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a  b  s  t  r  a  c  t

During  the  last  four  decades,  subduction  remained  one  of  the  most  challenging  and  captivating  geo-
dynamic  processes  investigated  with  numerical  techniques.  While  significant  progress  has  been  made
toward  deciphering  the  diverse  array  of  subduction  zone  observations  within  the  context  of  modeled
physical  processes,  numerous  questions  remain  regarding  multiple  aspects  of  subduction  zone  dynam-
ics. A  review  of recent  numerical  studies  highlights  a  number  of  open  topics  that  subduction  modeling
can  provide  significant  insight  into  in  the  future:

1. Resolving  the  controversy  of subduction  initiation.
2.  Constraining  robust  high-resolution  models  of  terrestrial  plate  tectonics.
3.  Understanding  deep  slab  processes  in  the  mantle.
4.  Constraining  crustal  growth  and  differentiation  in  magmatic  arcs.
5. Modeling  of  fluid  and  melt  transport  in subduction  zones.
6.  Deciphering  evolution  of  high-  and  ultrahigh-pressure  rock  complexes.
7. Developing  geochemical-thermo-mechanical  models  of  subduction.
8. Coupling  of  subduction  models  with  volcanic  and  seismic  risk  assessment.
9. Understanding  the  onset  of  plate  tectonics  on  Earth.
Progress  in  subduction  modeling  will  require  strong  input  from  other  disciplines  (rheology,  phase
petrology,  seismic  tomography,  geochemistry,  numerical  analysis,  etc.).  Indeed,  due  to the  intrinsic  com-
plexity of  terrestrial  subduction  processes,  the  role  of  geodynamic  modeling  will inevitably  grow  and
provide  an  integrative  basis  for  conducting  quantitative  cross-disciplinary  subduction  studies  combining
natural  observations,  laboratory  experiments  and  modeling.
© 2011 Elsevier Ltd. All rights reserved.
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spontaneously either at a transform/fracture zone or at a passive
continental/arc margin, in a fashion similar to lithospheric delam-
T. Gerya / Journal of Geo

. Introduction

During the last four decades, since the first 2D numerical geo-
ynamic modeling paper was published by Minear and Toksöz
1970),  subduction has remained as one of the most captivating
eodynamic processes investigated with analytical and numeri-
al modeling. What is so special about subduction, and why, after
0 years of numerical research and many hundreds of papers
ublished on subduction modeling, does this source of scientific

nspiration still remain unsatisfied? First of all, subduction is the
ore process of terrestrial plate tectonics that provides the primary
orces for plate movement and thus the evolution of Earth’s surface
nd interior through geological time. Secondly, subduction zones
re a major source of strong seismicity and volcanic activity that
reatly affect human life. Thirdly, many first order physical and
eological aspects of subduction remain enigmatic and elude full
nderstanding due mainly to limited observations in both time
nd depth. The limited range of subduction observations neces-
itates the use additional physical constraints (such as numerical
odeling) in most comprehensive studies of subduction processes.

onsequently, this approach of combining observational analysis
nd numerical modeling has become widespread in subduction
tudies and geodynamics in general.

Realistic modeling of subduction processes is technically chal-
enging and requires advanced 2D and 3D numerical techniques

hich account for strongly localized deformation at plate inter-
aces (e.g., van Keken et al., 2008), large viscosity contrasts (e.g.,
zBench et al., 2008), a free surface boundary condition (e.g.,
chmeling et al., 2008), complex pressure–temperature–stress-
ependent visco-elasto-plastic rheologies of rocks (e.g., Hall et al.,
003; Morra et al., 2006; Capitanio et al., 2007; Gerya et al.,
008a; Gerya, 2010), metamorphic phase transformations (e.g.,
üpke et al., 2004; Gerya et al., 2006; Hebert et al., 2009) and
ater transport in the mantle wedge (Davies and Stevenson, 1992;

wamori, 1998; Gerya et al., 2002; Arcay et al., 2005; Cagnioncle
t al., 2007). Recently, three geodynamic community benchmarks
OzBench et al., 2008; Schmeling et al., 2008; van Keken et al., 2008)
ested existing numerical codes ability to satisfy some of these cru-
ial subduction modeling requirements.

