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[1] Results of fluid dynamical experiments are presented to model the kinematics of
lithospheric subduction in the upper mantle. The experiments model a dense high-
viscosity plate (subducting lithosphere) overlying a less dense low-viscosity layer (upper
mantle). The overriding lithosphere is not incorporated. Several important features of
slab behavior were investigated including the temporal variability of hinge line migration,
the kinematic behavior of the slab and the subduction-induced upper mantle flow.

Both fixed and free trailing edge boundary conditions of the subducting plate were
investigated. Results show that hinge line retreat is a natural consequence of subduction of
a negatively buoyant slab. The migration rate increases until the slab approaches the
upper-lower mantle discontinuity, resulting in a decrease in migration rate followed by a
renewed increase and finally approaching a steady state. Slab retreat results in mantle flow,
with material initially located underneath the slab flowing around the lateral slab edges
toward the mantle wedge. Experimental results indicate that all rollback-induced flow
occurs around the lateral slab edges, forcing the hinge line to attain a convex shape toward
the direction of retreat. No signs for poloidal flow underneath the slab tip have been detected.
Only a small component of toroidal-type flow was observed underneath slanting slab

tips. For a fixed trailing edge, the slab does not sink vertically downward, but sinks at an angle
in a regressive manner. For a free trailing edge, slab sinking is oriented more vertically
while the surface part of the subducting plate is pulled into the subduction zone.  INDEX
TERMS: 8120 Tectonophysics: Dynamics of lithosphere and mantle—general; 8122 Tectonophysics: Dynamics,
gravity and tectonics; 8121 Tectonophysics: Dynamics, convection currents and mantle plumes; 8150
Tectonophysics: Plate boundary—general (3040); 8155 Tectonophysics: Plate motions—general; KEYWORDS:

subduction, slab rollback, mantle flow
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1. Introduction

[2] Wadati-Benioff zones and high seismic velocity zones
in the Earth’s interior indicate that oceanic lithosphere sinks
into the mantle, attaining a wide variety of shapes. Focal
mechanism data indicate that several slabs continue down to
the upper-lower mantle boundary at ~670 km [Isacks et al.,
1968]. Tomographic data support this and also reveal that
slabs may be horizontally draped over this discontinuity or
penetrate even further into the lower mantle [Spakman et
al., 1988; van der Hilst et al., 1991; van der Hilst and Seno,
1993; Lucente et al., 1999; Widiyantoro et al., 1999; Wortel
and Spakman, 2000; Fukao et al., 2001].

[3] Geological and Geophysical data suggest that sub-
ducting slabs not only move in a downdip slab-parallel
direction (e.g., winglike sliding model [Jacoby, 1973]), but
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also in a slab-perpendicular backward direction, as has
first been suggested by Elsasser [1971]. Such a slab-
perpendicular backward component would result in regres-
sive (oceanward) hinge line migration of the subducting
lithosphere (i.e., slab rollback). Regressive motion could
then result in extension in the overriding plate (i.e., backarc
extension) due to collapse of the overriding plate toward the
retreating hinge line [Elsasser, 1971; Molnar and Atwater,
1978; Lonergan and White, 1997; Schellart et al., 2003].
Thus backarc extension seems to be a direct consequence of
slab rollback. It should be emphasized though that when the
overriding plate is moving toward the trench and is actively
pushes the subducting plate hinge backward (i.e., in the case
of the South American plate and the Nazca plate), this
results in an increase in seismic coupling between the
overriding and subducting plate and induces backarc com-
pression [Uyeda and Kanamori, 1979; Conrad et al., 2004].

[4] As evidenced by the episodic opening of backarc
basins [Faccenna et al., 2001a, 2001b] and the wide variety
in shapes (from roughly symmetrical to highly asymmetri-
cal) of arc and backarc systems [Schellart et al., 2002a,
2002b, 2002¢], it is clear that slab rollback is a transient
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Figure 1. Configuration of the modeling apparatus and experimental setup for two different boundary
conditions at the trailing edge of the plate, with (a) fixed trailing edge and (b) free trailing edge. For all
experiments, a plate of silicone putty, representing oceanic lithosphere, is resting on top of glucose syrup,
representing the sublithospheric upper mantle, down to the bottom of the box, representing the 670 km
discontinuity. During an experiment, the first part (~2 cm) of the tip of the silicone plate is depressed at
an angle of 15°-30° into the glucose syrup to initiate a subduction instability.

three-dimensional process with significant trench-parallel
variations in retreat velocity. This concept is supported by
GPS data for several arcs, such as the Tonga arc and New
Hebrides arc, indicating a variation in migration rate along
the arc [e.g., Bevis et al., 1995; Taylor et al., 1995].

[s] The process of subduction and slab retreat has been
investigated with numerical and analogue models previously.
In most of the numerical models, slab retreat was externally
imposed as a boundary condition [Garfunkel et al., 1986;
Christensen, 1996; Houseman and Gubbins, 1997; Olbertz
et al., 1997; Buiter et al., 2001; Cizkova et al., 2002] and
therefore the self-consistent dynamical behavior could not
be investigated. Furthermore, the experiments were two-
dimensional, therefore excluding trench-parallel flow around
slab edges to accommodate for slab retreat, which is
supposed to account for a significant part of slab-induced
mantle flow [Dvorkin et al., 1993]. Analogue experiments
simulating subduction, however, were executed in three
dimensions and the retreat was either imposed [Guillou-
Frottier et al., 1995; Griffiths et al., 1995] or allowed to
evolve naturally [Jacoby, 1973, 1976; Kincaid and Olson,
1987; Becker et al., 1999; Faccenna et al., 1996, 1999,
2001b; Funiciello et al., 2002, 2003]. The analogue models
were designed to investigate the influence of a stratified
mantle on the subduction process [Guillou-Frottier et al.,
1995; Griffiths et al., 1995; Faccenna et al., 2001b;
Funiciello et al., 2002, 2003], to investigate subducting
plate—overriding plate interaction [Becker et al., 1999;
Faccenna et al., 1996, 1999], or to investigate hinge migra-
tion [Jacoby, 1973, 1976; Faccenna et al., 2001b; Funiciello
et al., 2002, 2003]. However, none of these investigations
has looked in detail at the kinematics of sinking of the slab
into the mantle nor have they looked at the kinematics
of three-dimensional flow in the mantle that results from
such slab sinking.

[6] In this paper, attention is specifically focused on the
kinematics of subduction and slab-induced mantle flow. A
large number of three-dimensional fluid dynamic experi-
ments were executed and were recorded with digital cam-
eras from three different perspectives (top-view, side-view
and bottom-view), in order to obtain a detailed understand-
ing of the three-dimensional evolution of subduction. In the

experiments described in here, subduction and slab rollback
were not kinematically imposed but were allowed to evolve
naturally and were driven by buoyancy forces only, reflect-
ing natural conditions. These models provide new insights
into how the slab sinks into the mantle and into the
evolution of the geometry of the slab. The experiments also
illustrate in great detail the three-dimensional flow pattern
resulting from lithospheric subduction and slab rollback.
The advantage of the analogue setup used for the experi-
ments described in this paper is that it is designed to model
in three-dimensional space and can therefore account for
subduction and slab rollback-induced lateral flow in the
mantle in a realistic manner. In addition, the influence of
several physical parameters on hinge line migration has
been investigated, including slab thickness, slab density
compared to the mantle, slab width and trailing edge
boundary condition to obtain insight into the optimal con-
ditions for rapid slab rollback.

