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The evolution of back-arc basins is tied to the development of the dynamics of the subduction system
they are a part of. We present a study of back-arc basins and model their development by implementing
3D time-dependant computer models of subduction including an overriding plate. We define three types
of episodicity: pseudo-, quasi- and hyper-episodicity, and find evidence of these in nature. Observations
of back-arc basin ages, histories of spreading, quiescence and compression in the overriding plate give us

;(eJ{) ‘(’j""r‘tj,s" an understanding of the time-development of these subduction zones and back-arc basins.
Bl;ck-gcrcl(zitension Across the globe today, a number of trenches are advancing—the Izu-Bonin Trench, the Mariana Trench,
Episodicity the Japan Trench, the Java-Sunda Trench and the central portion of the Peru-Chile Trench (the Andes sub-

duction zone). The Izu-Bonin, Mariana and Japan all have established back-arc basins, while the others
have documented episodes of spreading, quiescence, compression or a combination of these. The com-
bination of advancing and retreating trench motion places these subduction zones in the category of
hyper-episodicity.

Quasi-episodicity, in which the back-arc shifts between phases of rifting, spreading and quiescence,
is the dominant form of episodic back-arc development in the present. We find this type of episodicity
in models for which the system is dynamically consistent—that we have allowed the subducting plate’s
velocity to be determined by the sinking slabs’ buoyancy. Quasi- and hyper-episodicity are only found in
subduction zones with relatively high subducting plate velocities, between 6 and 9 cm/year. Finally, those
subduction zones for which the subducting plate is moving slowly, such as in the Mediterranean or the
Scotia Sea, experience only pseudo-episodicity, where the spreading moves linearly towards the trench
but often does so in discrete ridge-jump events.
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1. Introduction

The development and evolution of back-arc basins represents
a fundamental process of plate tectonics, many aspects of which
remain unexplained. Part of the enigmatic nature of back-arc basins
is that while they form at convergent plate boundaries, they rep-
resent extensional processes which are opposite to the sense of
convergence. Even after extensional stresses generated from trench
rollback (and retrograde migration of their associated slabs) were
identified as the likely origin of back-arc basins (Dvorkin et al., 1993;
Faccenna et al., 1996; Jolivet et al., 1994), the exact mechanism as to
how subduction dynamics controlled the process was not apparent.
Thus, the problem of back-arc basin formation serves as a clear indi-
cator that our understanding of subduction remains inadequate.
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Some insight can be gained into these processes by consider-
ing the kinematics associated with back-arc basins, which reflect
the product of relative motions between the trench, the subduct-
ing plate and the overriding plate. A large amount of episodicity
can be seen in the recent kinematic synthesis of Sdrolias and Miiller
(2006), which reports the evolution of back-arc basins in the Pacific
ocean during the past 60 Ma. The distribution of sea-floor age
suggests extension alternating with phases of tectonic quiescence
or compression. Similar arguments can be made for observations
related to orogenesis, that the state of mountain building is deter-
mined by the trench velocity, and whether it is advancing towards
the overriding plate or retreating from it (Lister et al., 2001).

Recent global compilations of the trench motion demonstrate
that between 50% and 75% of trenches (depending on choice
of absolute reference frame) are currently retreating (Lallemand
et al., 2005; Schellart et al., 2007). The remaining trenches are
either neutral or advancing, and in the Indo-Atlantic hotspot
reference frame there are only a few trenches advancing at
present: Japan (1.5 cm/year), Izu-Bonin (2.65cm/year), Mariana
(1.85 cm/year), Sunda (0.7 cm/year), Hikurangi (2.1 cm/year) and
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Bolivia (0.5 cm/year) (Schellart et al., 2007). However, the static
view for the present day can be misleading with regards to the
motion of trenches because although plate motions may generally
be considered smooth and continuous, the motion of plate bound-
aries is not.

There are other processes besides trench motion which are
important in producing back-arc basins, but may also greatly influ-
ence the episodicity of basins. Extensional forces may arise from
gravitational collapse of regions with thickened crust (Martinod et
al,, 2000) or from far-field stresses due to changes in plate direc-
tion and continent-continent collisions (Silver et al., 1998). These
effects have been shown to be important for back-arc basin devel-
opment in the Aegean and Japan Seas as their contribution likely
modulated the more dominant extensional forces from roll-back
subduction (Jolivet et al., 1994).

One well-documented case of back-arc basin evolution is that
of the Central Mediterranean (Faccenna et al., 2001 and references
therein). There, two episodes of extension have occurred since
30Ma, each beginning with slow rifting and punctuated with fast
back-arc spreading. The Liguro-Provencal basin was formed by thin-
ning and rifting for ~8 Myr between 30 and 22 Ma, followed by
~6 Myr of oceanic spreading between 22 and 15 Ma. There is then
an apparent 5 Myr hiatus in extension while the ridge jumps to the
southeast from 16 to 10 Ma. Extension then resumes for a 5 Myr
period of rifting and subsidence, forming the Tyrrhenian basin, fol-
lowed by new spreading centres within the basin active from 5 Ma
to present. These two spreading centres show a linear progres-
sion towards the retreating trench (Faccenna et al., 2001; Spadini
and Podladchikov, 1996). We classify this as pseudo-episodicity as
the overriding plate rheology leads to distinct phases of back-arc
spreading although the trench motion is in constant retreat.

The best examples for studying the development of back-arc
basin are the large intra-oceanic basins of the Western Pacific. These
include the Shikoku, Perace Vela, West Phillipine, Lau, North-Fiji
and South Fiji Basins, the Japan, South China and Sulu Seas, as well
as the Marianas Trough. We use revised interpretations and com-
pilations of the history of seafloor spreading (Miiller et al., 2006) in
these regions, as well as a few regions outside the Western Pacific,
for example the Scotia Sea. These are combined with recent obser-
vations in other nearby marginal basins which together form an
ensemble of basins associated with an individual subduction zone.
The pattern which emerges from such a synthesis may then be
placed into context with the regional dynamics as they are con-
trolled by subduction processes. This regional view of back-arc
basin evolution applied worldwide can provide a framework for
distinguishing between different types of observed episodicity.