Two tendencies currently exist in subduction model design
Fig. 1): simple models and complex models. The first type of

odels (Fig. 1a) attempt to isolate the influence of one or a small
umber of physical parameters on subduction process based on
otably simplified numerical setups, such as kinematically pre-
cribed models with uniformly dipping slabs in a thermal steady
tate, constant subduction velocity, free slip upper surface and
imple mantle properties (no phase transitions, no compositional
uoyancy, simple viscous rheology, constant thermal conductivity,
tc.). These models have a relatively limited parameter space and
re therefore easier to investigate in a systematic manner. The
bvious danger of using such models is that results may  not be
ecessarily applicable to nature since some essential subduction
hysics may  be “thrown away” by over-simplifications. The second
ype of models (Fig. 1b) tend to investigate subduction in a more
ealistic manner by taking into account the broadest possible range
f complexities relevant to nature: spontaneous rather than kine-
atically prescribed subduction rates, free erosion/sedimentation

urfaces of plates, complex visco-(elasto)-plastic rheologies based
n experimentally measured flow laws, phase transformations,
uid/melt transport, etc. These models often produce seemingly
ealistic subduction scenarios; however, the parameter space for
uch models is enormous and it is often difficult to isolate influ-

nces of individual parameters. Intermediate varieties between
hese two end-members also exist and attempt to create “minimal
omplexity” subduction models that are both sufficiently realistic
o be applicable to nature and simple enough to be explored in a
ics 52 (2011) 344– 378 345

systematic manner. At present, the details and preferences of sub-
duction model design are yet rather subjective and tend to reflect
the technical, educational and aesthetical experience of individual
modelers.

In this review I aim to outline the recent tendencies and future
directions in numerical subduction modeling, with a particular
emphasis of the following points:

• Subduction initiation.
• Fluid and melt transport in subduction zones.
• Subduction channel processes and histories of high-pressure

rocks during subduction.
• Small-scale convection and thermal–chemical plumes in the

mantle wedge.
• Crustal growth and magmatic arc development.
• Overriding plate dynamics.
• Deep subduction and slab bending processes.
• Termination of subduction and slab break-off.
• Subduction in the early Earth.
• Lateral variability of subduction processes in 3D.

Due to the broad subject variability and extensive subduction
modeling literature (e.g., several hundred of papers can be found on
ISI), this review is inevitably incomplete, but will hopefully provide
a representative “cross-section” of the state of the art in subduction
modeling.

2. Subduction initiation

The process of subduction initiation remains enigmatic and con-
troversial, although it is widely accepted that the gravitational
instability of old oceanic plates provides the primary driving force
for subduction (Vlaar and Wortel, 1976; Davies, 1999). This grav-
itational instability develops as the density of oceanic lithosphere
progressively increases due to surface cooling as the lithosphere
moves away from a spreading ridge (Oxburg and Parmentier, 1977).
In contrast to the gravitational instabilities that likely drive the
subduction initiation process, the bending and shear resistance
of the lithosphere acts againts subduction initiation and in some
cases may  impede it altogether (McKenzie, 1977). Despite this
resistance, certain scenarios must lead to subduction initiation
and a recent review by Stern (2004 and references therein) pro-
poses two such scenarios (“induced” and “spontaneous”) based on
both theoretical considerations and natural data. Induced subduc-
tion nucleation may  follow continued plate convergence after the
jamming of a previously active subduction zone (e.g., due to the
arrival of a buoyant crust to the trench). This produces regional
compression, uplift and underthrusting that may  yield a new
subduction zone in a new location. Two subtypes of induced initia-
tion, transference and polarity reversal, are distinguished (Stern,
2004 and references therein). Transference initiation moves the
new subduction zone outboard of the failed one. Polarity rever-
sal initiation also follows collision, but continued convergence in
this case results in a new subduction zone forming behind the
magmatic arc. Spontaneous nucleation results from the inherent
gravitational instability of a sufficiently old oceanic lithosphere
compared to the underlying mantle. It is widely accepted (e.g.,
Stern, 2004 and references therein) that subduction can initiate
ination.
Numerous hypotheses have been proposed to explain the physi-

cal mechanisms of induced and spontaneous subduction initiation,
which largely depend on the tectonic setting:
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Fig. 1. Examples of (a) simple and (b) complex numerical models of subduction. (a) Finite element model with kinematically prescribed slab, prescribed constant subduction
rate,  free slip condition on the top, temperature-dependent viscosity and steady temperature field (Grove et al., 2009). (b) Finite difference model with spontaneously
bending slab, free erosion/sedimentation upper surface, variable non-prescribed subduction rate, visco-plastic pressure–temperature–stress–dependent rheology, non-
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teady temperature field, spontaneous extension of the overriding plate associated
ssociated with progressive mantle wedge hydration, fluid fluxed and decompress
eilick,  2011).

