material is now made of two fluids with the most buoyant
one at the top, to mimic a stratified continental crust with different
upper and lower crustal layers. The fluid that stands for the lower
crust is less viscous and slightly denser than that for the upper
crust. Fig. 5 illustrates the time evolution of a typical experiment,

which is again characterized by bending of the elastic plate leading
to subduction. One should note that the distal end of the stretched
continental crust is made solely of upper crustal material resting on
oceanic basement.

2.5 Experimental conclusions

These experiments show that elastic deformation of the plate may
be responsible for unexpected behaviour, such as an initial phase of
subsidence followed by one of uplift as crustal spreading proceeds
over an increasing distance. They all lead to the sinking of the elastic
plate in the lower fluid under its own weight for the limited range
of parameter values that could be investigated in the laboratory. We
now investigate the full range of behaviours using theory.

3 GOVERNING EQUATIONS

3.1 Model set-up

The basic set-up is that of Fig. 6. The oceanic plate is modelled as an
elastic plate resting over viscous mantle. It lies next to a continental
domain with continental crust of thickness H . In the continent,

Ay B . C
0 . . . . f .
14 L
;_l -34 L
-4 L
-5 i

0O 20 40 60 80 100 120

Time (min)
Figure 3. Measurements of flexure and spreading for the fixed-volume
experiment of Fig. 2. Depth of the plate tip (bottom panel), and positions
of the continental (top panel, dashed line) and mantle (top panel, solid line)

fronts as shown as a function of time. Labels A, B and C correspond to the
three photographs of Fig. 2.
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Figure 4. Experiment where crust-like fluid undergoes extension in the continental domain and spreads over the adjacent elastic plate. The plate is delineated
by the dashed line. Only one phase of flexure is observed in this experiment, with the plate sinking continuously. The parameter values of the fluids are
p1=1000kgm=3, p=1180kgm™3, n; =5.23 Pas and 1, =3.98 Pas. The plate is 300 zum thick.

extension occurs over a finite horizontal distance X;. This distance
is dictated by either the width of the continent or the size of the
thermally weakened region at the continental edge. Weakening may
be due to tectonic and magmatic activity that went on before the
onset of seafloor spreading or to a deep thermal perturbation, such
as amantle plume. We shall show that, X, is an important parameter
and, hence, shall vary it within a large range.

We have aimed our physical set-up at a few key features and at
the minimum number of parameters. We did not reach for a compre-
hensive model because it would involve many physical properties
and variables that remain poorly constrained. As regards mantle
rheology, for instance, not only is the creep mechanism debated but
the water content and the various parameters in the creep laws are
only known within large uncertainty ranges (Korenaga & Karato
2008). Even if these parameters were known perfectly, one would
still need to specify the absolute potential temperature of the Earth’s
mantle, which is not determined to better than about +50 °C. This
leads to one order of magnitude uncertainty on mantle viscosity.
By focusing on the initial stages of crustal spreading, we can dis-
pense with specifying the mantle rheology. As shown by the experi-
ments, initial stages involve crustal thinning in the continent, crustal
spreading over oceanic basement and plate flexure due to loading.
The asthenosphere beneath the oceanic and continental domains
does deform and flow in response to these processes, but it does
so over large vertical distances, so that the stresses involved can be
neglected in the momentum balance. In essence, the asthenosphere

© 2011 The Authors, GJI, 188, 779-797
Geophysical Journal International © 2011 RAS

responds passively to the slow superficial changes that are brought
by the spreading crust. In later stages, the oceanic plate may get
overridden by mantle, which heralds the beginning of subduction.
In this configuration, a thin mantle wedge spreads on top of the
oceanic plate and the stresses associated with this mantle flow are
no longer negligible. We, therefore, do not deal with this. We de-
fine subduction to be such that the oceanic plate gets submerged in
mantle material, so that buoyancy effects within the mantle enter
the force balance on the oceanic plate. This definition allows an un-
ambiguous separation between subduction and no subduction. That
the oceanic plate begins to get submerged by mantle material does
not guarantee self-sustaining subduction, as discussed above, but it
is a pre-requisite. We return to this question later.

Crustal rheologies and temperatures are other grey areas of geo-
logical knowledge, with additional difficulties due to the large lateral
variations of thermal structure that are associated with changes of
radiogenic heat production (Lévy & Jaupart 2011). We discuss the
impact of crustal rheology on the model results in the discussion
section. We show that the crustal rheology only sets the timescale
for the spreading and, hence, can be factored in easily.

As will be shown below, even when it is reduced to a few essen-
tials, our model involves a large number of variables and physical
properties. To illustrate the collective impact of the most impor-
tant parameters and to evaluate the combinations that are most
favourable to subduction, we have extracted the relevant dimen-
sionless numbers out of the governing equations.
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oceanic plate

continent
lower crust

time

10s

Figure 5. Experiment with two buoyant fluid layers mimicking upper and lower crust. Note that the lower liquid (analogous to the lower crust) does not
spread over a large distance and is missing from the distal region. The fluid properties are p1, = 1010kgm™3, p; = 1090kgm 3, pp = 1200kgm =3, 1, =
11.16 Pas, ny; = 1.67 Pas and ny = 3.66 Pas. The plate is 300 um thick.

o i p
h, i L
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0
j p.E ' o,
P, H L ’
P2
%L JAh
n+dn :
- =X
I o2 f+dt
Qs Xk L

Figure 6. Diagram showing the variables that are used for a model of crustal spreading on oceanic basement at a continental margin.