There is a variety of episodicity exhibited in regions with back-
arc basins which ultimately reflect the evolution of the stress field.
In some cases, extension may be continuously ongoing but an
apparent hiatus in extension is either due to a lack of data or a
ridge-jump followed by a period of rifting preceding extension,
such as the case in the Mediterranean. Either of these cases we term
pseudo-episodic. Otherwise, episodic behaviour is observed when
extension is interrupted by periods of quiescence (i.e. an actual hia-
tus of extension) or compression, which we term quasi-episodic
and hyper-episodic, respectively.

Various approaches have been adopted for investigating how
subduction influences the stress field in the overriding plate. Com-
pilations of subduction related parameters and relevant geologic
observations in the overriding plate have been made with the goal
to classify tectonic regimes and identify correlations (Heuret and
Lallemand, 2005; Jarrad, 1986; Lallemand et al., 2005; Whittaker
et al,, 2007). Attempts to quantitatively understand how particular
parameters affect the dynamics of subduction systems are largely
based on analogue and numerical models, however, the full com-

plexity of subduction is difficult to address. Consequently, models
typically introduce one or more simplifications such as restricting
the dynamics to a 2D geometry, not including an overriding plate or
including an overriding plate but in the absence of any interaction
with the fluid mantle. Furthermore, many models are not dynami-
cally self-consistent because conditions such as plate speed, trench
location or dip angle have been prescribed a priori.

Much of the attention spent on understanding subduction-
driven dynamics of the overriding plate has been focused upon
the use of 2D numerical models (Buiter et al., 2001; Sobolev
and Babeyko, 2005). However, in regard to back-arc basins, the
motion of the trench is of primary importance in controlling the
time-dependent stress field in the region of the plate bound-
ary. Unfortunately, most 2D models do not achieve self-consistent
trench motion because in order to produce one-sided subduction,
either the trench location, trench motion or plate motion are pre-
scribed. Models of free subduction are preferable because they
treat trench and plate kinematics as emergent features completely
driven by the negative buoyancy of the subducting slab (Enns et
al., 2005; Funiciello et al., 2003b; Garfunkel et al., 1986). However,
one of the limiting factors in models of free subduction has been to
include an overriding plate, a plate that interacts strongly with the
subducting slab.

Because subduction zones have a finite lateral extent, the man-
tle flow induced by subducting slabs and the associated subduction
dynamics is inherently three-dimensional. A number of analogue
and numerical studies have demonstrated that 3D geometry is
essential in order to allow mantle flow around slab edges and gen-
erate rollback subduction (Dvorkin et al., 1993; Funiciello et al.,
2003a; Garfunkel et al., 1986; Schellart, 2004). It was postulated
and shown analytically that the corner flow of 2D numerical models
is only applicable to 3D models if subducting slabs are sufficiently
wide (Dvorkin et al., 1993).

Such wide slabs (infinitely wide in 2D) prevent mantle flow
around the edges of the subducting slab, and the entire mantle flow
is forced around the tip of the slab. This reduces the ability of the
mantle to flow from underneath the slab to the top of the slab, lead-
ing to a difference in pressure and a consequent hydrodynamic lift
force that supports the slab the slab and inhibits rollback. The man-
tle flow around the edges of narrow slabs significantly reduces the
pressure exerted on the slab, and this reduction is entirely depen-
dent on the finite extent of the slab. The reduced corner suction
allows the weight of the slab to exceed the strength of the subduct-
ing plate (i.e. the plastic yield stress limit integrated over the plate
thickness). This drives an instability expressed as retrograde hinge
migration (rollback) in narrow slabs which has been attributed to
the origin of back-arc basins and back-arc spreading in the overrid-
ing plate (Dvorkin et al., 1993).

This effect is seen quite dramatically in fully dynamic models
when the lateral extent of the subducting plate is varied for the
full range of plate widths (300-7000 km) that occur on Earth and
plate width is a controlling factor for how trenches move and evolve
with time (Schellart et al., 2007). Much of the recent work in 3D
has been focused on investigating dynamics of a subducting plate
and its associated mantle flow in the absence of any overriding
plate (Bellahsen et al., 2005; Funiciello et al., 2003a; Morra et al.,
2006; Schellart, 2004; Stegman et al., 2006). However, some studies
account for the effect of density perturbations due to ridges and
plateaus on the subducting plate (Martinod et al., 2005; Royden
and Husson, 2006).

Early analogue experiments demonstrated that extension in the
overriding plate is a direct consequence of retrograde slab migra-
tion (Kincaid and Olson, 1987). Although these models used a free
subduction approach which incorporated an overriding plate, no
systematic or quantitative investigation of the dynamics of the
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overriding plate was made. Deformation in the overriding plate that
is driven by the interaction of a subducting slab has been investi-
gated with 3D models in more detail than these early analogue
experiments. However, one limitation of these models is that either
the convergence rates are prescribed using pistons (Regard et al.,
2005, 2003; Shemenda, 1993; Shemenda and Groholsky, 1994) and
are therefore not dynamically self-consistent, or that these models
do not incorporate the effect of the underlying mantle flow and are
not fully coupled systems as a result.

These recent models largely focus on 3D aspects of conver-
gence such as oblique subduction, continental collision subsequent
to the closure of a small ocean between two continents with an
equal lateral extent, or collision between a smaller continental mass
indenting into a larger continent (Regard et al., 2005). The sys-
tematic investigation of how subducting plates influence oceanic
overriding plates remains relatively unaddressed. This paper pro-
vides amethodology for including an overriding plate in 3D models.

The state of stress in the overriding plate is the product of the
delicate balance of large tectonic forces in a highly coupled system,
and must therefore include all components of the system: the sub-
ducting plate, the overriding plate, and the underlying mantle flow
which couples everything together. Furthermore, in order for the
resultant dynamics and motion of the trench to be self-consistent,
the system must be primarily driven by the slab buoyancy and as
much of the remaining problem should be left as little prescribed
as possible.