(1) Plate rupture within an oceanic plate or at a passive margin
(e.g., McKenzie, 1977).

(2) Polarity reversal of an existing subduction zone (e.g., Mitchell,
1984).

(3) Sediment or other topographic loading at continental/arc mar-
gins (e.g., Dewey, 1969; Cloetingh et al., 1982; Regenauer-Lieb
et al., 2001).

(4) Conversion of oceanic transform faults/fracture zones into
trenches by forced convergence (e.g., Uyeda and Ben-
Avraham, 1972; Müeller and Phillips, 1991; Toth and Gurnis,
1998; Doin and Henry, 2001; Hall et al., 2003; Gurnis et al.,
2004).

(5) Spontaneous initiation of retreating subduction due to a lat-
eral thermal buoyancy contrast at oceanic fracture zones
separating oceanic plates of contrasting ages (e.g., Gerya et al.,
2008a; Nikolaeva et al., 2008; Zhu et al., 2009).

(6) Tensile decoupling of the continental and oceanic lithosphere
due to rifting (Kemp and Stevenson, 1996).

(7) Rayleigh–Taylor instability growth due to a lateral ther-
mal/compositional buoyancy contrast within the lithosphere
(Matsumoto and Tomoda, 1983; Gurnis, 1992; Niu et al., 2003).

(8) Addition of water into the lithosphere (Regenauer-Lieb et al.,
2001; Van der Lee et al., 2008).

(9) Spontaneous thrusting of the buoyant continental/arc crust
over the oceanic plate (Mart et al., 2005; Goren et al., 2008;
Nikolaeva et al., 2010, 2011).

10) Small-scale convection in the sub-lithospheric mantle
(Solomatov, 2004).

11) Interaction of thermal–chemical plumes with the lithosphere
(Ueda et al., 2008; Burov and Cloetingh, 2010).

12) Large asteroid impacts (Hansen, 2007).
13) Shear-heating induced localization along spontaneously

forming lithospheric-scale fracture zones (Crameri and Kaus,
2010).
Indeed, only some of these hypotheses were tested numerically
nd ambiguity remains about physical consistency of some of the
roposed mechanisms.
 back arc basin development, slab dehydration and water transport above the slab
elting of the mantle wedge, melt extraction and volcanic crust growth (Gerya and

The first 2D numerical model of spontaneous subduction ini-
tiation (Matsumoto and Tomoda, 1983) attempted to predict the
future crustal and lithospheric movement at a gigantic fracture
zone in the Northeastern Pacific. This simple numerical simula-
tion involved contact between two  fluids with distinct viscosity and
density values. From the standpoint of both bottom topography and
lithospheric structure, their results suggested that the formation of
a trench and a rudimentary slab will appear in several tens of mil-
lions years. Matsumoto and Tomoda (1983) also suggest that one
typical example of such subduction initiation is given by the Nankai
Trough. The interaction between the dense oceanic lithosphere of
the Shikoku Basin and continental lithosphere of the Asian plate is
speculated to have provided a sufficient gravitational instability to
initiate formation of the Nankai trough and subsequent subduction.

Following the work of Matsumoto and Tomoda (1983),  Gurnis
(1992) developed a more complex buoyancy driven 2D models
of subduction initiation using a pre-existing slab attached to the
oceanic lithosphere to drive subduction. These models demon-
strated that dynamic topography resulting from the initiation of
slab subduction at an ocean-continent margin causes the con-
tinental lithosphere to subside rapidly. As subduction continues
and the slab dip becomes shallower, a basin depocenter and fore-
bulge migrate toward the continental interior. Finally, closure of the
ocean basin leads to regional uplift. In certain cases, the dynamic
subsidence rate exceeded 100 m per million years, which are sim-
ilar to rates of sediment accumulation along convergent North
American plate margins over the Phanerozoic (Gurnis, 1992).