3.2 Flexure of an elastic plate differential equation,

Most geological models of elastic plate bending rely on the assump-

tion of small displacements (e.g. Turcotte & Schubert 1982). The d? Ddzw Fdzw —0 |
vertical deflection of the plate, w, is the solution of a fourth-order ez \ 7 dx2 + P q(x) =0, M

© 2011 The Authors, GJI, 188, 779-797
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w (cm)

-151 * -

-201[-=-=- small-displacement approximation] .
—— large-displacement solution B

* experimental data

0 5 10 15 20
x (cm)

Figure 7. Flexure of an elastic plate bent under its own weight. The plate properties are L = 20 cm, %, = 300 um, p = 1296 kg m3, E=12GPaand v =
0.4. Stars indicate measurements made with a laser positioning device. Theoretical predictions made with the small-displacement approximation (dashed line)
and with beam equations for large deflections (continuous line) are shown. The small-displacement solution overestimates the vertical deflection and the plate
length. Furthermore, it does not allow for the opening of a gap at the tip of the downgoing plate.

where x is the horizontal coordinate, D is the flexural rigidity of the
plate, F is a horizontal force per unit thickness applied at the edge
of the plate and ¢(x) is a vertical downward normal stress. For our
present purposes, this model is not appropriate. To illustrate why,
we compared the solution for a plate bending under its own weight
in air with experimental measurements. In this case, no horizontal
force is applied to the plate (F = 0), and the vertical load is the
weight of the plate,

q(x) = —pgh,, )

where p is the plate density, 4, is the plate thickness and g is
the acceleration of gravity. The boundary conditions are w = 0
and dw/dx = 0 at the clamped edge of the plate at x = 0. No
bending moment and no stress are applied at the free tip of the
plate located at x = L, so that we specify that d*>w/dx*> = 0 and
d3w/dx® = 0 there. We obtained solutions for the PVC sheets of
our experiments. Fig. 7 shows the calculated and measured deflec-
tions for a 20-cm-long plate. The solution clearly overestimates the
deflection. Moreover, as the free tip of the plate is supposed to re-
main at a fixed horizontal distance equal to L from the clamped
edge, this theory implies an unrealistic increase of plate length and
does not allow for the opening of a large gap at that end. Both
are important factors in our problem and must be accounted for
(Fig. 4).

We use beam theory for the finite amplitude flexure of an elastic
plate and use local coordinates along the deformed plate: curvilinear
abscissa s along the plate and deflection angle o, defined as the
angle between the horizontal and the tangent vector to the plate 7
(see Fig. 8). The force and momentum balances lead to a system
of four differential equations [see Timoshenko & Young (1945),
pp. 424-427],

© 2011 The Authors, GJI, 188, 779-797
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w(S) -

w(s+ds)

Figure 8. Definition of the variables involved in the beam equations for
flexure with large displacements.

dp do .

i 1:5 —pgsinw

dr da

a = —pa —pg cosa

da 127 ’ ®)
ds? hf, A

dw .

il sin o

where p is the mean axial stress (i.e. stress oriented along vector 7,
averaged over the plate thickness) and 7 is the mean shearing stress
(i.e. oriented along the normal vector 7, averaged over the plate
thickness; see Fig. 8). 4 is an elastic coefficient defined as,

(1-v)
(1= 2v)(1 +v)

where v is Poisson’s ratio and E is Young’s modulus.
The boundary conditions are w = 0 and @ = 0 at s = 0, and

’
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da/ds = 0 (no moment applied), t = 0 and p = 0 at s = L. The
solution obtained for the same sheet as before is shown on Fig. 7.
Unlike the small-displacement solution, the numerical results fit the
experimental data very well. Perfect agreement could be achieved
with a slight modification of either the density or the elastic coeffi-
cient for PVC within bounds of uncertainty. Note the large gap that
opens up at the end of the plate, which plays an important role in
the process of crustal spreading and thinning.

3.3 Spreading of a viscous fluid

Continental crust is extremely heterogeneous so that it is difficult
to derive its rheological behaviour from laboratory data on indi-
vidual rock types. Large-scale deformation proceeds through two
different mechanisms. In the upper crust, deformation is distributed
over fault arrays and involves block structures (King ef al. 1994;
Thatcher 1995). This can be accounted for in active regions, where
the main faults have been mapped and kinematics are well un-
derstood. Deeper crustal levels deform continuously, which allows
implementation of dynamic models where the deformation rate is
solved for as a function of the driving forces involved. Using the
approximation of a deforming continuum, which is either viscous
or plastic for the whole crust has met with considerable success and
will be employed here (Bird & Piper 1980; England & McKenzie
1982; Sonder & England 1986). For our present purposes, the exact
rheology is not critical because we focus on the elastic behaviour
of the oceanic plate. The rheology determines the timescale and
geometrical characteristics of the spreading. As regards time, we
shall show that the effective viscosity of the crust only serves to
set the timescale and shall review the relevant constraints in the
discussion section. Geometrical aspects, such as lateral thickness
variations of the crust that spreads over the elastic plate, only play a
minor role. For instance, modelling the crust as a granular medium
would lead to a triangular-shaped leading edge and we have verified
that a triangular load has the same influence on plate behaviour as
a viscous gravity current with a rounded tip. We, therefore, adopt
a bulk viscous rheology for the crust and describe extension and
spreading in two dimensions using Navier—Stokes equations. For
crust extending over a laterally extensive region, it is appropriate to
use the lubrication approximation for crustal flow (McKenzie et al.
2000),

0P _ 9%u

ax Moz @
P ’

E = —0g

where z is vertical coordinate, P is pressure, u is horizontal velocity,
1 is the fluid viscosity and p; is density. We also use the continuity
equation to derive an equation for crustal thickness H. The equations
were solved numerically using an implicit method. The validity of
the numerical code was assessed through a test comparison with
the spreading of a 2-D gravity current over a horizontal plane with
a constant volume. In this case, the time evolution of the fluid
thickness H is described by
%:%EOLP%) (5)
ot 3n, ox ax

Scaling analysis indicates that thickness H and leading edge position
vary as t~'/° and t'/3 respectively. We verified that the code did lead
to such scalings.