In an attempt to understand the basic dynamics of the system,
we have neglected thermo-mechanical effects, which are important
on longer time-scales. We have previously looked at these effects in
the context of models with imposed kinematic and thermal histo-
ries (Clark and Miiller, in press), but in this paper we seek to simplify
the physics of the development of back-arc basins by considering
only the buoyancy and rheological effects of temperature as a first
step in understanding back-arc basin time-dependent evolution.

We focus our attention on the episodicity of deformation in
the overriding plate by examining 3D models of free subduction
incorporating an oceanic overriding plate. We examine how this
episodicity is affected through interaction with a subducting slab,
either driven by its own negative buoyancy alone or in combina-
tion with a surface velocity boundary condition imposed on the
subducting plate.

2. Numerical model

A numerical model is advanced which builds on previous work
including an overriding plate, a weak zone to reduce the coupling
between the subducting and upper plates, and a 3D solver. We setup
14 models with varying width, overriding plate spreading centre
and boundary conditions.

2.1. Model setup

We model the subduction system as a subducting plate sinking
underneath an overriding plate. The subducting plate (and its asso-
ciated slab) is a composite material with a visco-plastic upper-half
and a purely viscous lower-half (Fig. 1b). The upper layer in these
models thus represents the brittle portion of the oceanic litho-
sphere, as well as a relatively weak serpentinised layer (Lee and
Chen, 2007) while the lower portion of the oceanic lithosphere is
composed by strong, mantle residuum. This lower layer of the litho-
sphere can also be thought of as containing the viscous equivalent
of a strong elastic core (Morra and Regenauer-Lieb, 2006).

Incorporating a lower layer that cannot yield, results in a strong
coupling between the subducted slab and the trailing plate. This

Overriding

Weak Zone

Viscoplastic

Viscous

Lse

Fig. 1. Initial model setup, showing the overriding plate in pink, the island arc mate-
rial in red and the subducting plate in grey-blue (visco-plastic top layer) and purple
(viscous lower layer). (a) 3D representation of the setup showing the region of com-
putation. The upper mantle is transparent and goes to 670 km depth, while the lower
mantle is only included until 1000 km depth and is displayed in orange. The dashed
line indicates the location of the ridge included in some models. (b) A cross-sectional
representation of the two plates and island arc (weak zone). See text for a discussion
of the relative sizes.

coupling allows a significant slab pull through the plate’s hinge
(Schellart et al., 2007). The strength parameters for these layers
are presented in Table 1 with the weak upper layer having sub-
script pl. The initial viscosity is 200 times that of the upper mantle
throughout the slab. Plate thickness is kept constant at 100 km, rep-
resenting mature oceanic lithosphere, but we consider variations
in plate-width between 600, 1200, or 2000 km.

Subduction is initiated with a 500 km long perturbation at a
60° angle from the surface, which allows us to explore subduction
dynamics without having to consider the complexities of subduc-
tion initiation. The perturbation is larger than in similar models
without an overriding plate as the resistance to establishing sub-
duction is higher. The experiments are conducted in a box which is
4000 km long, 1000 km deep and 4000 km wide, however the sym-
metry of the problem allows us to divide the computational domain
across the middle of the slab so only 2000 km of the box width is
modelled (Fig. 1a).

The lower mantle begins at 660 km depth and is represented
by a sharp interface and viscosity contrast of 100 times the vis-

Table 1

Model parameters

Num, reference viscosity (upper mantle) 1x 102 Pas
Ap, density contrast 80kgm3
g, acceleration due to gravity 10ms—2

H, plate thickness 100 km

L, box depth 1000 km
Depth to lower mantle 660 km
Mim/Mum, lower/upper mantle viscosity contrast 100x
1pt/Mum, lithosphere/upper mantle viscosity contrast 200x

Gies 800 MPa
Tpl 48 MPa

Mpl 0.1

Tarc 4MPa

Marc 0.2
Imposed plate velocity (where present) 7.0 cm/year
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cosity of the upper mantle. While lower contrasts have been used
in previous studies (Bunge et al., 1997; Christensen, 1996; Forte
and Peltier, 1991), we have neglected the retarding effect of the
clapeyron slope on the buoyancy of the slab and therefore seek to
compensate through a higher viscosity contrast. A stratified mantle
viscosity is essential for both confining slab dynamics and induced
mantle flow to the upper mantle, as well as anchoring slabs which
have penetrated into the more viscous lower mantle (Funiciello et
al., 2003a; Gurnis et al., 2000; Han and Gurnis, 1999; Zhong and
Gurnis, 1995a,b).

The model resolution is 50 km in the trench parallel and trench
perpendicular directions, and 25 km in the vertical direction. In
particular high resolution in the vertical direction is required to
properly resolve the lithosphere and exceeds that previously used
in buoyancy-driven models (Schellart et al., 2007; Stegman et al.,
2006). Resolution tests have also been performed by Stegman et al.
(2006).

The overriding plate thickness is kept constant at 50 km, rep-
resenting relatively young lithosphere, while its width is the same
as that of the subducting plate. However, the overriding plate is
comprised only of a purely viscous layer, ignoring stress dependent
effects, in contrast to the two-layered rheology of the subducting
plate. The trailing edge of the overriding plate is attached to the
wall with a no-slip condition and the plate is 1390 km long.

A-300km wide ‘side plate’, with the same composition as the
overriding plate, is attached to the side of both the overriding plate
and the subducting plate. This side plate is introduced to represent
a closer approximation to the real world in which the subducting
plate system is not isolated but linked to a surface wholly comprised
of plates.

Between the overriding plate and the subducting plate, a very
weak and buoyant material (we will use the terms ‘weak zone’ and
‘island arc’ for this material interchangeably) is introduced which
prevents the overriding plate from becoming entrained and facil-
itates one-sided subduction. This material represents chemically
buoyant continental crust, as well as partially molten material ris-
ing off the slab. This material has lower density than that of the
upper mantle by 320kg/m3 and is 10 times less viscous than the
overriding plate. To promote decoupling between the overriding
and subducting plates (in lieu of a plate bounding fault), the cohe-
sive strength is reduced to only 4 MPa.