2. Fluid Dynamic Model

[7] The models are made of a two-layered system with a
high-viscosity layer (1.3—2.0 cm thick) overlying a low-
viscosity layer (12 cm thick) comprised in a three-
dimensional Cartesian model box, as adopted by other
analogue modelers [Kincaid and Olson, 1987; Griffiths et
al., 1995; Faccenna et al., 2001b; Funiciello et al., 2002,
2003]. The model configuration is schematically plotted in
Figure 1 and was inspired by models from Jacoby [1973],
Kincaid and Olson [1987] and Funiciello et al. [2000]. The
upper layer is made of a filled silicon putty (density pg, =
1.48—1.56 x 10° kg/m®), which is a viscoelastic material.
With strain rates in the order of 10 °—10> s, the material
behaves as a nearly Newtonian viscous material (viscosity
Ny = 2.4 X 10* Pa-s). The silicone layer simulates a ~65—
100 km thick oceanic lithosphere. The viscosity is homo-
geneous throughout the model lithosphere and therefore
represent an average effective value for the entire litho-
sphere (e.g., thin viscous sheet approach [Bird and Piper,
1980; Vilotte et al., 1982; England and McKenzie, 1982]).
The viscous rheology is an appropriate first order approx-
imation for the lithosphere, since it has been supposed that a
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Table 1. List of the Experiments Discussed in the Text and Their
Characteristic Physical Properties

Slab Slab
Experiment Slab Density Width, Thickness, Trailing
Number (x 10° kg/m®) cm cm Edge Figure

4 1.480 20 1.3 Fixed 6
5 1.520 20 1.3 Fixed 6
6 1.560 20 1.3 Fixed 6
8 1.520 10 1.3 Fixed
9 1.520 15 1.3 Fixed 2,3,4,5,12, 13
10 1.520 20 .0 Fixed 4,5,12,13
11 1.520 15 1.3 Free 2,3,4,5
12 1.520 20 0 Free 4,5
20 1.505 15 1.3 Fixed
21 1.535 25 1.3 Fixed 9
22 1.520 5 1.3 Fixed
23 1.520 25 1.3 Fixed
24 1.520 15 1.3 Fixed 8
25 1.520 15 1.3 Free
26 1.520 15 1.3 Free 9

subducting lithosphere acts as a fluid of some sort over
geological timescales (millions to tens of millions of years)
[Houseman and Gubbins, 1997; Becker et al., 1999;
Faccenna et al., 2001b].

[8] The lower layer is made of glucose syrup (n,, ~ 1.3 X
10% Pa-s, p,, = 1.42 x 10’ kg/m’) simulating some 600 km
of low viscosity sublithospheric upper mantle where the
base is in accordance with the upper-lower mantle boundary
at ~670 km. The lateral edges of the model lithosphere are
not attached to the sides of the box to avoid edge effects and
to allow for lateral flow around the slab edges during
subduction. The base is impenetrable and simulates the
upper-lower mantle boundary. This boundary often (tempo-
rarily) halts subduction, resulting in horizontal deflection of
the slab at the upper-lower mantle transition zone [Fukao et
al., 2001] and therefore the simplification seems justified
when investigating subduction processes in the upper man-
tle only. In addition, the upper-lower mantle transition is
defined by a factor of 30— 100 increase in viscosity [Davies
and Richards, 1992; Bunge et al., 1996; Conrad and
Lithgow-Bertelloni, 2002]. Owing to this viscosity increase,
slab subduction and subduction-induced flow in the upper
mantle will not be influenced much by the applied simpli-
fication of the model.

[v] The effects of temperature or phase changes are not
considered in the experiments. This approximation has been
adopted before [Becker et al., 1999; Faccenna et al., 1996,
1999, 2001b; Funiciello et al., 2002, 2003] and is justified
to a first approximation, since the models are restricted to
relatively rapid slab subduction in the upper mantle
(corresponding to up to ~14 cm/yr), in which the slab
retains its thermal field to the first order [Wortel, 1982].
Some experimental parameters for the individual experi-
ments discussed in this paper are plotted in Table 1. The
difference in viscosity between lithosphere and sublitho-
spheric mantle in the model is a factor of ~185, which is
close to values in nature estimated previously (~200
[Houseman and Gubbins, 1997], 50-200 [Conrad
and Hager, 1999], ~100 [Becker et al., 1999], 100—500
[Faccenna et al., 2001a]). The timescale ratio between the
analogue model and the natural prototype is /' ~ 3.81 x
107'% (1 hour in model represents ~30 Myr in nature).
With such a timescale ratio at hand one can calculate
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the upscaled sublithospheric upper mantle viscosity from
the following scale relationship:

na g4

nn = O-I‘ltn

()

where superscript a denotes the analogue model and
superscript # denotes the natural prototype, ) indicates the
viscosity, o indicates the stresses and ¢ indicates time.
Stresses scale as follows:

ot Apigix?

o - Apngnxn

(2)

where Ap is the density contrast between subducting
lithosphere and sublithospheric mantle, g is the acceleration
due to gravity and x indicates length. Since the experiments
presented in this paper are executed in the Earth’s field of
gravity, g in equation (2) can be omitted.

[10] Using equations (1) and (2) and the aforementioned
timescale ratio /7" is ~ 3.81 x 107'2, Ap* = 100 kg/m”,
Ap" ~ 80 kg/m®, x“x" = 2.0 x 1077, and " ~ 1.3 x
10% Pa-s, this results in a sublithospheric upper mantle
viscosity in nature of ~1.36 x 10?° Pa-s. This is similar
to values of 10'°~10%' Pa-s suggested for the natural
prototype [Artyushkov, 1983; Ranalli, 1995], indicating
that driving forces for subduction (e.g., due to gravity)
are properly scaled with respect to the forces resisting
subduction (e.g., viscous forces).

[11] Several experiments have been executed with a
different lithospheric density (1.48—1.56 x 10° kg/m’,
thus Ap = 60—140 kg/m®) to study the effect of increase
in driving force. The density contrast between slab and
mantle in nature is thought to be ~80 kg/m® for
80 million year old oceanic lithosphere [Cloos, 1993].
In addition, the slab thickness has been varied between
1.3 and 2.0 cm (equivalent to 65 and 100 km) to study
its effect on subduction kinematics and subduction rate.
Also, slab width has been varied for a number of
experiments to gain insights into the influence of these
parameters on the kinematics of subduction. The slab
width was varied between 5 and 25 cm, corresponding
to 250 and 1250 km in nature, and can thus be
compared with slabs of narrow to intermediate width.
The lower range can be compared with slabs subducting
underneath the Calabrian and Betic/Rif arcs, which are
both ~250 km wide. Examples of wider slabs are the
Scotia slab (~600 km), the Hellenic slab (~700 km), the
Mariana slab (~1400 km) and the New Hebrides slab
(~1500 km).

[12] Passive markers were placed on top and in the side of
the silicone layer and on top and inside the glucose layer to
track the kinematics of subduction and subduction-induced
flow. The experiments were recorded with three digital
cameras. The first camera provided a top-view perspective
and the second camera provided a side-view perspective.
The third camera was installed as such to provide either a
bottom-view or a front-view perspective. The camera with
the bottom-view perspective of the experiments provided
images of fluid motion underneath the subducting plate.
With each camera, some 100—150 images were taken
during an experiment, which therefore provided a detailed
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view of the displacement of the subducting plate and fluid
flow in the mantle. At the start of an experiment, the first
~2 cm of the tip of the model lithosphere was manually
submerged at an angle of ~15-30° to create a subduction
instability. This instability was enough to induce progres-
sive subduction of the lithosphere without any externally
imposed force or velocity.

[13] The overriding plate was not modeled to be able to
track subduction-induced mantle flow. Thus the influence
of the overriding plate on the state of stress at the trench
is not incorporated in these experiments. Displacement of
the overriding plate toward the trench would induce
compression (such as along the South American subduc-
tion zone), while displacement away from the trench
would induce tension. It should be mentioned, though,
that for a large number of subduction settings (Betic-Rif,
Calabrian, Carpathian, Hellenic, Kuril, Japan, Ryukyu
arc), the overriding plate (Eurasia) has a small absolute
velocity (~1 cm/yr [Jolivet and Faccenna, 2000]), and
therefore the kinematically induced state of stress at the
trench is mainly determined by the behavior of the
subducting plate. In the experiments, the influence of
the subducting plate on the state of stress at the trench
can be deduced from the migration of the subduction
hinge. Backward (i.e., oceanward) migration of the hinge
would induce tensional stresses in the overriding plate
and thus would promote extension in the overriding plate
(i.e., backarc extension). Forward migration of the hinge
would induce compressional stresses in the overriding
plate and would therefore promote shortening in the
overriding plate. However, the omitting of the overriding
plate does imply that the modeled retreat velocity is
somewhat high, since the overriding plate is likely to
suppress hinge migration.