Induced, subduction initiation across a pre-existing zone has
been investigated in a number of numerical studies (Toth and
Gurnis, 1998; Doin and Henry, 2001; Hall et al., 2003; Gurnis et al.,
2004). In particular, Toth and Gurnis (1998) showed that a new
subduction zone can initiate at a preexisting dipping fault zone
with reasonable plate forces (on the order of 4 × 1012 N/m) and
shear strength of the fault (≤5 MPa), consistent with observations
in the western Pacific. Doin and Henry (2001) further confirmed

that a pre-existing weak brittle shear zone is the main require-
ment for subduction initiation under realistic plate forces. Hall et al.
(2003) and Gurnis et al. (2004) demonstrated that an initial weak
fracture zone could convert into a self-sustaining subduction zone
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Fig. 2. Numerical model of induced subduction initiation across a pre-existing oceanic fracture zone (Hall et al., 2003). Each panel shows temperature (color code), instan-
t  red ‘x
(  exten

(
w
w
e
w
t
s
d
i
2
e
s
i
i

i
w
i
(
m
l
i
R
c

aneous  flow lines (white), and current (solid) and initial (dashed) topography. The
c)  and (d) also show the horizontal component of surface velocity during the rapid

Fig. 2) after approximately 100–150 km of induced convergence
ith moderate plate forces (2–3 × 1012 N/m). Modeled initiation
as accompanied by rapid extension of the overriding plate and

xplains the inferred catastrophic boninitic volcanism associated
ith Eocene initiation of the Izu–Bonin–Mariana (IBM) subduc-

ion zone (Hall et al., 2003; Gurnis et al., 2004). Indeed, it was
hown later (Fig. 3a) that in the case of sufficiently wide and
eep weak fracture zones subduction can also initiate in a retreat-

ng mode without any induced convergence (e.g., Gerya et al.,
008a; Nikolaeva et al., 2008; Zhu et al., 2009; Gerya, 2010). Recent
xperiments by Crameri and Kaus (2010) also demonstrate that
elf sustaining lithospheric weak zones may  arise spontaneously
n a homogeneous plate from shear-heating instabilities during
nduced convergence.

Regenauer-Lieb et al. (2001) examined spontaneous subduction
nitiation by sedimentary loading at passive continental margins

ith high-resolution 2D models and lithospheric rheologies tak-
ng into account the effects of water on rock strength. Prior work
e.g., Cloetingh et al., 1982) demonstrated that a solid–fluid thermo-

echanical instability driving a cold, stiff, and negatively buoyant

ithosphere into the mantle can be triggered by sedimentary load-
ng over a time span of 100 million years. Numerical results from
egenauer-Lieb et al. (2001) indicate that subduction initiation
an proceed by a double feedback mechanism (thermoelastic and
’ shows the uplift and subsidence experienced by one unit of surface rocks. Panels
sional phase in the overriding plate.

thermal–rheological) promoted by water lubrication. Later, Van
der Lee et al. (2008) proposed that water introduced into the
continental/oceanic lithospheric boundaries can be related to the
past episodes of subduction due to hydrous mantle upwellings
(thermal–chemical plumes) rising from deeply subducted slabs
(e.g., Tamura, 1994; Gerya and Yuen, 2003; Richard and Bercovici,
2009). The effects of sedimentary loading on subduction initiation
have also been studied recently by Nikolaeva et al. (2010) with the
use of more complex passive margin geometries (Fig. 3b). Nikolaeva
et al. (2010) found that in some cases sedimentary loading may
actually preclude subduction initiation and promote horizontal
overthrusting of continental crust over the oceanic plate.

Several numerical experiments outline spontaneous subduc-
tion initiation across a pre-existing oceanic fracture zone in both
2D (e.g., Gerya et al., 2008a; Nikolaeva et al., 2008; Gerya, 2010)
and 3D (e.g., Zhu et al., 2009, 2011) without emphasis on the
initiation process itself. Stable subduction initiation occurs for
cases with a large cooling age contrasts between contacting plates
(0.1–10 Myr  vs. 40–90 Myr), combined with low strength (1–3 MPa)
and large width and depth (≥20 km × 20 km)  of the pre-existing

fracture zone (Fig. 3a). Development of self-sustaining one-sided
subduction is marked by the beginning of down-dip slab motion,
formation of the mantle wedge and appearance of the magmatic
arc at 100–200 km distance from the retreating trench (Fig. 3a). The
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ig. 3. Examples of numerical models for spontaneous initiation of subduction (a
Nikolaeva et al., 2010).

ynamics of subduction initiation agree well with previous theo-
etical and observation-based predictions (e.g., Hall et al., 2003;
tern, 2004 and references therein). The initiation process is asso-
iated with an increased subduction velocity and intense seafloor
preading and magma  production (Fig. 3a, 0.3–1.5 Myr) (Nikolaeva
t al., 2008; Zhu et al., 2009), as asthenosphere wells up to replace
unken lithosphere of the older plate. This is presumably the ori-
in of most boninites and ophiolites (e.g., Hall et al., 2003; Stern,
004 and references therein). Such an initiation process is assumed
o have produced new subduction zones along the western edge
f the Pacific plate during the Eocene (Stern, 2004 and references
herein), although the short initial stage of subduction forcing has
lso been suggested for this region (e.g., Hall et al., 2003).