Geometrically, this material is ascribed by a trapezoidal prism,
whose cross-section is 110 km across at the surface, follows the
slab down to a depth of 25km and then turns back towards
the overriding plate until it ascends vertically back to the sur-
face. This shape was chosen experimentally as a narrower weak
region led to entrainment of the overriding plate with the down-
going slab, while a less buoyant material disappeared through
subduction.

To test the influence on the mantle dynamics of the presence of
young oceanic lithosphere, adjacent to a back-arc spreading centre
in the overriding plate, a weak zone is included in the middle of
the overriding plate. In contrast to island arc material, this material
is continuous with the upper mantle and cuts a trapezoidal prism
out of the overriding plate. We denote models of this type with
an ‘R’ suffix if a ridge is present. A cross-section of the trapezoidal
prism has a short side on the surface 100 km wide and a long side at
the base of the overriding plate and 310 km wide and is vertically
symmetrical. The prism runs parallel to the trench for the entire
length of the overriding plate and is 880 km from the edge of the
box (Fig. 1).

Examining the boundary conditions interplay with the dynam-
ics of the overriding plate is our focus in this paper. Incoming plate
age and overriding plate motion have not been tested in our models
as Sdrolias and Miiller (2006) found these variables only impor-

tant in the initialisation of back-arc spreading, not in its continuous
development.

2.2. Governing equations

We treat the problem as an isothermal Rayleigh-Taylor insta-
bility problem by assigning appropriate density variations arising
from temperature and neglecting thermal diffusion (neither the
thickness nor buoyancy of the subducting plate change appreciably
over the duration of the experiment). Consequently, ambient man-
tle has neutral buoyancy while the slab and the overriding plate
have a negative buoyancy force due to the density variation used
above.

Considering the sum of forces on any given body of fluid must be
zero, the forces due to pressure, deviatoric stress and gravity must
balance. The deviatoric stress tensor is given by the equation:

8ui auj
= ——t, 1 1
rl] n < BX] + 8X,‘ ( )
where 7 is the viscosity and u is the velocity. Thus the principle of
the conservation of momentum gives the following:

-Vp+V |(n %+% +Apgz=0 (2)
an 3X,‘

where p is the fluid pressure and A pgZ is the buoyancy of the mate-
rial due to the viscosity contrast, A p, multiplied by the force due
to gravity, g, and applied only in the vertical direction, by multi-
plying by a unit vector pointing in the vertical direction. We use
the approximation that the fluid is incompressible and therefore
within any given volume the divergence of the velocity field must
be zero.

V.i=0 (3)

Finally, we allow yielding of the weak zone and the upper-layer
of the subducting plate according to Byerlee’s method in which the
viscosity of the material is reduced by a function of the second
invariant of the deviatoric stress, if the stress at depth z, exceeds
the yield strength, 7y, defined in the following equation:

Ty = To + HogpZ (4)

where 7 is the strength of the material at the surface (where z=0)
and (¢ is the dimensionless depth-coefficient. This yielding formu-
lation follows the argument of Stegman et al. (2006).

2.3. Numerical method

The equations are solved with a combination of Lagrangian and
Eulerian methods, with particles advected through a finite element
Eulerian mesh (Moresi et al., 2003). As the fluid is incompressible,
the Uzawa conjugate gradient method is used to reduce V - i to
approximately zero.

Velocity is scaled relative to the Rayleigh-Taylor instability, the
scaling factor being directly proportional to the pressure exerted by
a unit volume of the instability. This pressure is determined by the
density contrast, A p, multiplied by the acceleration due to gravity,
g, and the thickness of the layer, H. The velocity scaling factor is
also inversely proportional to the reference viscosity of the fluid, 7,
as a measure of the real speed of the fluid (In the formulas below,
a dash to the right of a letter is the dimensionless version of the
parameter.) The formula scaling the velocity, v, is

v:%\/
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where V' is the dimensionless velocity, v is the velocity inms~1, Ap
is the density contrast, H is the reference distance for change in the
model, in this case the thickness of the slab. L is a reference length,
here the depth of the box and 7 is a reference viscosity.

Length is simply scaled relative to the depth of the box, L, the
major length scale for the problem. The scaling is given below:

x=Lx

The scaling of time, t can be derived from the combination of
the above two formulas for length and velocity, since v = x/t and
v/ =x'/t'. As such tis

_.n
t= rngt

2.4. Stress and velocity boundary conditions

We focus our investigation on the dynamics of the overriding
plate and in particular its kinematics and internal deformation.
Apart from the variation of width, the models are varied in terms of
whether the trailing edge of the subducting plate is fixed to the wall
of the box (no-slip), free to move from the wall (free-slip) or pushed
with an imposed surface velocity condition of 7 cm/year from the
trailing edge to a line 300 km seaward of the trench (free-slip else-
where). The gap between the trench and the velocity condition
allows the trench to move dynamically.

While a series of subducting plate velocities are not tested in this
paper, we chose our boundary conditions to capture the variety
of behaviour found on Earth. 7 cm/year serves as an approxima-
tion for the velocity of the subducting plate in the vast majority of
subduction zones plates that are moving between 6 and 9 cm/year.
This includes the Pacific plate and its numerous associated sub-
duction zones in the Western Pacific, the Australian plate and the
Java-Sunda and New Hebrides Trenches, as well as the Cocos and
Nazca plates.

The ‘fixed’ boundary condition represents the Hellenic and Cal-
abria Trenches, where the subducting plate is the slow moving
African plate. The other major series of subduction zones fall into
the ‘free category’, subducting plates without a major ridge push
force and that are slow moving: South American plate and the
Scotia and Caribbean Trenches; the Antarctica plate and South Shet-
land trench; the Juan de Fuca plate and the Middle America Trench
(Schellart et al., 2007).