[14] Two boundary conditions were applied to the trail-
ing edge of the slab, a fixed and a free trailing edge,
simulating maximum and minimum resistance of the sub-
ducting plate to lateral displacement. The influence of an
applied velocity (e.g., ridge push) at the trailing edge of
the subducting plate has also been investigated but is
discussed elsewhere [Schellart, 2003]. The fixed trailing
edge scenario can be compared to subduction settings,
where the surface part of the subducting plate has a
relatively low velocity compared to the hinge retreat
velocity of the slab. Examples of the fixed trailing edge
scenario in nature are, for example, the Betic-Rif arc
[Lonergan and White, 1997; Gutscher et al., 2002], the
Calabrian arc [Malinverno and Ryan, 1986], the Hellenic
arc [Le Pichon, 1982] and the Carpathian arc [Royden et
al., 1983]. In all of these cases, the slab subducting
underneath the arc is retreating (or has been retreating in
Neogene times) relatively fast, while the velocity of the
surface part of the subducting plate is very low. For
example, the slabs subducting along the Calabrian arc
and Hellenic arc are attached to the African plate, which
moves very slow (~1 cm/yr [Jolivet and Faccenna,
2000]). In contrast, the rollback rate along the Calabrian
arc was ~6 cm/yr for the last 5 Ma [Faccenna et al.,
2001b], and the rollback rate along the Hellenic arc is
~3-3.5 cm/yr [Kahle et al., 1998]. Experiments with a
free trailing edge are representative of subducting plates
with a midoceanic ridge at their trailing edge. Such a
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plate boundary offers minimum resistance to lateral dis-
placement of the subducting plate, since the lithospheric
thickness at the midoceanic ridge is in the order of only a
few km. Some examples of this setting include the Pacific,
Nazca, Cocos and Juan the Fuca plate.

3. Results
3.1. Slab Geometry and Kinematics

[15] The evolution of the slab during subduction has been
illustrated in Figure 2 and Figure 3 for two reference
experiments with different boundary conditions. Both ref-
erence experiments have been done three times to ensure
reproducibility. Below, the evolution of these experiments
will be briefly described.

[16] Forexperiment 9 with a fixed trailing edge (Figures 2a
and 3a), the evolution of the slab geometry is relatively
simple. The slab initially sinks and rolls back with an
increasing slab-dip angle until it is approximately vertical.
When the slab tip hits the bottom of the box, the slab folds
backward and is subsequently draped over the horizontal
discontinuity during slab rollback. During this stage the slab
attains a relatively constant dip angle of ~60—-65°. Exten-
sional strain in the horizontal surface part of the plate is
observed from displacement of passive white markers in the
side and on top of the plate. This extension is oriented
perpendicular to the trench and results from the negative
buoyancy of the slab (e.g., slab pull). In total, the extensional
strain amounts to 6.2% from initiation of subduction until the
slab tip approaches the bottom of the box. In addition, the
slab part resting on top of the discontinuity is displaced
forward, indicating that the slab exerts a push at its frontal
part contemporaneously with pulling at the surface part of the
plate. During rollback, the slab and trench-line attain a
convex arcuate shape toward the direction of slab retreat
(Figure 3a), resulting from flow of the glucose syrup around
the lateral edges of the slab.

[17] Forexperiment 11 with a free trailing edge (Figures 2b
and 3b), the evolution of the slab geometry is slightly more
complicated. The slab initially sinks and rolls back with an
increasing slab-dip angle until it is approximately vertical.
When the slab tip hits the bottom of the box, the slab tip is
slightly overturned, resulting in the formation of a recum-
bent fold. This is followed by backward folding of the slab
and subsequent draping over the horizontal discontinuity
during slab rollback. During this stage the slab attains a
relatively steep dip angle of ~80°. During subduction, the
slab pulls the horizontal surface part of the plate into
the subduction zone, as evidenced by the displacement of
the trailing edge of the plate toward the trench (e.g., slab
pull). No extension is observed in the horizontal surface part
of the plate. To the contrary, a slight shortening is observed
in the plate, resulting from the buoyancy force between the
glucose and the plate. The glucose syrup surrounding the
plate has a slightly higher potential energy than the plate
itself, and therefore the glucose applies a compression to the
plate. About 0.1% shortening strain is observed from
initiation of subduction until the slab tip hits the bottom
of the box, which corresponds to a time span of ~13 Myr.
This results in a shortening strain rate of ~2.4 x 10~ ¥ 57!,
which is much smaller than normal geological strain rates
of 107'°~107"* 57! and therefore does not seem to be of
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Figure 2. Side-view photographs showing geometrical evolution of the slab during subduction for
two experiments with different boundary conditions. (a) Experiment 9 with fixed trailing edge and
(b) experiment 11 with free trailing edge. Box is 70 cm long.

geological significance. The slab part resting on top of the
discontinuity is displaced forward, indicating that the slab
exerts a push at its frontal part. During rollback, the slab and
trench line attain a convex arcuate shape toward the
direction of retreat (Figure 3b). The arcuate shape is not
as well developed as in experiment 9, because the amount of
slab retreat is somewhat reduced in experiment 11 compared
to experiment 9.

[18] The kinematics of the subduction process for experi-
ment 9 and 11 has been plotted in Figures 4a and 4c. In
addition, results from experiment 10 (fixed trailing edge) and
12 (free trailing edge) have been plotted in Figures 4b and 4d,
for which the plate is relatively thick (2.0 cm). In these plots,
the displacement for passive markers in the side of the

subducting plate has been traced during progressive stages
of subduction. All diagrams in Figure 4 show that the
subducting slab does not sink in a direction parallel to its
own plane but sinks at an inclined angle to its own plane. A
difference between experiments with a fixed (experiment 9
and 10) and free trailing edge (experiment 11 and 12) can be
observed. The experiments with a fixed trailing edge are
dominated by backward sinking vectors (Figures 4a and 4b),
while the sinking vectors for the experiments with a free
trailing are oriented more vertically, with a smaller compo-
nent of regressive displacement (Figures 4c and 4d). The
difference is most evident for the free sinking stage, before
the slab tip hits the lower discontinuity. This sinking behavior
can be explained in a purely geometrical way. Initially,
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32 min.

48 min.

64 min.

Figure 3. Top-view photographs of two experiments with different trailing edge boundary conditions
showing geometrical evolution of the slab during subduction. (a) Experiment 9 with fixed trailing edge
and (b) experiment 11 with free trailing edge. Box is 70 cm long and 40 cm wide. Arrows indicate

location of trench.

vertical sinking is preferred simply because the gravitational
force is oriented vertically downward. However, vertical
sinking of the slab requires horizontal displacement of the
surface part of the plate. In the fixed trailing edge experi-
ments, the horizontal displacement is resisted significantly,
although the plate does experience some extension, resulting

in backward sinking. In the free trailing edge experiments, the
horizontal displacement is resisted to a lesser extent (e.g.,
mantle drag type resistive force) and the surface part of the
subducting plate is dragged into the subduction zone, result-
ing in more vertically oriented sinking. If the mantle drag
resistance would be reduced even more (e.g., reduction in

6 of 19

85U8017 SUOLIWIOD BAR8ID) 3(eolidde au Aq peusnob e o1 VO ‘88N JO S3In1 10} ATeiq1 BUIUO A8|IM UO (SUORIPUOD-PUE-SWBIALIOD" A3 1MAReIq I BUIIUO//SHRY) SUOIPUOD PUe SWiB | 8U} 89S *[¢202/0T /2] Uo Ariqiauluo A8 ‘uoireiepe Uessny aUeiyo0D Aq 062008r7002/620T OT/10pALI0D" A3 ]1mAreiqijeutiuo'sqndnfe;/sdny Wwoiy pepeojumod ‘28 'P00Z ‘Ge02295Te



B07401

SCHELLART: KINEMATICS OF SUBDUCTION AND MANTLE FLOW

B07401

Figure 4. Diagrams illustrating kinematic behavior of the slab and passive particles located on the side
of the slab for four experiments with different trailing edge boundary condition and plate thickness. Time
step (At) between successive stages differs for experiments. (a) Experiment 9 with fixed trailing edge,
plate thickness of 1.3 cm and At = 6 min. (b) Experiment 10 with fixed trailing edge, plate thickness of
2.0 cm and At = 4 min. (c¢) Experiment 11 with free trailing edge, plate thickness of 1.3 cm and At =
6 min. (d) Experiment 12 with free trailing edge, plate thickness of 2.0 cm and At = 4 min.

viscosity of the mantle), one would expect the slab to sink
vertical or possibly sink forward more parallel to the slab dip.