Passive continental/arc margin collapse (Fig. 3b) is driven by
he geometry of the margin, where relatively thick (20–35 km)
ow density continental/arc crust is bounded laterally by sig-
ificantly more dense oceanic lithosphere. During the margin
volution, when the forces generated from this lateral density con-
rast become large enough to overcome the continental/arc crust
trength, the continental crust starts to creep over the oceanic crust
Fig. 3b, 0.3 Myr). This process causes deflection of the oceanic litho-
phere (Fig. 3b, 0.3 Myr) and may  actually lead to its delamination
rom the continental/arc lithosphere (Fig. 3b, 0.3–1.9 Myr), thus
riggering a retreating subduction process (Fig. 3b, 1.9–3.2 Myr).
his type of subduction nucleation has been systematically mod-
led with both analogue (Mart et al., 2005; Goren et al., 2008) and
D numerical (Nikolaeva et al., 2010, 2011) techniques. With 2D
odels Nikolaeva et al. (2010) investigated the factors controlling

assive margins’ stability and showed that three subsequent tec-
onic regimes can develop at a passive margin: (1) stable margin,
2) overthrusting, and (3) subduction. The transition from a sta-
le margin to the overthrusting regime is mainly controlled by
he ductile strength of the lower continental crust. The transition
rom overthrusting to the subduction regime is governed by the

uctile strength of the sub-continental lithospheric mantle and its
hemical density contrast with the sub-oceanic lithospheric man-
le. Nikolaeva et al. (2010) also demonstrated that in contrast to
revious assumptions (e.g., Vlaar and Wortel, 1976; Davies, 1999),
eanic fracture zone (Gerya et al., 2008a)  and (b) at a passive continental margin

the age of the oceanic plate is a factor of secondary importance for
subduction initiation. Rather, favorable conditions for subduction
initiation correspond to passive margins where chemically buoy-
ant (depleted) continental lithosphere becomes thin and hot (Moho
temperature >660 ◦C). This situation can only arise when external
processes such as rifting and/or thermo-chemical plume activity
(e.g., Van der Lee et al., 2008) are imposed on the region of future
subduction initiation.

The problem of subduction initiation at passive margins thus
remains among the long-standing and controversial problems in
plate tectonics. Although such initiation features in the classi-
cal Willson Cycle description, interestingly there is no irrefutable
natural example of such subduction initiation. However, a num-
ber of regions may  provide clues to subduction initiation at
passive margins including subduction/overthrusting initiation at
the southern Brasilian Atlantic margin (Marques et al., 2008;
Nikolaeva et al., 2011) and the former initiation of the presently
active Lesser–Antilles and the South Sandwich subduction systems
(Goren et al., 2008). The numerical experiments of Nikolaeva et al.
(2010, 2011) suggest that a typical passive margin, with a rifted con-
tinental crust thinner than 30–35 km,  could transform into an active
margin only if its lithosphere is unusually thin (<65–75 km). Com-
bining this conclusion with the finding from Nikolaeva et al. (2010)
that the subduction initiation process is indifferent to the age of
the oceanic lithosphere past 20 Ma,  one can conclude (Sobolev, per-
sonal communication) that passive margins can most easily convert
to the active shortly (within some 20 Myr) after break-up, when its
lithosphere is still thin and hot. If subduction initiation does not
happen during this stage it is unlikely to occur later due to the
cooling and thickening of the lithosphere along the margin wand.
This sequence of events explains why mature passive margins are
typically very stable (e.g., Nikolaeva et al., 2011).