In the ‘fixed’ models, the subducting plate is attached to the box
atits trailing edge. This attachment represents the subducting plate
being fixed to a continental plate. In the ‘free’ models however, the
edge is separated from the box and is not pushed, representing a

Subducting Plate

Lower Mantle

Top View - Strain Rate

" Vliew -Strain Rate

Table 2

Models run

Model name Imposed velocity Trailing edge Width (km) Ridge
Reference 7 cm/year Imposed 1200 No
600 7 cm/year Imposed 600 No
2000 7 cm/year Imposed 2000 No
2000R 7 cm/year Imposed 2000 Yes
1200freeR N/A Free 1200 Yes
600freeR N/A Free 600 Yes
2000free N/A Free 2000 No
2000freeR N/A Free 2000 Yes
1200fixed N/A Fixed 1200 No
1200fixedR N/A Fixed 1200 Yes
600fixed N/A Fixed 600 No
600fixedR N/A Fixed 600 Yes
2000fixed N/A Fixed 2000 No
2000fixedR N/A Fixed 2000 Yes

transform fault. Thus, in models with subducting plates that have
free edges, the motion of the subducting plate is driven only by slab
pull. In the case of the pushed boundary, the subducting plate’s
motion is driven by both slab pull and the additional ridge push
force generated by a mid-oceanic ridge. Strictly speaking, the free
edge models we describe do not exist in nature but are somewhat
analogous to plates with very slow spreading rates (i.e. the mid-
Atlantic) in which the ridge push force does not translate into fast
plate velocities such as those seen in the Pacific. Table 2 lists the
models run as part of this research.

3. Results

Episodicity of the trench motion in the numerical models is dis-
cussed in relation to back-arc seafloor ages and trench motions
derived from kinematic plate reconstructions. The results show
hyper-episodicity is found only in those models with an imposed
velocity boundary conditions. This finding is confirmed by the back-
arc basin ages derived from magnetic lineations. Fig. 2 shows the
initial state of the reference model and explains the viewports that
will be used in Figs. 5-7. Note that the axis of symmetry is marked
with a dashed line and the centre of the trench is marked with a
dot.

3.1. Subduction models

The time evolution of the normalised overriding plate area for
a selection of the models is shown in Fig. 3. The time evolution is
limited to extend to 20 Myr before any of the models become unsta-
ble and the overriding plate area has been normalised by dividing
by the initial plate area. Increasing and decreasing plate areas cor-

Buoyancy View
(overriding plate not displayed)

© 7 cmiyr

Subducting Plate

W e T

Fig. 2. An explanation of the viewports used in Figs. 5-7. The left frame is the dimensionless strain rate from above, including a view of the side plate which is removed for
clarity in the other plots. The dashed line in the left and centre frames shows the location of the axis of symmetry. The centre of the trench is marked with a dot labelled C in
the centre view. The centre viewport is a perspective view of the dimensionless strain rate, looking only at the subducting plate. Velocity vectors show direction of flow at
200 km depth. The right frame is a view of the cross-section through the middle of the plate (at the boundary of the computational domain) of the dimensionless buoyancy
of the subducting plate and the weak zone only (overriding plate removed). The transition zone at 670 km is shown as grey in the left and centre windows and in white in

the right cross-section.
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Fig. 3. Normalised area (dimensionless) vs. time (Ma). Dashed lines are the fixed models, dotted lines the free models and solid lines the pushed models. See text for
discussion.

respond to extension and compression, respectively. The pushed the fixed models, with ‘2000free’ following closely the profile of
models (solid lines) are the only models which display a reduc- ‘600fixed’ although a little below, while ‘600freeR’ differed by 10%
tion in overriding plate area, having between 77% and 92% of their from its counterpart 600fixed’ at 19 Myr.
original area at 20 Myr. To demonstrate the episodicity in the models, we calculated the
Fixed models have greater relative growth in overriding plate trench speed at the edge of the overriding plate for three cases
area than their free model counterparts, regardless of width. Adding keeping the slab width the same—1200km (Fig. 4). Each of the
a ridge to model ‘1200fixed’ increased the overriding plate area three boundary conditions applied to the subducting slab produced
from 15% to 20% of the initial area at 13.2Myr (Fig. 3), while three different results. These results are displayed until 14 Myr, long
increasing the width of ‘600fixed’ from 600 to 1200 km in model before the subducting plate becomes unstable at between 20 and
‘1200fixed’ also led to a 5% increase in the total area at 17 Myr. 25 Myr and collapses wholesale into the mantle. A four-point aver-
‘Free’ models are grouped below the fixed models regardless aging filter is applied to the results to remove high frequency, low
of the other parameters involved, following a similar pattern to amplitude variations.

o
o

Velocity of Trench (cm/yr)
e o

-Reference Model (at centre)

—Reference Model (average)

| | | || 1200free (average)
-15 ——1200fixed (average)

0 2 4 6 8 10 12 14
Time (Myr)

Fig. 4. Velocity of the Trench in cm/year plotted against time. The velocities are either calculated at the centre of trench or averaged across 87.5% of the trench, excluding the
outermost regions. The trench is taken to be on the boundary of the overriding plate and the weak zone or island arc region. See text for discussion.
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Fig. 5. Snapshots of model ‘2000fixedR’ at (a) 6.8 Myr, (b) 10.2 Myr and (c) 12.4 Myr.
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Fig. 6. Snapshots of model ‘600free’ at (a) 4.5 Myr, (b) 8.0 Myr and (c) 10.8 Myr.
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Fig. 7. Snapshots of the reference model at (a) 4.5 Myr, (b) 9.25 Myr and (c) 13.4 Myr.

The ‘fixed’ model undergoes steady rollback from 0 to 14 Myr, fixed models, regardless of width. The fastest rollback occurs ini-
with a rollback speed of ~0.75 cm/year until 8 Myr. Rollback speeds tially at the edge of the plate (compare the top views, Fig. 5(a) and
increase from that point to 1.25cm/year at 11 Myr (Fig. 4). Fig. 5 (b)) as the mantle flow from under the plate turns around the edge,
displays three snapshots of the model 2000fixedR. The trench expe- bending the edge inwards. This bending results in a trench geom-
riences progressive rollback as is common throughout the series of etry which is strongly concave due to the large lateral variation
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Fig. 8. Derivative of vypper With respect to time, plotted against time. vypper is derived from averaging the velocities along trench from Sdrolias and Miiller (2006). The velocity
along the trench is either the back-arc velocity, in cases in which the back-arc exists, or the overriding plate velocity.
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Fig.9. Shikoku Basin, Parece Vale Basin and Marianas Trough ocean floor age repre-
sented as: (a) a gridded map and (b) histogram distribution using 2 Myr bin widths.

in trench motion between the sides and centre of the trench. The
sinking slab strikes the transition zone at a low angle of incidence,
where it bends again to be laid out horizontally as the trench moves
backward.