3.2. Hinge Migration

[19] Hinge migration for experiment 9 and 11 can be
observed in Figure 5a. Both experiments show an initial
exponential increase in hinge retreat with time, followed
by a slowdown in retreat due to interaction of the slab tip
with the discontinuity. Subsequently, the retreat velocity

increases slightly and finally a steady state retreat is reached
with a linear relation between retreat and time. The dia-
grams illustrate that hinge migration is significantly sup-
pressed for a free trailing edge. For the free trailing edge
experiment, the trailing edge displacement curve closely
mimics the hinge retreat curve, but the former has a smaller
slope angle. The steady state retreat velocity is 46.3 cm/hr
and 26.9 cm/hr for experiment 9 and 11 respectively, which
scales to ~7.7 cm/yr and 4.5 cm/yr in nature respectively. It
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Figure 5. Hinge migration and trailing edge migration versus time for experiments with different plate
thickness and trailing edge boundary condition. (a) Experiments with plate thickness of 1.3 cm;
experiment 9 with fixed edge and experiment 11 with free edge. (b) Experiments with plate thickness of
2.0 cm; experiment 10 with fixed edge and experiment 12 with free edge. Arrows indicate time when slab
tip hits discontinuity. For hinge displacement, positive numbers point to hinge retreat. Note that trailing
edge displacement is opposite to direction of hinge retreat, so displacement for trailing edge should
actually be read as negative numbers.
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Figure 6. Hinge migration versus time for several experiments with different density contrast (Ap)
between slab and surrounding mantle. Arrows indicate time when slab tip hits discontinuity.

should be remembered that these values might be somewhat
on the high side, because several factors retarding rollback
are not incorporated (e.g., no overriding plate).

[20] The results of experiment 10 and 12 with a relatively
thick slab (2.0 cm thick) have been plotted in Figure 5b and
show the same behavior as experiment 9 and 11 (1.3 cm
thick), but the slabs are retreating at a faster rate. The faster
retreat is explained by the greater driving force resulting from
the thicker slab. Evidently, the increase in driving force
outweighs the increase in strength of the subducting plate
due to the increase in plate thickness. The steady state slab
retreat increases by a factor of ~1.79 for experiment 10
compared to experiment 9 and ~1.94 for experiment 12
compared to experiment 11, while the thickness increase is
in both cases a factor of 1.54. Thus there appears to be no
evidence of slowing due to increased bending resistance. In
fact, since the retreat factors are in both cases greater than the
thickness factor, one could argue that the main resistance to
subduction does not stem from the bending resistance. The
dominant resistive factor to subduction in these experiments
is most likely the resistance exerted by the surrounding
glucose syrup [e.g., Schellart, 2004]. The faster retreat in
experiment 10 and 12 results in a shallower dip during
subduction (~55° and ~60—65° respectively during steady
state retreat) compared to experiment 9 and 11 (~60—-65° and
~80° respectively during steady state retreat).

[21] The influence of slab density on the hinge retreat
velocity can be observed in Figure 6. From the diagram it is
immediately clear that an increase in density contrast
between subducting plate and underlying medium increases
the hinge migration rate. For the steady state part of the
hinge retreat, the average hinge migration velocity (vy,,)
increases from vy, ~ 12.6 cm/hr (Ap = 60 kg/m?) to vy, ~
43.8 cm/hr (Ap = 100 kg/m®) to v, ~ 81.8 cm/hr (Ap =
140 kg/m®). In addition, the hinge migration rate is much
more influenced by the interaction of the slab tip with the
discontinuity for a low density contrast than for a high
density contrast as can be observed from the clear defined
kink in the curve for experiment 4 (Ap = 60 kg/m®) in
Figure 6. The slab dip during the steady state hinge retreat
was constant and decreased with increasing retreat velocity
from ~80° (v, = 12.6 cm/hr) to ~70° (v, =~ 43.8 cm/hr)
to ~60° (v, ~ 81.8 cm/hr).

[22] The steady state retreat velocity has been plotted
against steady state slab dip angle in Figure 7 for a number
of experiments (see also Table 2). The diagram suggests that
there is a direct correlation between retreat velocity and slab
dip angle, even if these different retreat velocities result
from different physical parameters and boundary condi-
tions. The data clearly suggest that an increase in retreat
velocity is linked to a decrease in slab dip angle. For a slow
retreat velocity (10—30 cm/hr) the slab dip angle is ~80—
90°, for an intermediate retreat velocity (30—60 cm/hr) the
slab dip angle is ~60—80° and for a high retreat velocity
(60—90 cm/hr) the slab dip angle is ~50-60°.

[23] An attempt was made to test the influence of the slab
width (W) on the hinge retreat rate. The steady state hinge
retreat rate was investigated for five experiments with a
width of 5 cm (experiment 22), 10 cm (experiment 8), 15 cm
(experiment 9), 20 cm (experiment 5) and 25 cm (experiment
23) and all with a constant thickness of 1.3 cm. It was
initially expected that the narrowest slab would show the
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Figure 7. Steady state retreat velocity plotted against
steady state slab dip angle for a number of experiments.
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Table 2. Experimental Results

Steady Scaled
State Steady
Retreat  State Retreat Approximate

Experiment ~ Velocity, Velocity, Steady State
Number cm/hr cm/yr Slab Dip Figure

4 12.6 2.1 80-85° 6
5 43.8 7.3 70° 6
6 81.8 13.6 55-60° 6
8 66.0 11.0 60°
9 46.3 7.7 60—65° 2,3,4,5,12,13
10 82.8 13.8 55° 4,5,12,13
11 26.9 45 80° 2,3,4,5
12 52.1 8.7 60—65° 4,5
20 40.9 6.8 70°
21 54.1 9.0 55-60° 9
22 19.3 3.2 85-90°
23 31.9 53 75°
24 35.8 6.0 65-70° 8
25 22.1 3.7 80-90°
26 20.5 3.4 80° 9

fastest retreat velocity. However, the highest retreat velocity
was observed for experiment 8 with a steady state v, ~
66.0 cm/hr and W = 10 cm (Table 2). The experiment with
the narrowest slab (5 cm) and the experiments with the wider
slabs (15, 20 and 25 cm) all retreated slower (Table 2). It
should be mentioned that the slab retreat rate and the flow to
accommodate slab retreat for the experiment with W =25 cm
(and to a lesser extent also for the experiment with W =
20 cm) was influenced by the lateral boundaries of the model
box. For W =25 cm, the slab edges were only some 7.5 cm
separated from the lateral boundaries of the model box. Thus
the lateral boundaries might have retarded the rate of slab
rollback significantly. Future investigations are required in
which experiments have a greater variety in slab width and
where the separation between slab edge and lateral box
boundary is much greater.

3.3. Subduction-Induced Mantle Flow

[24] Subduction-induced flow was studied in the experi-
ments by tracking passive markers randomly distributed
inside and on top of the glucose syrup layer. In particular,
the influence of displacement of the slab perpendicular to its
own plane (e.g., slab rollback) on mantle flow was inves-
tigated. The flow pattern for experiment 24 (fixed trailing
edge) can be observed in Figure 8, in which the displace-
ment of a large number of particles (~500) has been traced.
The diagrams with the bottom-view perspective show that
the flow is dominantly toroidal with two elliptic flow cells
illustrating that material initially located underneath the slab
flows around the lateral slab edges toward the mantle
wedge. Each rotation axis of these cells is located close to
one of the lateral slab edges. This type of flow is already
observed from the earliest stage of subduction when the slab
tip has penetrated down to a depth corresponding to only
100 to 200 km (Figure 8a). The flow pattern does not
change in later stages of subduction, when the slab has
penetrated deeper into the upper mantle (Figure 8b) or when
the slab tip has reached the lower boundary (Figure 8c). The
flow velocity does show an increase when Figure 8a is
compared with Figures 8b and 8c due to the increase in
subduction velocity and rollback velocity in later stages. In
the region underneath and immediately in front of the slab,
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the displacement vectors are oriented toward the direction of
slab rollback. This indicates that rollback-induced flow does
not excite any poloidal flow underneath the slab tip toward
the mantle wedge to accommodate for the regressive motion
of the slab. Rather, slab rollback is entirely accommodated
by mantle flow around the lateral slab edges.