For spreading over a bent substratum with deflection w(x), eq.

(5) becomes

oh a oh
o _ g o H— ), (6)
at 3n, dx dx

with H(x, ¢) is the total thickness of fluid and A(x, 1) = H(x, 1) +
w(x), where w(x) < 0 stands for elevation above a reference level.

3.4 Coupling of elastic flexure and viscous spreading

We consider an elastic plate lying over a fluid of density p, which
gets deflected by the spreading of a fluid of density p;, and vis-
cosity n1. Eq. (3), describing the flexure of a plate under its own
weight, must be modified to account for the pressures P; and P,
that are exerted at the base and top of the plate, respectively. In
a thin spreading fluid, the pressure field is locally identical to the
hydrostatic field. For the lower fluid, which extends over a very
large thickness, viscous stresses are negligible and the pressure
field can also be written in the hydrostatic approximation. The elas-
tic beam eq. (3) need only be modified in the expression for shearing
stress T,

dr do 1
5——pa—pgcosa+a(ﬂ—ﬂ)- (N

The pressure distributions at the top and bottom of the plate
change as the upper fluid spreads. We use a shooting method to
solve the plate equations. The plate flexure profile at time # is used
to calculate the spreading of the fluid between ¢ and 7 + dt, using eq.
(6). Plate flexure is then determined for the new pressure distribution
(at ¢t + dr) using eq. (7). The convergence of the solutions was
established by changing the time step in a systematic manner.

For geological cases (Fig. 6), fluids 1 and 2 correspond to conti-
nental crust and mantle, respectively. The elastic plate, which cor-
responds to the oceanic lithosphere, initially lies under a layer of
water of thickness 4, and density p,. The pressure acting on the
lower surface of the plate is, therefore,

P = pogho — p2gw + pgh,, (®)
and the pressure acting on the upper surface of the plate is,

P, = pigH for h > h,
P, =pigH + p,gth, —h) for h <h,, O]

where H is the thickness of continental crust overthrusting the plate
and £ is elevation relative to the undeflected seafloor. 4, is the
elastic thickness of the oceanic plate; #, and &, are assumed to
remain constant.

Away from the oceanic plate, the continental crust and mantle are
in hydrostatic equilibrium. There, thickness H, of the continental
crust (Fig. 6) is specified by the following equation:

H/i — P2 (hL +hp) _ Po h 14

o — h
P2 — P1 P2 — P1 P2 — P1

Iz (10)

where 4, is the elevation of the crust located beyond the plate
end. Away from the oceanic plate, crustal thinning affects a large
thickness so that viscous stresses are small compared to those in the
thinner crustal regions. This implies that lateral thickness variations
are small and allows the useful simplification that H; and A/ are
both uniform laterally.

The total volume of continental crust is conserved, which implies
the following condition on the flux ® of continental material at the
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Figure 9. Calculations of plate flexure for the parameter values of the laboratory experiment in Fig. 4. Top: initial condition for the calculation. Bottom:
plate flexure due to the spreading of the viscous fluid 9 s after the start of the experiment. Calculated displacements and fluid thicknesses are very close to the

experimental observations in Fig. 4.

continent/ocean boundary,

oh
o = _%]_ﬂi
3n ox

d (an

® = - (H (L —x)+ X},

where L — x; denotes the width of the opening that has been made
available by plate bending. H, decreases as the continental crust
spreads on the oceanic plate. At each time step, H; is determined
by the constraints of hydrostatic equilibrium (eq. 10) and volume
conservation (eq. 11).

We assessed the validity of the model equations through a com-
parison with data from the experiment of Fig. 4. Fig. 9 shows cal-
culations of plate deflection and upper fluid thickness, which can
be compared to the first experimental snapshot at the top of Fig. 4.
Over the short time span of the experiments, the initial time is ill-
defined because it is not possible to lift the lock instantaneously.
This did not allow a precise comparison between experimental data
and theory, but we did verify that the calculations reproduce the
observed characteristics and amplitude of the deformation.

3.5 Two different regimes

Figs 10 and 11 illustrate the two different behaviours that have been
obtained. To describe the solutions, we focus on three particular
variables, the location of the tip of the spreading crust, x,, the depth
of the plate tip, w,, and the depth difference between this tip and the
continental Moho, AA. For subduction to occur, the oceanic plate
must be submerged in mantle material, which implies that A% must
be negative with the sign convention adopted here. For the two cases
that are described in this section, all parameters are identical save
for the plate buoyancy, which is either positive or negative (Table 2).
Times that are indicated in Figs 10 and 11 have been obtained for a
bulk crustal viscosity of 5 x 10?° Pa s. We show later (Section 4.2)
that time scales linearly with the crustal viscosity, so that one may
easily evaluate the impact of other viscosity values.

In both calculations, we find that plate gets pushed downwards
as crustal extension proceeds. With time, spreading of the increas-

© 2011 The Authors, GJI, 188, 779-797
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ingly thin crust decelerates and the downward bending of the plate
slows down. In many cases, the plate eventually comes back up, a
behaviour which was illustrated by the first set of laboratory exper-
iments described above. Simultaneously, thinning of the adjacent
continental crust continues. A/ is the difference between the depth
of the plate tip and the base of the adjacent continental crust, such
that it is negative when the oceanic plate is submerged in the as-
thenosphere. The sign of Ak provides a straightforward criterion
to discriminate between two regimes. The first regime is such that
Ah tends to a constant positive limit noted, A%y, and is illustrated
in Fig. 10 for a buoyant oceanic plate. In this case, Ak remains
positive at all times and the plate tip never gets submerged in the
asthenosphere, implying that subduction is prevented. In the other
regime, A/ < 0 and the oceanic plate can proceed to self-sustaining
subduction. Fig. 11 shows one example of this behaviour for a neg-
atively buoyant plate. We observe that A/ becomes negative as the
plate dips below the continental crust. In this case, mantle material
overrides the oceanic plate and the negative plate buoyancy drives
further subduction, as observed in the laboratory. As stated earlier,
we do not consider time-dependent calculations beyond that point
because we focus on conditions for the initiation of subduction. The
two regimes can be conveniently separated by the simple thresh-
old of Ah; = 0. The two different regimes have been illustrated
for plates that were positively and negatively buoyant, but we shall
see that subduction can, in fact, be initiated for buoyant oceanic
lithosphere. We now investigate a large range of parameters and
properties and extract the important dimensionless numbers that
characterize the solutions.