The ‘free’ model also undergoes only rollback, although rollback
speeds increase from almost none (0.2 cm/year) at the start of the
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Fig. 10. South Fiji Basin and Lau Basin ocean floor age represented as: (a) a gridded
map and (b) histogram distribution using 2 Myr bin widths.

model, to 1 cm/year at 8 Myr (Fig. 4). The slab hits transition zone
slightly before this causing rollback speeds to gradually decline to
0.5 cm/year at 14 Myr. Fig. 6 shows a narrower free model, model
‘600free’. Subducting velocities are relatively constant throughout,
about 3 cm/year. This slab in the mantle becomes more and more
vertical leading to a slowdown in the trench retreat rate.

The subsequent speed up and slow down of the rollback velocity
delineates the ‘free’ models as quasi-episodic from the ‘fixed’ mod-
els. The ‘fixed’ models are non-episodic in our models, but their
parallels in nature may appear episodic, since the particular struc-
ture of the overriding plate influences the location of rifting and
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Fig. 11. West Philippine Basin ocean floor age represented as: (a) gridded map and
(b) histogram distribution using 2 Ma bin widths.

spreading causing ridge-jumps, such as in the Mediterranean. We
denote these cases as being pseudo-episodic.

The average trench velocity in the reference model (Fig. 4) is
episodic, as trench advance slows from —1.25 cm/year at the start of
the model to —0.25 cm/year at 3 Ma. The trench advance then stops
between roughly 6 and 8 Myr, before advance continues again to
—0.75 cm/year at 13 Myr. Taking a point at the centre of the trench,
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Fig. 12. North-Fiji Basin ocean floor age represented as: (a) gridded map and (b)
histogram distribution using 2 Ma bin widths.

the episodicity is more evident as rollback actually ensues from
6.1 to 9.2 Myr. This is noticeable in Fig. 7. As parts of the trench
experience both trench advance and rollback, the reference model
is hyper-episodic.

As an example of hyper-episodicity, three timeframes are shown
in Fig. 7 for a pushed slab with a width of 1200 km (the reference
model) at 4.5, 9.25 and 13.4 Myr. The trench position is moving
forward in Fig. 7(a), but trench retreat in the centre of the trench
is evident when comparing Fig. 7(a) and (b), as is evident from
Fig. 4.

3.2. Basin age distributions and upper plate velocities

Average upper plate velocities through time are calculated
for the Tonga-Kermadec, Java-Sunda, Middle America, Cascadia,
Farallon, Kuril, Aluetian, Japan, Andes and Izu-Bonin-Marianas
subduction zones based on data in Sdrolias and Miiller (2006). Cal-
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Fig. 13. Ocean floor ages in the Scotia Sea represented as: (a) gridded map and (b)
histogram distribution using 2 Myr bin widths.

culating the change in velocity between each 5 million time period,

we derive the derivative of the average velocity (Fig. 8).
Overriding plates with back-arc basins in Fig. 8 are solid lines,

while those without back-arc spreading are dashed. Changes in
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velocity are evident in all these cases, with the greatest episodicity
in the Tonga-Kermadec, the Izu-Bonin-Mariana and the Cascadia.
Those regions with back-arc spreading data more accurately por-
tray the changes in motion of the trench as regions without back-arc
spreading do not record any deformation between the trench and
the over-riding plate. In all these cases, with the exception of Cas-
cadia, the trench motion undergoes many changes in speed; in all
these cases the subducting plate velocity is also high, between 6
and 9 cm/year.

Figs. 9-14(a) show maps of the basin ages of six prominent back-
arc basins using the oceanic crustal age-grid of Miiller et al. (2006).
The corresponding histograms of the distributions of ocean floor
ages are shown in Figs. 9-14(b) for these basins. Figs. 9-11 show
two distinctive sets of seafloor spreading, while Figs. 12-14 show
only a single phase of back-arc basin opening.

In Fig. 9, the Marianas Trough opens from 8 Ma (Martinez et al.,
1995) after a period of quiescence that followed the opening of the
Parece Vale and Shikoku Basins (Sdrolias et al., 2004). In Fig. 10,
the South Fiji Basin opening between 35 and 25 Ma (Sdrolias and
Miiller, 2006) is separated by a nearly 20 Ma gap before the rapid
opening of the Lau Basin at 7 Ma (Taylor et al., 1996; Zellmer and
Taylor, 2001).

A peak at 92-94 Ma, shown in Fig. 11, contains approximately
4.5% of West Philippine Basin (WPB) ocean floor, representing the
first seafloor formed as part of the WPB in the Jurassic-Cretaceous
(Deschamps and Lallemand, 2002). Two other phases can be seen,
with distinct peaks at 52-54 Ma (9.2% of the WPB) and 34-36 Ma
(5.9% of WPB).

In contrast, in Figs. 12-14 the opening of each back-arc is con-
tinuous with smooth spreading in the North-Fiji Basin (Fig. 12),
Scotia Basin (Fig. 13) and Sulu Sea (Fig. 14). Only a single distri-
bution is seen in the histogram distributions of these seafloor ages
in Figs. 12-14(b), respectively.

Opening in the North-Fiji Basin followed the New Hebrides
Trench rollback at around 12 Ma (Schellart et al., 2002). Seafloor
in Fig. 12 older than this therefore represents remnant seafloor on
the edges of the North-Fiji Basin before the polarity of subduction
reversed. Since 12 Ma, the amount of seafloor produced has been
relatively consistent, with between 10.5% and 12.5% of the current
North-Fiji Basin seafloor produced during each 2 Myr period.