[25] From the diagrams in Figure 8 illustrating the side-
view perspective, a small component of poloidal flow is
observed in the mantle wedge and underneath the slab. This
flow results from shearing between the slab and the mantle
due to a slab-dip parallel component of displacement. The
side-view diagrams in Figure 8 look rather complicated,
which stems from the fact that vectors have been plotted for
particles located immediately underneath and in front of the
subducting plate as well as for particles located at both sides
of the subducting plate. In general, particles moving toward
the right (i.e., direction of rollback) are located underneath
or in front of the subducting plate, while particles moving
toward the left are located to the sides of the subducting
plate. The side-view diagrams also illustrate that the roll-
back-induced flow is not strictly toroidal, i.e., the rotation
axes of the flow cells are not vertical but are tilted, with the
axes oriented subparallel to the lateral edges of the slab.
This can be deduced from the additional vertical motion of
the passive markers in the side-view diagrams. Right-
directed vectors (i.e., the direction of rollback) located
underneath and closely in front of the slab generally have
an additional significant downward component of motion,
while left-directed particles generally have an additional
upward component of motion. These upward and down-
ward directed components of displacement result from the
rollback process and are not related to the displacement of
the slab parallel to its own plane.

[26] The diagrams in Figure 8c illustrate the side-view
and bottom-view flow pattern just after the slab tip has hit
the bottom of the box. Except for the magnitude of
displacement vectors, the flow pattern in Figure 8c is very
similar to the flow pattern in Figures 8a and 8b. The
similarity in flow pattern confirms the initial observations
that all slab rollback-induced flow occurs around the lateral
edges of the slab and that no flow occurs underneath the
slab tip. This is further supported by the orientation and
geometry of the slab near the tip, which was close to vertical
and either straight (Figures 2a, 4a, 4b, 4d, 8, and 9b) or
concave (Figures 2b, 4c¢, and 9a) toward the direction of
slab retreat in all experiments. If significant slab rollback-
induced flow underneath the slab tip would have occurred,
the slab tip would have been convex toward the direction of
retreat, as was observed for the lateral edges of the slab
along which flow did occur (Figure 3).

[27] The flow pattern for experiment 26 (free trailing
edge) can be observed in Figure 9a. The flow pattern
appears more complex than in the fixed trailing edge
experiments due to the large component of slab-dip parallel
displacement of the subducting plate. This results in a better
defined poloidal component of flow with two flow cells
divided by the slab in the middle. One cell is located in the
mantle wedge area and the other is located underneath the
subducting plate. Two toroidal flow cells are also observed
akin to what was observed in experiment 24 with flow
around the edges of the slab to accommodate for slab
rollback. Again, no rollback-induced flow underneath the
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Figure 8. Line drawings of side-view and bottom-view perspective of experiment 24 (fixed trailing
edge), illustrating subduction-induced flow pattern in glucose syrup during three stages of subduction.
(a) Early stage of subduction between t = 4 min and t = 10 min with subduction depths corresponding to
~100 and ~200 km respectively. (b) Intermediate stage of subduction between t = 10 min and t = 16 min
with subduction depths corresponding to ~200 and ~375 km respectively. (¢) Late stage of subduction
between t = 20 min and t = 26 min after slab tip has hit the lower boundary corresponding to ~670 km
depth. Vectors indicate amount and direction of displacement of passive markers. Dots indicate no
displacement of passive markers. Black vectors are for passive markers in the glucose syrup while gray
vectors are for passive markers floating on top of the glucose syrup (bottom view) or passive markers in
the side of subducting plate (side view). Shaded dashed lines and continuous black lines illustrate
subducting plate contours at the beginning and end of the time lapse, respectively. Please note that in the
side-view diagrams vectors have been plotted for particles located immediately underneath and in front of
the subducting plate as well as for particles located at both sides of the subducting plate. In general,
particles moving toward the right (i.e., direction of rollback) are located underneath or in front of the
subducting plate, while particles moving toward the left are located to the sides of the subducting plate.

slab tip is observed during the entire duration of the
experiment.

[28] Only in two experiments (21 and 23), a small
component of toroidal-type flow underneath the slab tip
was observed. This has been plotted in Figure 9b, which
shows the flow pattern of experiment 21 in a stage well
before the slab tip has hit the bottom of the box. The overall
flow pattern is very similar to experiment 24 (Figure 8).
However, near the slab tip close to one edge of the slab, the
displacement vector of one particle (encircled) is oriented
slightly toward the tip line pointing to flow underneath the
slab tip. It should be noted that for this experiment (as well
as experiment 23), the penetration depth of the slab tip was
not constant along the trench (e.g., slanting slab tip line) and

the difference in penetration depth amounted up to 3—4 cm
from the northernmost part of the tip line toward the
southernmost part of the tip line. The small component of
toroidal flow underneath the slab tip was observed under-
neath the shallowest part of these slanting slab tips. The
amount of flow underneath the slanting slab tip was
estimated from the magnitude and orientation of the vectors
on the side of the slab edges and from the magnitude and
obliquity with respect to the slab tip line of the encircled
vector in Figure 9b. With a difference in penetration depth
of ~3 cm for the slanting slab tip, it was estimated that flow
underneath the slanting slab tip accommodated only ~5%
of rollback-induced flow, while the remaining ~95% of the
flow occurred around the lateral edges of the slab.
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Figure 10. Schematic sketch of subduction and slab
rollback-induced flow in the upper mantle. Slab-dip parallel
displacement induces two poloidal flow cells with one on
each side of the slab. Slab rollback induces two toroidal
flow cells with flow around the lateral slab edges.

[29] A schematic diagram illustrating the four dominant
flow cells observed in both the fixed and free trailing edge
experiments is illustrated in Figure 10. Two poloidal flow
cells are plotted, one located in the mantle wedge area and
the other underneath the subducting plate, which illustrate
the flow induced by displacement of the subducting plate
parallel to its own plane. In addition, two toroidal flow cells
on either side of the slab edge can be observed, illustrating
the slab rollback-induced flow in the mantle. It should be
mentioned, though, that these flow cells are a projection of
the real flow cells on a horizontal plane. The real flow cells
have a tilted rotation axis, which dips in the direction
opposite to the direction of slab retreat. Thus mantle
material located underneath the slab or in the mantle wedge
area above the slab generally has an additional downward
component of flow, while mantle material located on the
sides of the subducting plate generally has an additional
upward component of flow.

[30] A possible explanation for why slab rollback prefer-
entially induces toroidal flow around the slab edges and not
flow underneath the slab tip has been illustrated in Figure 11,
showing two schematic cross sections through a subduction
experiment. The pressure in the glucose syrup in front and
behind the slab is in equilibrium, while it is not underneath
the slab, as indicated by the elevated isobars, due to sinking
of the slab (Figure 11a). Maximum elevation of the isobars
is located underneath the lowermost part of the slab tip, due
to the maximum amount of slab material above this point.
Left of this vertical line, flow is directed toward the left,
while right of this vertical line, flow is directed toward the
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right (direction of slab retreat). Flow will not be allowed
across the line, due to the pressure barrier. Near the lateral
slab edges, the flow is directed outward from underneath the
slab (Figure 11b).

4. Discussion
4.1. Comparison With Other Dynamic Models

4.1.1. Analogue Models

[31] Results of analogue experiments investigating sub-
duction and rollback have been presented before [Jacoby,
1973, 1976; Kincaid and Olson, 1987; Olson and Kincaid,
1991; Shemenda, 1993; Guillou-Frottier et al., 1995;
Griffiths et al., 1995; Faccenna et al., 1996, 1999, 2001b;
Buttles and Olson, 1998; Becker et al., 1999; Funiciello et
al., 2002, 2003]. The results described by Jacoby [1973],
Kincaid and Olson [1987], Funiciello et al. [2002, 2003]
and Faccenna et al. [2001b] lend themselves best for
comparison, since the model design in these papers is
similar to the one presented in this paper.