4 CONDITIONS FOR THE INITIATION
OF SUBDUCTION ON EARTH

4.1 Geological parameter values

The large number of parameters and physical properties that are
involved in this simple physical model are recapitulated in Table 3.
Some of them are not well constrained and dimensional analysis is
useful in providing general results that can be applied to a large range
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Figure 10. Calculations of margin evolution with the parameter values listed in Table 2. Top left: location of the leading edge of spreading crust as a function
of time. Bottom left: depth of the plate tip (w;) and depth difference between the plate tip and the base of the continental crust (A/) as a function of time. Red
dots mark times corresponding to profiles shown on the right-hand side figures. The plate tip never sinks below the continental crust (A/ remains positive):
the plate never gets submerged in mantle material and no subduction can occur. Right: plate flexure as three different times showing that subduction does not

occur.

of parameter values. For example, as mentioned earlier, the density
contrast between oceanic lithosphere and asthenosphere cannot be
measured directly and is calculated using thermodynamic models
for melt depletion and physical properties for a large number of min-
eral phases. Results rely on the assumption of thermodynamic equi-
librium as well as on an assumed water content in the upper mantle
and, hence, cannot be taken as perfectly exact. We, therefore, allow
for both positively and negatively buoyant oceanic lithospheres. The
intrinsic density contrast due to melt depletion in mantle rocks can-
not exceed 50kgm™3, a value which is only achieved in Archean
continental lithosphere (Poudjom Djomani et al. 2001; Schutt &
Lesher 2006). The oceanic plate density increases as the plate cools
down and thickens, but we consider plate buoyancy and flexural
rigidity as two independent parameters for clarity purposes.

Viscosities in the 10'8-10%2 Pas range are used to describe the
bulk continental crust (e.g. Block & Royden 1990; Kruse et al.
1991; Kaufman & Royden 1994; McKenzie et al. 2000; Peltier
& Drummond 2008). We will show that this viscosity only sets the
timescale of the process and does not affect the loading and bending
of the plate, that is, whether subduction can be initiated or not. It
is, therefore, not crucial to specify this viscosity precisely and a
straightforward scaling procedure allows one to evaluate the impact
of other viscosity values.

Values for the initial thickness of continental crust, H; , and for
the size of the extension zone, X, are taken within rather large
ranges. At passive margins, crustal thickness varies laterally with
distance to the ocean—continent boundary. These variations may be
attributed, in part, to rifting processes before ocean opening and, in
part, to later phases of crustal spreading driven by topography, as
studied here. This may be ascertained by considering an ocean basin
in the making, such as the Red Sea, for example (Al-Damegh et al.
2005). There, one observes that the magnitude of extension in the
young margins is about half as large as those of the older passive
margins of the Atlantic Ocean. Thus, the initial crustal thickness
H;, may be close to the value estimated in stable regions, that
is, between 35 and 45 km (Christensen & Mooney 1995; Mooney
et al. 1998). The width of the extension zone, X, depends on ther-
mal events that were active before seafloor spreading and may vary
amongst geological provinces. We use seismic studies of existing
passive margins to set the range of values for this important param-
eter. For instance, the thickness of the continental crust decreases
from 35 km to essentially zero over a distance of about 500 km in
the Norwegian margin (Scheck-Wenderoth et al. 2007). In other
regions, continental crust is stretched over smaller distances, for
instance over about 180 km in the Nova Scotia margin (Funck et al.
2004).
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Figure 11. Same as Fig. 10, but for a different plate density (Table 2). The elastic plate eventually sinks below the continental crust and subduction occurs.
Curves are shown in thin lines once the plate tip reaches into the mantle, because the overthrusting of the plate by mantle material is not modelled accurately.

Table 2. Parameter values and A/, for the two examples shown in Figs 10 and 11.

v P L E hp 8 p n X, L Hi ° Pl P2 Ahf
() (kgm™)  (km) (GPa) (km) (km) (Pas) (km) (km) (kgm™) (kgm™’) (km)
Fig. 10 0.25 3000 800 30 30 81 5.10%0 75 42 2700 3300 13
Fig. 11 3350 - - - - - - - - - -4
4.2 Dimensional analysis Table 3. Parameters involved in the calculations
. . o . and ranges of values for geological cases.
To identify the combinations of parameters that control the margin
and plate behaviours, we proceed with a dimensional analysis and Mantle
write all the equations in dimensionless form: p2  Density ~3300kgm™3

. . . Oceanic lithosphere
(i) equations for elastic flexure (eq. 7), P

220z Aseniged zz uo uesn OLSI - SYND Aq 6/+689/6..2/€/881 /81004 /B/

(ii) the momentum equation for crustal spreading (eq. 6), p  Density 3250-3350kgm™>?
(iii) the conservation of the total volume of continental crust (eq. L Le?gth ) 0-1000km
10) v Poisson’s ratio 0.23-0.33
i . s E  Young’s modulus 50-100 GPa
(iv) hydrostatic equilibrium (eq. 11). hy  Elastic thickness 5_70 km
Plate bending is achieved over horizontal distances that depend Continental crust
on the flexural parameter, §,, which has the dimensions of length o1 Density 2700-2900 kgm 3
and provides the relevant length-scale, nm  Viscosity 10%°-10%? Pas
Hj,  Thickness 35-40km
1 Xr Thinning width 100-? km
A h3 3
8, = 2 R (12) )
Apg 02 — po). We deduce from the flexure equations a stress scale [t],
h2
. o [t]=A-L. (13)
where Ap is the density difference between plate and water (Ap = 52
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The dimensionless equations for plate flexure are thus,

vt _ T* o _ P hy sinw
ds* ds*  Apé,
dr* Jdo p ok, 5,
= “an s, cos & +E (P —P))
, , (14)
d
ds*“z = 1
dw* .
= sina
dS*

where asterisks indicate dimensionless variables.