The Sulu Sea formed as a back-arc basin in the early Miocene
(Silver and Rangin, 1991), shown as a progressively increasing
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Fig. 14. (a) A gridded map of ocean floor ages in the Sulu and South China Seas and (b) a histogram distribution of sea-floor ages in the Sulu Sea using 2 Ma bin widths.
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Fig. 15. Ocean floor ages across the world represented as a histogram distribution
using 2 Ma bin widths.

proportion of seafloor belonging to younger ages from 30 Ma, reach-
ing a maximum of 32.5% between 2 and 4 Ma, see Fig. 14.

As a comparison, the seafloor age distribution is shown for the
entire world in Fig. 15. The world distribution shows a relatively
constant distribution of ages, with a higher frequency of younger
relative to older ages due to the consumption of older ocean floor
due to subduction. In general, the distribution of ocean floor has
been fairly uniform, with between 1% and 3% of the current ocean
floor ages belonging to each 2 Myr interval (Fig. 15).

In Fig. 16, the back-arc stress regime-compression (dashed),
spreading/extension (solid) or quiescence (unmarked)-is shown for
the last 45Ma from the literature presented in Section 1. All of
these back-arc regions show episodicity as they move between at
least two of these stress regimes. These regions all have incom-
ing subducting plates with high velocities (between 6 and 9
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cm/year).

4. Conclusion

Quasi-episodicity is evidenced in Figs. 9-11, in which distinct
periods of spreading are separated by quiescence. Both quasi- and
hyper-episodicity are seen in Fig. 16. The changing velocities in Fig. 8
highlight that the degrees of episodicity are found in the overriding
plate velocities, and hence the trench velocities, particularly when
back-arc basin deformation is taken into account.

What these cases have in common is that the subducting plate
is moving at a relatively high velocity, 6-9 cm/year, leading to
a greater interaction between the overriding plate and the sub-
duction zone. In contrast, for those cases in which the trailing
edge of the subducting plates have a lower incoming velocity only
pseudo-episodicity is observed (Figs. 12-14) as variations in the
overriding plate lead to ridge-jumps as in the case of the Mediter-
ranean and the Scotia Sea. These types of episodicity, derived from
observations, correspond to the models of these systems using 3D
time-dependant subduction models.

5. Discussion

The evolution of back-arc basins is controlled by the integrated
expression of plate kinematics near a subduction zone. This con-
trol is inherently time-dependent and three dimensional. However,
the plate kinematics can provide a simple conceptual framework
for understanding the tectonics of back-arc regions, which can be
applied globally to specific subduction systems. From such a gen-
eralized framework we gain insight into the underlying dynamics
in regards to the nature and origin of observed episodic behaviour.

We introduce a few simple kinematic relations for a general
discussion about back-arc tectonics. We define the trench veloc-
ity (Virench) as positive when the trench is in rollback, following
the convention introduced in Section 3 and Fig. 4. The velocity of
the subducting plate is then defined as negative quantity to repre-
sent motion in the opposite direction. The total rate of convergence
(Vsubduct) at the subduction zone, or subduction rate, will then be

| Sumatra-lava

- = , Andaman

South Fiji
Pr——f L2uBa5in + #° @ Norfolk
o — == @i ’ ® |
i Y Shikoku
u u Trough B Wl Parecevels
v ' KurllBasin
0 5 10 15 20 30 35 40 45 50

Time (Ma)

Fig. 16. Back-arc basin tectonics since the middle Eocene. Dashed lines indicate compression, solid lines extension and gaps indicate quiescence.
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their difference:

Vsubduct = Vtrench — Vplate

One additional definition required is the motion of the upper
plate, vupper, Which we define as positive in the direction of rollback.
Kinematically speaking, the entire evolution of back-arc basins can
be understood from the time-dependence of just these two quan-
tities: trench motion and upper plate motion. Consequently we
define the deformation in the back-arc region (Vpyckarc) @s the dif-
ference between the trench motion and the upper plate motion:

Vbackarc = Vtrench — Yupper

A positive vp,ckare represents extension (including any amount
of back-arc spreading) and a negative quantity represents the rate of
compression or shortening. These simple kinematic relations can be
divided separated into an oscillatory component (in one or both of
the upper plate and trench motions) and a translational component
(based on the speed at which the trench is retreating) upon which
is the oscillatory component is superimposed.

Hyper-episodicity will arise if vp,carc shifts back and forth
between positive and negative values. Typically, this would be
accomplished when the upper plate motion is approximately con-
stant (in the direction of retreat) and the magnitude of the trench
oscillations is larger. However, it is conceivable to have a relatively
constant retreating trench combined with a sudden increase in
upper plate motion.

Across the globe today, a number of trenches are advancing—the
[zu-Bonin Trench, the Mariana Trench, the Japan Trench, the Java-
Sunda Trench and the central portion of the Peru-Chile Trench (the
Andes subduction zone). The Izu-Bonin, Mariana and Japan all have
established back-arc basins, while the others have documented
episodes of spreading, quiescence, compression or a combination
of these (Fig. 16). The combination of advancing and retreating
trench motion places these subduction zones in the category of
hyper-episodicity.

Identifying the motion of the trench in the past can be difficult,
particularly in the absence of back-arc basin spreading. One exam-
ple of this is identifying hyper-episodicity in the Solomon Sea, since
only a small portion of it is now preserved and our knowledge of its
tectonic history is sketchy. However, the Solomon Sea area has been
affected by sudden changes in upper (Australian) plate motion rate
and direction in the Eocene (Whittaker et al., 2007), leading to the
replacement of an extension back-arc spreading regime with com-
pression and subduction of Solomon Sea crust, most of which has
now vanished (Gaina and Miiller, 2007).

Quasi-episodicity will arise from similar combinations of upper
plate and trench motions but shifted towards slightly faster retreat-
ing trenches such that vp,qarc i always positive with occasional
reductions to zero. When such a minimum is attained, rather than
a compressional event occurring as in the hyper-episodic case, it
is simply expressed as quiescence in tectonic activity. Many such
cases are shown in Fig. 16, and this is the dominant form of trench
evolution.