[32] The results of the free trailing edge experiments can
be compared with the model results from Jacoby [1973] and
Kincaid and Olson [1987] with a similar experimental
design. Jacoby [1973] reports subduction at a constant
angle, displacement of the trailing edge and a stable hinge
during subduction. However, as reported by the author, the
stable hinge is merely related to the width of the model box,
which was only slightly wider than the subducting plate and
therefore inhibited lateral flow around the slab edges to
accommodate for possible slab rollback. Free trailing edge
experiments from Kincaid and Olson [1987] were reported
to show no sign of slab retreat during free sinking of the
slab, but only slab retreat when the slab tip would interact
with the upper-lower mantle discontinuity. This is in con-
trast with the results reported here, with significant slab
retreat during free sinking of the slab contemporaneously
with trailing edge advance, although slab retreat is sup-
pressed with respect to fixed trailing edge experiments
(Figure 5). As suggested before, this might be the result
of a smaller mantle drag force in the experiments of Kincaid
and Olson [1987]. In such a scenario, the subducting slab
would have displaced itself more parallel to its own plane
resulting in a reduction of slab retreat. The viscosity that
was used in the experiments of Kincaid and Olson [1987]
for the upper mantle was 111 Pa-s, which is slightly lower
than in the experiments described in here. If the trailing
edge migration was also slower in their experiments, then
this would have resulted in a smaller mantle drag force.

Figure 9. Line drawings of side-view and bottom-view perspective of two experiments illustrating subduction-induced flow
pattern. (a) Experiment 26 (free trailing edge) illustrating flow pattern in glucose syrup before slab tip hits bottom between t =
13 min and 20 seconds s and t = 17 min and 20 s. (b) Experiment 21 (fixed trailing edge) illustrating flow pattern in glucose
syrup well before slab tip hits bottom between t =9 min and t = 14 min. Vectors indicate amount and direction of displacement
of passive markers. Dots indicate no displacement. Black vectors are for passive markers in the glucose syrup while gray
vectors are for passive markers floating on top of the glucose syrup (bottom view) or passive markers in the side of the
subducting plate (side view). Shaded dashed lines and continuous black lines illustrate subducting plate contours at the
beginning and end of the time lapse respectively. Encircled vector in (b) points to small component of (oblique oriented) flow
underneath the slab tip. Please note that in the side-view diagrams, vectors have been plotted for particles located immediately
underneath and in front of the subducting plate as well as for particles located at both sides of the subducting plate. In general,
particles moving toward the right (i.e., direction of rollback) are located underneath or in front of the subducting plate, while
particles moving toward the left are located to the sides of the subducting plate.
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Figure 11. Two schematic cross sections for experiments to illustrate a possible explanation why
rollback-induced flow in glucose syrup is oriented only around lateral slab edges and not underneath slab
tip. Dashed lines are isobars. Arrows indicate flow direction. (a) Cross section perpendicular to the trench
and (b) cross section parallel to the trench. The gray stippled vertical line underneath the slab tip in
Figure 11a separates a region of left-directed flow on the left from a region of right-directed flow (e.g.,
direction of slab rollback) on the right. No flow is allowed across the vertical line because of the pressure
barrier. Only material located exactly underneath the slab tip will be forced to flow to the left (region x in
Figure 11a). The significance of this flow depends on the kinematics of sinking of the slab. If the slab
sinks down vertically it will be larger than when sinking is backward, since in the latter case the material
underneath the slab tip will be dragged along with the retreating slab toward the right (e.g., the direction

B07401

of slab rollback in the diagram of Figure 11a).

However, no data of trailing edge migration versus time are
given by Kincaid and Olson [1987], which therefore does
not allow the drag force to be compared with the experi-
ments described in here.

[33] Comparison of the evolution of the slab geometry
between the experiments with a fixed trailing edge reported
in here and experiments with a similar experimental design
reported elsewhere [Kincaid and Olson, 1987; Faccenna et
al., 2001b; Funiciello et al., 2002, 2003] shows a good
agreement. During free sinking, the slab sinks and rolls back
with an increasing slab dip angle until it is subvertical.
When the slab tip reaches the upper-lower mantle discon-
tinuity, the slab is draped backward with a horizontal slab
segment resting on top of the discontinuity. The slab
continues to retreat but with a lower slab dip angle.
Faccenna et al. [2001b] and Funiciello et al. [2002,
2003] also reported an initial exponential increase in hinge
retreat during free sinking of the slab, followed by a
slowdown during initial contact of the slab with the up-
per-lower mantle discontinuity, and finally reaching a
steady state retreat velocity.

[34] Buttles and Olson [1998] and Funiciello et al. [2002,
2003] concluded from physical experiments investigating
slab rollback-induced mantle flow that poloidal flow under-
neath the slab tip prevailed in the stage before the slab tip
would reach the upper-lower mantle discontinuity. In addi-
tion, Funiciello et al. [2002, 2003] found that only when the
slab tip would interact with the upper-lower mantle discon-
tinuity, the toroidal component of flow around the slab
edges would dominate. This is in disagreement with exper-
imental results presented in this paper, where the dominant
flow is toroidal-type flow around the lateral edges of the
slab. No evidence is found for poloidal flow, where mate-
rial, initially located under the slab, flows underneath the
slab tip toward the mantle wedge.

[35] The discrepancy with the results of Buttles and Olson
[1998] can be explained by the difference in experimental

design and boundary conditions. Buttles and Olson [1998]
used a slab made of Plexiglas for which slab-dip parallel
and slab-dip perpendicular displacement was externally
controlled. This could have possibly led to unrealistic flow
patterns in the sublithospheric mantle, since the flow did not
result from buoyancy-driven subduction forces of the slab
such as in nature, but from kinematic boundary conditions
externally imposed on the slab.

[36] Funiciello et al. [2002, 2003] describe slab-induced
flow patterns of experiments with slabs as wide as
(laterally constrained) or half the width (laterally uncon-
strained) of the box. From the former design, it is not
surprising that flow would be directed underneath the slab
tip, since it is effectively a two-dimensional experiment,
comparable to experiments from Garfunkel et al. [1986].
Garfunkel et al. numerically investigated slab rollback-
induced mantle flow in a two-dimensional model box, in
which displacement of the slab was externally imposed.
Only flow underneath the slab tip was observed due to the
two-dimensional setup of the model box. Surprisingly, the
streamline pattern illustrating the flow underneath the slab
tip in a cross-section view drawn by Funiciello et al.
[2002, 2003, Figure 4b] is different from the streamline
pattern from Garfunkel et al. [1986, Figure 7b]. Stream-
lines drawn by Garfunkel et al. [1986] intersect the slab at
a steeper angle, pointing to flow underneath the slab tip,
while streamlines drawn by Funiciello et al. [2002, 2003]
intersect the slab at a shallower angle. The discrepancy
between the results reported in here and the laterally
unconstrained experiments of Funiciello et al. [2002,
2003] are unclear, because the experimental design in both
cases is very similar and the slab-induced flow was in both
cases driven entirely by the negative buoyancy of the
subducting lithosphere.