To describe the loading of the plate in dimensionless form (eqs
8 and 9), we scale the plate deflection, w, and crustal thickness,
H, with the initial crustal thickness, H; . We obtain the following
equations for pressure:

P*—P*Zhl L hl _Hiow*_pl_p”iir)[_]*
! Ap )

“g, 8, 3, Ap 3B, 15)
in the oceanic domain (4, > h;) and
hy [ po (R h
5[) Ap 81, A,O 81}
P2 Hyy o o1 Hip o
— 2 Prog L Pho x| (16)
Ap 6, Ap 6,

in the continental domain (4, < A;).
Timescale [¢] is deduced from the crustal spreading equation:

3,82
[ = 20 (17)
,gH,
and the differential equation for crustal thickness H becomes
dH* d an*
= H3—|. (18)
ar* ax* ax*
The other equations are
an* X, dH
H*37 — 71‘ L , (19)
ox* 8, dt*
and
- h 2 0 ho
HY = P2 (h’;+p2 phy b ) 20)
P2 — P1 e, Hp, 0, Hj,

We note that the initial continental elevation does not appear explic-
itly because it is set by the crustal thickness.

h, = pz_lei—i—p_pz

02 02
We also note that the bulk continental viscosity only appears through
timescale [f] and does not enter the dimensionless equations. We
have verified that, with all other parameters fixed, Ahjv stabilizes at
the same value regardless of the chosen crustal viscosity.

Allin all, 10 dimensionless numbers appear in this large set of eqs
(14)—(20), including a host of density ratios and their differences.
Fortunately, most of them are not important because they do not af-
fect the quantitative results significantly when they are varied within
their respective ranges. As regards density, for instance, only differ-
ences are significant and likely to change by significant amounts.
The densities of continental crust, water or sublithospheric mantle
cannot deviate much from the chosen values. In the end, we find
that only three dimensionless numbers are truly important: the di-
mensionless plate buoyancy, (02 — p)/p2, a thickness ratio, 4,/ Hj
and a width ratio, X;/§,,.

hy+ 20, 21)
P2

We have seen that the two regimes for the oceanic plate can be
characterized by the value of Ak, which is the depth difference
between the plate tip and the base of the continental crust. In di-
mensionless form, this depth difference can be written as a function
of the three key numbers,

Ah; —p h, X
Ly :f<ﬂz p M ,7L>. (22)
HL() P2 HLo Sﬂ

For the parameter values and physical properties that have been
discussed earlier, appropriate ranges for the three important dimen-
sionless numbers are as follows:

—0015 < 272 - o015
P2
0.125 < . < 1.75
: = 7 = I (23)
X
T < 10

V4

We discuss the influence of each one of them in the following
section.

4.3 Three dimensionless numbers governing oceanic plate
behaviour

4.3.1 Dimensionless plate buoyancy, (p, — p)/p2

The influence of this dimensionless number on plate behaviour is
quite obvious: the denser the plate is, the easier subduction is. We
find that final position of the plate tip, which is measured by the
value of Ah’, increases linearly with plate buoyancy. Two sets of
results with the same value of the thickness ratio, /,/H; , and
two different values of the distance ratio, X;/5,, are illustrated in
Fig. 12. For a large distance ratio of 4.32, subduction initiation is
predicted only for density ratios that smaller than —0.024, that is,

— — hyIH =071, X /5, = 4.32
0.2 {|= = hy |, =0.71, %/, = 1.67 -t
[
| //
-
| -
| -
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0.11 ‘ - i
. L -
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Ul S 2ot et e
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Figure 12. Limit value (dimensionless) reached by A#, the depth difference
between the plate tip and the base of the continental crust, as a function
of dimensionless plate buoyancy. For the sign convention adopted in the
calculations, Ah becomes negative when the plate tip reaches into the mantle.
Thus, subduction does not occur if Ak tends to a positive limit value.
These results show that negative plate buoyancy enhances the likelihood
of subduction, as expected. Note, however, that subduction of negatively
buoyant plates is prevented in some cases. Furthermore, buoyant plates can
be thrust below continental crust in some other cases.
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Figure 13. Limit value reached by dimensionless depth difference A/ as a
function of thickness ratio %, /H ,. Subduction requires that A% becomes
negative (such that the plate tip sinks below the continental crust). A thick
plate or a thin continental crust are favourable to subduction.

for oceanic lithosphere that is at least 80 kgm~ denser than the
underlying mantle. For a smaller distance ratio of 1.67, subduction
can occur even for a buoyant plate [for (o, — p)/p, < +0.014].
In this case, however, self-sustaining subduction will proceed only
if the plate is forced to a depth that allows metamorphic reactions
within the oceanic crust. These calculations show that the density
of oceanic lithosphere may, in fact, not be an important control on
subduction.