Finally, in systems which have the greatest amount of trench
retreat, combinations of upper plate and trench motions are always
positive leading to continuous extension or back-arc spreading. In
this case, there is no episodicity in the system but episodicity may
be apparent when a ridge jump is misinterpreted or lack of data
exists for some time period. This is to do with upper plate strength
and yielding, rather than the dynamics of the trench itself and so we
term this pseudo-episodicity. Such is the case with the spreading
in the Scotia Sea and extension in the Tyrrhenian Sea and Liguro-
Provencal. The complicated pattern of spreading in these regions
has caused them to be labelled episodic in nature, but this is most

likely caused by ridge-jumps and we would therefore classify this
back-arc as pseudo-episodic.

These three types of episodicity found in nature therefore cor-
respond well to the three types of boundary conditions imposed
on the tail of the subducting plate. This boundary condition con-
trols the magnitude of trench retreat velocities from slowest to
fastest in the order of pushed, free and fixed. Thus, based on results
of our numerical models, the translational component dominates
over the oscillatory component in generating the different classes
of episodicity. Hyper-episodicity is only observed in models which
have an imposed plate velocity and can have an advancing trench.
The models with a free-trailing edge exhibit quasi-episodicity as
they have trench migration ranging from slowly retreating to sta-
tionary. Finally, fixed edge models only have trenches which retreat,
and would therefore only correspond to pseudo-episodicity.

The cause of quasi-episodicity in our models is slab-transition
zone interactions. In contrast to the pushed models, if a moder-
ate amount of ridge push is balanced by slab pull, the system will
tend towards having a trench that is nearly stationary with respect
to the mantle. In this situation, as the subducted slab reaches the
viscosity increase atop the lower mantle, it undergoes a folding
instability. This results in a series of one or more recumbent folds
of slab material, each of which expresses itself at the surface as an
oscillation in trench migration. We observe a strong correlation in
our numerical models between periods of quasi-episodic behaviour
on the surface in back-arc regions and piling up of slab material in
the transition zone. The timing of the interaction (and the angle of
the slab’s approach) is determined by a suite of conditions for the
subduction system, such as rollback velocity, strength of the slab,
strength of mantle’s radial viscosity stratification, effect of transi-
tion zone phase transitions including any slab detachment through
the 670 km discontinuity.

In contrast, hyper-episodicity in our numerical models cannot
be caused by slab-transition zone interactions as each of the models
experience trench advance initially, meaning the slab is laid out in
reverse on the transition zone. However, as the trench advances, the
overriding plate area decreases (Fig. 8), creating a resisting force as
the upper plate is pushed against the wall. This retards the motion
most strongly at the centre, where overriding plate material can-
not push outwards as easily as on the edge of the plate, leading
to a concave trench with respect to the overriding plate. As the
trench becomes increasingly concave, the more difficult for the
overriding plate to be compressed in the centre leading to even-
tual rollback. Rollback is stopped as the trench narrows and the
subducting plate thickens (due to the onset of numerical insta-
bilities), concentrating the push force in the centre of the trench
again.

There are several other dynamical sources within the mantle
(such as mantle avalanches) or global scale tectonic reconfigura-
tions which can produce local oscillations in a given subduction
system. Alternatively, the overriding plate can be influenced by far-
field stresses from a variety of possible sources which would also
result in a significant increase in upper plate motion. An investi-
gation into these processes would be very interesting but would
require much larger computational domains than the regional-
scale models we have employed as well as a global set of rigid
plates.

We are primarily modelling the overriding plate as oceanic litho-
sphere, not continental lithosphere, so this limits the application of
our models to systems which are ocean-ocean subduction. We do
not expect that these models are as applicable to the situation in
which oceanic lithosphere is subducting under continental litho-
sphere. Certainly the nature of plate-mantle coupling adjacent to
large continents will provide very different controls on the subduc-
tion system and should also be the focus of future work. Similarly,
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we do not include the type of sophisticated rheologies necessary to
allow back-arc spreading centres to naturally and self-consistently
evolve with an accompanying complement of oceanic transform
faults. Thus our treatment of back-arc spreading is unable to repli-
cateridge-jumps and therefore only reproduces pseudo-episodicity
in a crude sense as the models exhibit monotonic extension. Addi-
tionally, since the back-arc spreading ridges are completely passive
as they do not add any gravitational load on the overriding plate,
we are unable to diagnose whether compression in the back-arc
may arise in the overriding plate from the back-arc spreading cen-
tre pushing the arc into the subducting plate. This could lead to
simultaneous extension and compression with local region of com-
pression at the arc within an overall system which is in extension.

We note our numerical models do not achieve trench advance
in a self-consistent manner (naturally arising from the available
forces) butrather from animposed surface velocity. Additionally, an
imposed constant velocity is not equivalent to a constant force, but
is likely representing a variable force representing a continuously
decreasing net ridge push force. Nevertheless, advancing hinges are
observed on Earth based on kinematic reconstructions and thus
merits some type of kinematically driven system in order to achieve
trench advance.

A more self-consistent treatment for generating trench advance
remains an outstanding challenge. Some other features which we
have not taken into consideration have also been suggested to lead
to episodicity. This includes subduction of buoyant material such as
continental crust on the overriding plate or oceanic plateaus on the
subducting plate (Martinod et al., 2005; Royden and Husson, 2006;
van Hunen et al., 2000). Either of these could cause a temporary
imbalance between the net slab pull and net ridge push forces and
have a significant expression in trench motion.

In addition, it remains an outstanding problem to include the
results of research on the mantle wedge (c.f. Arcay et al., 2005) into
dynamically self-consistent models at the subduction trench scale,
as we have used in this paper. While we have included a weakened
mantle wedge in thermo-mechanical numerical models with pre-
scribed plate velocities and ages (Clark and Miiller, in press) and
a weak-zone in the models in this paper, it remains a challenge to
develop a more sophisticated treatment of the mantle wedge in 3D.
Furthermore, the global mantle flow has been neglected in regional
subduction models and this may prove to play an important role in
further understanding of the episodicity of trench movements and
back-arc basin formation.
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