[37] From analogue and numerical experiments, Becker et
al. [1999], Faccenna et al. [2001a, 2001b] and Funiciello et
al. [2003] found that during free sinking of the slab (e.g.,
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Figure 12. Diagrams illustrating slab length during free fall into upper mantle (free fall stage is defined
as the time frame between initiation of subduction and the moment when the slab tip hits the lower
discontinuity). Observed slab length is compared with predicted slab length (calculated with equation (3))
for both a constant bending radius (minimum bending radius as observed in experiment (see Figure 13))
and time dependent bending radius as observed in experiment (see Figure 13). (a) Experiment 9 with C =
0.105 and minimum bending radius » = 0.025 m. (b) Experiment 10 with C = 0.037 and minimum

bending radius » = 0.055 m.

before interaction with the 670 km discontinuity) the slab
length H(?) scales as follows:

Apgr?
H(t) = H
(1) = Hyexp (c L ()

where H,, is the initial slab length, C is a constant, Ap is the
density contrast between slab and mantle, r is the bending
radius of the slab, R is the half thickness of the slab, and ¢ is
time. Equation (3) has been deduced under the assumption
that the bending radius is constant during subduction and
that viscous dissipation due to bending of the subducting
lithosphere is the main force resisting subduction. The
viscous dissipation would therefore be roughly equal to the
potential energy dissipation of the subducted slab. Best fit
curves for two fixed trailing edge experiments have been
plotted in Figure 12 using equation (3). For each experiment
two curves have been plotted, one with a time dependent
bending radius, as measured from the experiments
(Figure 13), and one with a constant bending radius (chosen
as the minimum bending radius as observed in the
experiment (see Figure 13)). As can be observed in
Figure 12, a reasonable fit can be achieved with a constant
bending radius and an optimized value for C. For the more
realistic case of a time dependent bending radius, however,
no satisfying fit can be achieved. This is mainly due to the
fact that H(?) in equation (3) is very sensitive to changes in
r. The error between calculated and observed slab length
curves most likely follows from the initial assumption that
the rapidity of subduction during the free fall stage is
primarily controlled by the bending resistance. Calculations
have shown that the bending resistance accounts for ~30%
of resistance to subduction in the initial stage of subduction
decreasing to ~15% just before the slab tip hits the lower
discontinuity [Schellart, 2004]. The better fits between data
and curves resulting from equation (3) obtained by Faccenna

etal. [2001b] could be explained by the larger viscosity of the
slab (0, =1.6 x 10°) and viscosity contrast between slab and
upper mantle in their experiments (v,/  m,, = 350—1000),
compared to the experiments described in here (n, = 2.4 x
10%, Nsp/Mm = 185). These higher values could require a
larger component of the driving force to be absorbed by the
resistive force to bend the slab, rather than other resistive
forces such as shear forces and rollback-induced flow
forces. However, it should also be mentioned that the
diagrams illustrating subduction in the analogue experi-
ments of Faccenna et al. [2001b] (their Figure 3) and
Funiciello et al. [2003] (their Figures 3 and 8) do show a
change in bending radius with progressive time. Therefore
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Figure 13. Progressive development of bending radius r
during the free fall stage of the slab into the upper mantle
for two experiments. Free fall stage is defined as the time
frame between initiation of subduction and the moment
when the slab tip hits the lower discontinuity.
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equation (3) might not be applicable to their experiments as
well.
4.1.2. Numerical Models

[38] Numerical experiments on subduction and rollback
have been conducted before, but these experiments were in
most cases two-dimensional [i.e., Garfunkel et al., 1986;
Giunchi et al., 1994; Marotta and Sabadini, 1995;
Christensen, 1996; Houseman and Gubbins, 1997; Olbertz
et al., 1997; Becker et al., 1999; Buiter et al., 2001; Cizkova
et al., 2002]. The experimental results presented here have
demonstrated that mantle flow around the slab edges is the
dominant flow in the upper mantle to allow for slab rollback
and no component of rollback-induced flow underneath the
slab tip has been observed. The results demonstrate that
two-dimensional investigations into slab rollback related
processes such as hinge retreat rates [e.g., Giunchi et al.,
1994], slab-induced mantle flow patterns [e.g., Garfunkel et
al., 1986] and the influence of these flow patterns on slab
morphology [e.g., Marotta and Sabadini, 1995] could
provide unreliable insights. This is because the rollback-
induced flow is restricted to a two-dimensional plane
oriented perpendicular to the trench and this restriction
will therefore significantly and unrealistically influence
the experimental outcomes. It could be argued that two-
dimensional models of subduction and slab rollback could
be representative for natural subduction cases for which the
slab is relatively wide. However, even in the case of the
South American subduction zone, which is at present
the widest and most continuous subduction zone on Earth,
shear wave splitting implies that mantle flow in the upper
mantle underneath the subducting slab is predominantly
oriented parallel to the trench [Russo and Silver, 1994,
1996]. Such flow has been suggested to be the result of
west-directed retreat of the subducting Nazca plate. Trench-
parallel flow underneath the South American slab was
already proposed by Alvarez [1982], who suggested that
the trench-parallel flow would turn eastward near the
Caribbean plate and the Scotia plate, forcing the Lesser
Antilles arc and Scotia arc to migrate eastward. The South
American subduction zone is some 6500 km wide and is
much wider than the maximum slab width for experiments
described in this paper (with W = 25 cm, corresponding to
~1250 km). Thus the flow pattern in the South American
subduction zone might be even more complex than the flow
patterns as illustrated in Figures 8 and 9. In any case, trench-
parallel flow underneath the South American subduction
zone as implied from shear wave splitting points to complex
three-dimensional dynamic interaction between the slab and
mantle, for which two-dimensional modeling approaches
would not suffice.

[39] In a large number of models, a hinge migration
velocity was imposed on the subducting lithosphere as a
boundary condition, rather then being investigated on its
own [e.g., Garfunkel et al., 1986; Griffiths et al., 1995;
Guillou-Frottier et al., 1995; Christensen, 1996; Houseman
and Gubbins, 1997; Olbertz et al., 1997; Buiter et al., 2001;
Cizkova et al., 2002]. From our results it is clear that hinge
migration is a transient process, as has been found earlier by
Faccenna et al. [1996, 1999, 2001b], Becker et al. [1999]
and Funiciello et al. [2002, 2003]. Steady state retreat is
only observed when interaction of the slab with the upper-
lower mantle discontinuity results in horizontal draping of
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the slab over the discontinuity (see also Funiciello et al.
[2002, 2003]).

4.2. Comparison With Nature

[40] The experimental results of the fixed trailing edge
experiments (Figure 2a) lend themselves particularly well
for comparison with tomography images across the Cala-
brian arc [Lucente et al., 1999] and Carpathian arc [Wortel
and Spakman, 2000], because the horizontal velocity of the
subducting and overriding plate in these arc systems is (or
was) very low. The Ionian slab subducting along the
Calabrian arc is attached to the African plate, which had
an absolute velocity of ~3 cm/yr at 30 Ma decreasing to
~1 cm/yr from 10 Ma to Present [Jolivet and Faccenna,
2000]. The Carpathian slab was formerly attached to the
Eurasian plate, which has been moving at ~1.0—1.5 cm/yr
in the last 60 Ma [Jolivet and Faccenna, 2000]. In both
examples, the slab signature has a relatively steep dip down
to the upper-lower mantle discontinuity, where it is
deflected horizontally. The deflected part of the slab seems
to rest on top of the discontinuity in both cases and
continues about as far west as the extent of the backarc
basin at the surface (northwest border of Liguro-Provencal
Sea for Calabrian arc and southwest border of Pannonian
Basin for Carpathian arc). The close resemblance between
the slab geometry in nature and experiment would suggest
that the slab geometry in both natural cases resulted from
castward slab rollback, which would explain the backarc
basins observed at the surface (i.e., Liguro-Provencal Sea
and Tyrrhenian Sea for Calabrian arc [e.g., Malinverno and
Ryan, 1986; Lonergan and White, 1997] and Pannonian
Basin for Carpathian arc [e.g., Royden et al., 1983]).

[41] Several tomographic images for subduction systems
in the Western Pacific show a similar slab geometry
including images across the Izu-Bonin arc [van der Hilst
and Seno, 1993] and across the Kuril arc [van der Hilst et
al., 1991]. Again, the slab signature is deflected horizontally
at the upper-lower mantle discontinuity. In both cases, the
horizontal segment resting on top of the discontinuity
underlies a backarc basin at the surface. The [zu-Bonin slab
underlies the Parece-Vela backarc Basin which opened from
31 to 15 Ma [Kobayashi and Nakada, 1979] and resulted
from ~ east directed slab rollback. The Kuril slab underlies
the Kuril backarc Basin and the Sea of Okhotsk region,
which both formed due to south to southeast directed
counterclockwise slab rollback during the Eocene to Mio-
cene [Schellart et al., 2003].