4.3.2 Thickness ratio, h,/H|,

This number affects the depth that can be reached by the plate
tip. For a small plate thickness, loading does not induce flexure
over a large lateral distance and the force balance in distal regions
reduces to a hydrostatic equilibrium with buoyant crustal material
over oceanic basement. In this case, the plate is flat away from the
spreading crust and its tip lies at a depth which is dictated by the
thickness of crustal material that has spread over it. In contrast, a
thick elastic plate gets bent over a large lateral distance, which acts
to push the tip to large depths. The thickness ratio also involves the
initial crustal thickness. What matters here is not the magnitude of
the crustal load on the oceanic plate, but the depth that the plate tip
must reach to be submerged in mantle material. With an initially
thin crust, and hence, a large thickness ratio, the plate does not need
to be bent strongly to reach into the mantle.

We, thus, expect that the likelihood of subduction gets enhanced
by decreasing the thickness ratio. We find indeed that the position
of the plate tip relative to the base of the crust, A4",, decreases
linearly as ,/ H] , increases (Fig. 13). In the Earth, elastic thickness
increases with age and we conclude that subduction is easier for old
lithosphere.

4.3.3 Width ratio, X /8,

The size of the continental extension region comes into play because
it affects the amount of crustal thinning that occurs due to spreading
on the oceanic plate. The width ratio scales the size of the extension
region to the flexural parameter. As for the previous dimensionless
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Figure 14. Limit value reached by dimensionless depth difference A/ as
a function of distance ratio X;/8,. Subduction requires that A/ becomes
negative (such that the plate tip sinks below the continental crust). A narrow
extension zone (small values of X} ) is favourable to subduction.

number, the ratio involves two competing effects on the depth of
the plate tip. The influence of the flexural parameter is similar to
that of the elastic thickness because the two parameters are linked
to one another (eq. 12). A thick plate and a large flexural parameter,
8,, allow large downward deflections. Even a thin plate can get
submerged in mantle material, however, if the continental extension
zone is narrow. In this case, large amounts of crustal thinning in
the continental domain act to raise continental mantle over the plate
even at small degrees of flexure.

We indeed find that, Ahj», decreases with decreasing width ratio
(Fig. 14). There is a rather sharp transition between behaviours at
small and large values of this ratio, indicating that it must be within
a restricted range for subduction to occur.

4.4 Summary: favourable conditions for the initiation of
subduction

The conditions that make subduction possible can be summarized
in two diagrams (Fig. 15). One diagram involves the dimensionless
plate buoyancy and the distance ratio, for a fixed thickness ratio.
In the other diagram, the distance ratio is fixed. These diagrams
show of course that a dense oceanic plate is more likely to subduct
than a buoyant one, but they emphasize that the properties of the
continental extension zone are also important. A thin continental
crust that extends over a small width provides a favourable setting
for subduction. The diagrams also show that, all else being equal,
a strong oceanic plate is more likely to subduct than a weak one,
which may be due to age, through its effect on elastic thickness, or
to dehydration, through its effect on elastic properties.

Finally, we show in Fig. 16 the position of the plate tip with
respect to the base of the continental crust, A#, as a function of
time for several types of passive margins (i.e. with different widths
X and initial crustal thicknesses H ). All parameters are chosen
within their geological ranges discussed above (Table 4). Given the
uncertainty on plate buoyancy, we have assumed that it is zero, such
that it does not contribute to plate bending. One sees that subduction
may start at various times and various stages of extension, and may
take more than 150 Ma.
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Figure 16. Depth difference Ak between the plate tip and the base of the
continental crust (scaled to the initial crustal thickness), as a function of
time for various cases. Subduction begins when A/ becomes negative and
occurs at different times depending on the continental margin properties.
Parameter values are given in Table 4. The width of the extension zone plays
an important role in the evolution of a continental margin.

4.5 Fate of buoyant lithosphere

We have shown that even buoyant oceanic lithosphere can be flexed
into the mantle. In this case, however, this is not sufficient for self-
sustaining subduction, which requires a phase change that increases
the density of oceanic crust. If this involves eclogitization, for ex-

Table 4. Parameter values for Fig. 16.

Mantle
p2 (kgm™?) 3300
Oceanic lithosphere
o (kgm~3) 3300
v 0.25
E (GPa) 100
Age-dependent parameters
age (Ma) 20 50 130
hy (km) 25 35 50
ho (km) 4.50 5.25 5.75
Continental crust
p1 (kgm™3) 2700
n1 (Pas) 5.10%0

100

-100 1 r

300 400 500 600 700 800
Figure 17. Calculated flexure of a buoyant plate ((p2 — p)/p2 = +0.006)
deflected by highly extended continental crust and mantle. The plate is 50 km
thick, has a Young’s Modulus of 100 GPa and is 20 kg m~ less dense than

the mantle. The thin light grey line stands for the sea surface and stretched
continental crust appears a thick black line.

ample, the minimum depth is about 40km (Peacock 2003). The
calculations presented earlier were stopped before plate submer-
sion into the mantle because this would introduce yet another set
of variables. For the purposes of evaluating conditions that are re-
quired for the plate tip to reach a certain depth, one can use simple
plate bending calculations with no time-dependent spreading, how-
ever. Fig. 17 illustrates one case where a buoyant oceanic plate has
been pushed to a depth of 45 km. The plate is 50 km thick, has a
Young’s Modulus of 100 GPa and is 20 kgm~> less dense than the
underlying mantle. The load on the plate is mostly made of mantle
with highly stretched continental crust above it.

5 DISCUSSION

Subduction initiation at passive margins has been suggested in
several cases, including the North Afghanistan platform in the
Devonian and the southern Iranian plate during the late Triassic
(Bradley 2008), but the driving mechanism has not been identi-
fied. As illustrated by our laboratory experiments and theoretical
model, spreading of continental crust on oceanic basement may do
the job. With all the parameters and rheological requirements that
are involved, however, it may not be efficient in practice and it is
important to review supporting evidence at passive margins. We
first discuss physical constraints on the feasibility of this process.
We, then, review some relevant features of passive margins, dealing
first with structural characteristics and timing of events, and then
with the late uplift that affect many margins.
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5.1 Feasibility of the mechanism for subduction initiation:
physical considerations

Feasibility depends on two factors. One is the magnitude of plate
bending that can be achieved and the other is the time that it takes
for crustal spreading to occur. As shown in this paper, one should
not focus on bending only: What really matters is that the plate
must get submerged in mantle. This can be achieved through bend-
ing, of course, but also through crustal thinning, because it reduces
the depth that the plate tip must reach. The magnitude of bending
depends on the volume of continental crust that can be set in mo-
tion, because it determines the magnitude of the load on the plate.
Increasing the width of the continental extension zone increases
the volume of crust available for spreading but it also reduces
the amount of crustal thinning that can occur. The interplay be-
tween the processes of crustal spreading and thinning is subtle and
our results show that, in the end, subduction initiation is favoured
by relatively narrow extension zones. The time taken by crustal
spreading depends on the crustal flow law for crustal rocks as well
as temperature. For a given rheological law, crustal temperatures
must be above a certain threshold for crustal spreading to be rapid
enough. According to Nikolaeva et al. (2010), the threshold Moho
temperature for a wet quartzite flow law is about 650 °C, close to
melting conditions in hydrated crustal rocks. Our approach relies
on an effective viscosity value, which lumps together the effects of
flow law parameters and temperature. Thus, instead of a threshold
temperature, we determine a threshold viscosity. With the viscosity
value chosen, 5 x 10?° Pas, crustal spreading and plate bending
proceed in a few tens of million years. The exact time taken for
subduction initiation depends on the other parameters. For this time
to be less than 200 Myr, the bulk crustal viscosity must not exceed
a value of about 2 x 10*! Pas. For reference, viscosity values that
have been proposed for lower crustal flow in intracontinental exten-
sion zones are smaller than 5 x 10"’ Pas (Block & Royden 1990;
McKenzie et al. 2000).

5.2 Crustal extension at passive margins

We rely mostly on the extensive number of surveys that have been
made on the eastern Canadian margin, including Newfoundland
and Nova Scotia, and on the conjugate Iberian and Irish margins. In
a profile perpendicular to the continental edge, these margins can
be split into three different domains. At the landward end of the
profile, one finds extended continental crust that thins away from
the continent, going from typical thicknesses of 30-35km to a few
kilometres (Funck et al. 2004). Oceanic crust lies at the other end
and is associated with well-developed linear magnetic anomalies
allowing dating of the seafloor. Between these two well-defined
units and structures, one finds transitional basement that defies sim-
ple explanations. Such basement is made of very thin (typically ~
2-3km) continental crust lying on top of serpentinized peridotite
(Shillington et al. 2006; Gerlings et al. 2011). Sediments recovered
by drilling indicate that such basement was emplaced in deep water
(Shillington et al. 2008). According to Peron-Pinvidic et al. (2007),
two major and separate phases of extension can be identified. A
first phase of extension and rifting ended at about 135 Ma with the
onset of seafloor spreading and was followed by a separate phase
around 110 Ma. Results from ODP sites suggest that transitional
basement with thin continental crust was formed around that time.
Interestingly, deep sediments of the Newfoundland margin were in-
truded by sills dated at about 100 Ma (Peron-Pinvidic et al. 2010),
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showing that the margin was active long after continental breakup.
There is no consensus on the mechanisms that are responsible for
the late extension phase. We suggest that seafloor spreading was
followed by topography-driven spreading of continental crust onto
young oceanic basement. One clue may be provided by the presence
of serpentinized mantle below the thin continental crust of transi-
tional basement (Shillington et al. 2006; Gerlings et al. 2011). In
a simple model, extension and rifting affect continental lithosphere
as a coherent unit, with continental mantle that remains beneath
continental crust. This model, however, does not explain how such
mantle got serpentinized, which requires the invasion of water from
above. Pérez-Gussinyé & Reston (2001) have suggested that this
proceeds through extension-induced faults, but it is not clear how
this can generate the laterally extensive pervasive serpentinization
that is documented by the seismic data. In our model, continen-
tal crust spreads over oceanic basement which was once in direct
contact with sea water.

The exact sequence and nature of events that have affected the
Newfoundland and Iberia margins are difficult to decipher be-
cause the evidence lies below sea level. Recent on-land observa-
tions in the Red Sea rift support the proposed scenario. There,
crustal extension and magma intrusion are currently affecting the
eastern passive margin of the rift, 200 km away from the active
oceanic ridge and 4 Myr after the onset of seafloor spreading
(Pallister et al. 2010).

5.3 Late uplift of passive margins

In the model of this paper, passive margins are not fully formed
in the initial rifting phase before ocean opening and continue to
evolve as seafloor spreading proceeds. One poorly understood be-
haviour of continental margins is uplift that occurs over a few tens of
million years with an amplitude of several hundred metres. These
uplift phases clearly post-date seafloor spreading and affect pas-
sive margins as the adjacent seafloor subsides. They are observed
all around the North Atlantic (Rohrman & van der Beek 1996;
Japsen & Chalmers 2000) as well as in the South Atlantic, on the
Angola—Congo and Brazil margins (Gallagher ef al. 1994; Lavier
et al. 2001). Several processes have been proposed but fail to ex-
plain the amplitude of the uplift. In the North Atlantic, the Iceland
hotspot has been invoked (Vagnes & Amundsen 1993; Rohrman &
van der Beek 1996; Stuevold & Eldholm 1996; Clift ef al. 1998), but
this does not generate a large-enough uplift and runs into chrono-
logical inconsistencies. Further, this accounts for neither the elon-
gated shape of the uplifted regions parallel to the coastline nor the
continuing subsidence of adjacent seafloor. The hotspot hypothesis
has also been proposed for the west African margins with similar
difficulties (Lavier et al. 2001; Séranne & Anka 2005). Alterna-
tive explanations include postglacial rebound for the North Atlantic
(Riis & Fjeldskaar 1992) and magmatic underplating (Gallagher
et al. 1994), with again poor agreement with the amount of uplift
that is observed. All these models rely on processes that are specific
to individual areas, and yet the uplift phenomenon affects almost
all the Atlantic margins. Thermal relaxation following rifting and
oceanic opening does lead to a small amount of uplift, but it is not
sufficient (Leroy et al. 2008). We now show that crustal spreading
over adjacent oceanic seafloor does lead to uplift of the margin
shoulders.