[42] From the experiments it can be concluded that the
slab dip is dependent on the retreat velocity, with higher
retreat velocities resulting in lower dip angles (Table 2,
Figure 7). This supports findings of previous experimental
work of subduction and slab rollback [Griffiths et al., 1995;
Guillou-Frottier et al., 1995]. The experimental results can
be compared to several slabs in nature which are presently
retreating (Table 3). The correlation between slab dip angle
and hinge retreat velocity is not immediately straightfor-
ward, probably because other physical factors influence the
slab dip angle as well. For example, the slab dip angle
depends on several other factors including absolute velocity
of the subducting plate [Schellart, 2003], absolute velocity
of the overriding plate and buoyancy of the slab [van Hunen
et al., 2002]. However, the Tonga-Kermadec subduction
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Table 3. Natural Subduction Systems®

Subduction System Retreat, cm/yr Slab Dip Angle

Hellenic arc 3.0-3.5(1) 55°
Calabrian arc 6.0 since 5 Ma (2) 70°
Scotia arc 5.7 (3) 70°
Ryukyu arc 4.0 (SW) (4) 40-50°
1.1 (Central SW) (4) 40-50°
Mariana arc 3.0-4.3 (5) 80-90°
New Hebrides arc 11.8 (SE) (6) 55-60°

4.2 (Center) (6) 70-75°
15.9 (NNE) (7) 50°

9.1 (Central NNE) (7) 55-60°
1.5-2.0 (SSW) (8) 70-80°

Slab retreat versus slab dip angle. References (in parentheses): 1, Kahle
et al. [1998] and McClusky et al. [2000]; 2, Faccenna et al. [2001b];
3, Barker [1995]; 4, Imanishi et al. [1996] and Heki [1996]; 5, Martinez et
al. [2000]; 6, Taylor et al. [1995]; 7, Bevis et al. [1995]; 8, Wright [1993].

Tonga-Kermadec arc

zone and the New Hebrides subduction zone do show a
correlation between the slab dip angle and retreat velocity.
For these subduction zones, the absolute velocity of the
plate and buoyancy of the slab is approximately constant
along the trench. Both subduction zones show an increase in
retreat velocity along the trench, which corresponds to a
decrease in dip angle of the slab.

[43] All arc-shaped subduction zones, which are or have
recently been retreating (as evidenced by the activity in the
backarc region) are convex toward the direction of retreat.
This has also been observed in the fluid dynamic models. In
the models this resulted from toroidal flow in which glucose
syrup initially located underneath the slab flowed around
the lateral slab edges toward the mantle wedge, forcing the
edges of the slab to bend toward the direction of flow. In
nature, the convexity of slabs could also be explained in this
manner, especially for arc systems, which are presently
retreating. Thus lateral slab discontinuities have a major
influence on slab retreat and mantle flow patterns and they
facilitate rapid slab rollback. However, it should be kept in
mind that other factors could also influence the arcuate
shape of subduction zones, such as the presence of buoyant
irregularities on the subducting plate [e.g., Vogt, 1973]. For
a number of subduction zones, flow around lateral slab
edges toward the mantle wedge region has been implied
from volcanic rock geochemistry found in the arc and
backarc region. Examples include the Ionian slab subduct-
ing underneath the Calabrian arc in the Mediterranean
region [Gvirtzman and Nur, 1999], the Scotia slab subduc-
tion underneath the Scotia arc in the Southern Atlantic
[Livermore et al., 1997; Bruguier and Livermore, 2001]
and the Tonga slab subducting underneath the Tonga arc in
the southwest Pacific [Wendt et al., 1997; Turner and
Hawkesworth, 1998]). In addition, seismic anisotropy for
mantle material underneath the Kuril slab near the northern
edge of the slab close to the Kuril arc - Aleutian arc
intersection implies that mantle material is flowing around
the lateral edge of the slab [Peyton et al., 2001].

[44] The most striking evidence for lateral flow around a
slab edge is the northernmost Tonga arc region. In the
northernmost part of the Tonga region, the NNE-striking
subduction zone curves round toward the WNW and
changes to a strike-slip zone. At depth, this corresponds
to a large vertical edge or tear in the slab. The slab near the
tear is itself also curved with a convex shape toward the
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east. This is also the direction of slab retreat, as can be
implied from the direction of opening of the Lau backarc
basin bordering the Tonga arc to the west [Bevis et al.,
1995]. Geochemical data for volcanic rocks in the arc and
backarc region show signatures of the Samoa mantle plume
[Wendt et al., 1997; Turner and Hawkesworth, 1998]. This
suggest that indeed mantle material located underneath the
Tonga slab is flowing toward the north and then turns
westward and finally southward around the northernmost
edge of the Tonga slab. Thus it can be speculated that
castward retreat of the Tonga slab induces flow around its
northern slab edge, which causes the slab and trench to
become convex toward the direction of slab retreat.

4.3. Limitations of the Models

[45] As models are simplifications of reality, each model
will have its limitations. The models presented in here do
not incorporate an overriding plate and therefore the
obtained subduction and rollback velocities are likely to
be somewhat high, since the subduction fault in the models
is very weak and has the same viscosity as the underlying
mantle. The subduction fault has a viscosity that is a factor
of ~185 times smaller than the viscosity of the lithosphere.
This strength might appear to be very low. However, other
modeling investigations have used a very low strength for
the subduction fault as well. For example, Gurnis and
Hager [1988] have modeled subduction with a fault vis-
cosity that is 100 times smaller than the viscosity of the
lithosphere.

[46] Also, the models do not incorporate a lower mantle
layer and model the upper-lower mantle boundary as a rigid
boundary. Thus the models exclude the possibility that
subduction and rollback of the slab in the upper mantle
will excite flow in the lower mantle. However, penetration
of the slab that is restricted to the upper mantle will most
likely not be able to excite any flow in the lower mantle, due
to the much higher viscosity of the lower mantle compared
to the upper mantle. The lower mantle is thought to have a
viscosity, which is a factor of 30—100 higher than the
viscosity of the upper mantle [Davies and Richards, 1992;
Bunge et al., 1996; Conrad and Lithgow-Bertelloni, 2002].
In addition, it could be argued that a free-slip boundary
condition at the core-mantle boundary would facilitate flow
in the lower mantle induced by subduction and rollback of a
slab located in the upper mantle. However, such a boundary
condition would probably not aid very much the overall
possibility of lower mantle flow, since this would require
the diameter of the flow cell to attain an enormous magni-
tude. The distance between the upper-lower mantle bound-
ary and the core-mantle boundary is ~2200 km, and thus,
rollback-induced flow along the core-mantle boundary
would therefore not be energetically preferable.

5. Conclusions

[47] The experimental results oppose the view that sub-
duction can be regarded as a two-dimensional steady state
process. To the contrary, subduction is a three-dimensional
process in every aspect of its nature and demonstrates
nonsteady state behavior. During subduction and slab roll-
back, the slab and trench attain an arc-shaped geometry,
convex toward the direction of retreat, as also observed for
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arc and backarc systems in nature. Subduction and rollback
produce a three-dimensional flow pattern with two types of
flow cells. Slab-dip parallel displacement produces two
poloidal flow cells, one in the mantle wedge above the slab
and one underneath the subducting plate. Slab perpendicular
displacement (rollback) produces two toroidal-type flow
cells, in which material initially located underneath the slab
flows around the lateral slab edges toward the mantle
wedge. It should be emphasized that the rollback-induced
flow is not strictly toroidal, since the rotation axes of the
flow cells are not vertical but are tilted and are oriented
subparallel to the lateral edges of the slab. No slab rollback-
induced flow underneath the tip of the slab is observed
except for cases where the slab tip is slanting. In such a
scenario, a small amount of toroidal-type flow is observed
underneath the shallowest part of the slanting slab tip line.
The hinge retreat velocity, dip of the slab and bending
radius change in time and in space from initiation of
subduction until the slab is draped on top of the upper-
lower mantle discontinuity. Only after the frontal segment
of the slab has been horizontally draped over the disconti-
nuity does the slab approach a steady state with a constant
dip angle, constant sinking vectors and a constant retreat
velocity. From the experimental results it can be concluded
that the following factors enhance slab rollback: (1) an
increase in density contrast between slab and sublitho-
spheric mantle; (2) a fixed trailing edge boundary condition
for the subducting plate rather then a free trailing edge;
(3) an increase in slab thickness.
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