The model for crustal spreading led to equations for crustal thick-
ness and horizontal velocity, which can be used to derive an equa-
tion for the vertical velocity using the continuity equation. Denoting
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Figure 18. Time evolution of a passive margin (top), and vertical velocity
at the surface of the spreading continental crust. An upward velocity is
observed at the edge of the continental margin, whereas the adjacent oceanic
plate subsides. Parameter values are summarized in Table 5.

vertical velocity by, v, we obtain,

01g 1 0%k
w(h) = v(w) + ﬁ(h — w) [gﬁ(h —w)
1 /dh 2_ahaw
+ 5(?) % ox |’ 24)

where v(h) is vertical velocity at the top of continental crust and v(w)
is vertical velocity at z = w, that is, at the top of the oceanic plate.
The other variables have been defined in Section 3. Fig. 18 shows
the vertical velocity at the top of the crust as a function of distance
and at different times for parameter values that are listed in Table 5.
Near the continental edge, this velocity is positive, corresponding to
uplift, whereas the oceanic plate is subsiding at the same time, which
is consistent with the geological observations. The amount of uplift
depends on the volume of crustal material that undergoes extension
and can be as large as 1 km. In the particular example shown here,
uplift velocities are on the order of a few hundred metres per million
years, which is larger than observed. A slight increase of bulk crustal
viscosity would bring the rate down to observed values. A detailed
parametric study of the uplift phenomenon would be outside the
scope of this study but these results do show that crustal spreading
on adjacent seafloor leads to passive margin uplift.

5.4 Subduction in the Atlantic

We have found that a narrow continental extension region is
favourable to subduction. There are currently two active subduc-
tion zones in the Atlantic, in the Caribbean and the Scotia-South

Sandwich regions (Fig. 19). Both are located where the adjacent
continent is narrow and some features of the South Sandwich sub-
duction are worth recalling. The Scotia Sea is surrounded by conti-
nental fragments that have undergone extension and that were part
of a continuous connection between South America and the Antarc-
tica Peninsula 40 Ma (Barker 2001). Subduction, which began at
about that time, was thus initiated next to a thin continental bridge.
Another interesting feature is that the trench has been retreating
towards the east over the whole 40 Ma interval (Barker 2001). This
has been attributed to subduction roll-back due to the increasing
flexure of the oceanic plate sinking under is own weight (Royden
& Husson 2006). This mechanism, however, cannot be invoked in
early stages of subduction because it requires a plate that has already
been thrust over at least 150 km into the mantle (McKenzie 1977).
In our model, trench retreat is automatically induced even when the
oceanic plate has not started to subduct in earnest (Fig. 4). It is not
the oceanic plate that retreats but continental crust that overrides
oceanic basement and displaces the trench location.

The other Atlantic subduction zone, which occurs beneath the
Caribbean, shares many characteristics with the South Sandwich
one. Both are comparable in form and dimension and are sur-
rounded by continental fragments (Barker 2001; James 2009a).
James (2009b) has suggested that the Caribbean plate is made of
highly stretched continental crust lying below a basaltic layer result-
ing from extension-induced decompression melting. Interestingly,
parts of the Caribbean basement are made of serpentinized mantle.
A definitive test of the mechanism proposed could well be provided
by detailed geophysical surveys of the Atlantic subduction zones
and their margins.

6 CONCLUSIONS

Recent studies have suggested that oceanic lithosphere may never
become denser than the underlying mantle (Hynes 2005; Afonso
et al. 2007). Should this conclusion hold, it would make it very
clear that subduction is not due to an intrinsic property of oceanic
lithosphere and requires an external process. Subduction could only
develop if the plate gets pushed into the mantle at depths that are
sufficiently large for metamorphic reactions to kick in and change
its buoyancy.

We have studied how continental extension at a passive margin
can induce flexure of the oceanic plate. We show that this mecha-
nism depends on the properties of both the oceanic lithosphere and
adjacent continental crust, and draw attention to the width of the
crustal extension zone. Subduction is easier for an old oceanic plate,
that is, with a high average density and a large elastic thickness. A
minimum rigidity is required for the plate to be flexed to sufficiently
large depths into the mantle. An initially thin continental crust de-
forming over a region of limited width favours subduction. The
size of the crustal extension region may well be the key parameter
controlling the location of the first subduction zone at the margin
of a new ocean. This size is determined by thermal processes that
operated before the onset of seafloor spreading, which may involve
hotspot activity. As a consequence, subduction may start at different
ages in the same ocean basin.

Our study suggests that passive margins continue to evolve in
important ways after the onset of seafloor spreading and draws
attention to late uplift phases that have affected many of them. It is
becoming increasingly clear that passive margins are not as passive
as they were once thought to be and that post-breakup processes
deserve further study.
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Table 5. Main parameter values and dimensionless numbers for Fig. 18, showing margin uplift.

E(GPa)  h, (km) 3§, (km)

p(kgm™) 7 (Pas)

Xy (km) Hj, (km) h,/H], ~Xp/5, L

P2

100 25 95 3300 5.10%!

600 35 0.7 6.3 0.0

Figure 19. The two active subductions of the Atlantic ocean (thick red lines). Zones of widespread extension with scattered continental blocks are encased in

white frames.
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