The issue of induced versus spontaneous subduction initia-
tion also remains partially controversial in both nature and within

numerical models. As summarized by Gurnis et al. (2004),  nearly
half of all active subduction zones initiated during the Cenozoic.
Furthermore, all subduction zones associated with active back arc
extension have initiated since the Eocene, hinting that back arc
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xtension may  be intimately associated with an interval (several
ens of Myr) following subduction initiation Gurnis et al. (2004).
hat such a large proportion of subduction zones are young indi-
ates that subduction initiation is a continuous process during the
ormal evolution of moving plates (Gurnis et al., 2004). This eludes
o the fact that induced subduction initiation should play a domi-
ant role (e.g., Hall et al., 2003; Gurnis et al., 2004), and would be
ifficult to avoid if tectonic plates remain dynamic. Although they
ccur within different tectonic settings, four known subduction
nitiation events (Izu–Bonin–Mariana along a fracture zone, Tonga-
ermadec along an extinct subduction boundary, New Hebrides
ithin a back arc, and Puysegur-Fiordland along a spreading cen-

er) were typified by rapid uplift within the forearc, followed by
udden subsidence (Gurnis et al., 2004). This correlates well with
he results of 2D numerical experiments that explored incipient
ompression across a pre-existing plate boundary, and found that
he formation of a through-going fault is associated with rapid uplift
n the hanging wall and subsidence on the footwall (e.g., Hall et al.,
003; Gurnis et al., 2004). On the other hand, a number of other
hermo-mechanical models (e.g., Gerya et al., 2008a,b; Nikolaeva
t al., 2008; Zhu et al., 2009; Gerya, 2010) suggest that an initial
tage of compression is not a prerequisite for the initiation of self-
ustaining, retreating subduction, given a sufficient age contrast
etween plates and width of the weak plate boundary. Further com-
lications may  come from three-dimensional aspects of the plate
tructure near pre-existing fracture zones such as transform faults.
o date all subduction initiation experiments consider either 2D
odels (e.g., Hall et al., 2003; Gurnis et al., 2004; Nikolaeva et al.,

008, 2010), or laterally uniform plate boundary in 3D models (Zhu
t al., 2009, 2011). In contrast, oceanic transform faults are charac-
erized by notable lateral variations in the thermal and rheological
tructure and the buoyancy of the contacting plates, which could
trongly affect likelihood and dynamics of subduction initiation in
his geodynamic setting.

The record of deformation left on the overriding plates can
otentially distinguish spontaneous and induced subduction.

nduced nucleation begins with strong compression and uplift,
hereas a spontaneous nucleation begins with rifting and seafloor

preading (Stern, 2004). However, a lack of known locations for
ctive subduction initiations provides a major obstacle to directly
nvestigating subduction initiation by observation of overrid-
ng plate deformation. According to numerical experiments (e.g.,
ikolaeva et al., 2010, 2011) subduction initiation at passive con-

inental margins is a long-term process and often has a “hidden”
hase of initial slow movements (overthrusting), which are not
xpressed in typical subduction features such as a pronounced
rench and magmatic arc. The main future challenge is, therefore,
o identify possible subduction initiation localities worldwide by
umerically evaluating the probability of subduction initiation at
arious passive margins and oceanic plate boundaries based on
ocal lithospheric structures and acting tectonic forces (Nikolaeva
t al., 2011). Simulated dynamics of unstable margins and plate
oundaries can then be analyzed in order to understand and con-
train the key natural observables which should be monitored. In
articular, an interesting question concerning subduction initiation

s what mechanism can lead to subduction of the Atlantic oceanic
ithosphere. Possible scenarios may  include a collapse of the South
merican passive margin (e.g., Marques et al., 2008; Nikolaeva
t al., 2011) and outboard propagation of subduction zones from
he Pacific (such as Lesser-Antilles and/or South Sandwich, Sobolev,
ersonal communication). Considering potential links between
ubduction initiation and lithospheric thinning (Nikolaeva et al.,

010, 2011), additional study areas may  also include (Sobolev, per-
onal communication) the East African margin, which has been
trongly affected by the recent Afar plume activity (e.g., Pérez-
ussinyé et al., 2009). Future technical advances will likely be
ics 52 (2011) 344– 378 349

directed toward modeling of subduction initiation in 3D with real-
istic high-resolution global (e.g., Stadler et al., 2010) and regional
(e.g., Zhu et al., 2009, 2011) models, including free plate surfaces
that can take into account actual plate configurations, the geom-
etry of passive margin, oceanic transform/fracture zones and the
distribution of continental/oceanic topography.

3. Fluid and melt transport in subduction zones

Subduction zones are one of the major sites of volcanism on
Earth, yet the mechanisms of melt generation are still debated. It is
widely accepted that a significant amount of H2O is expelled from
the subducting slab and contributes to melt generation in the hot
portions of the mantle wedge (e.g., Peacock, 1990a,b). The intro-
duction of H2O lowers the melting temperature of rocks (i.e., ‘flux
melting’), which can produce significant amounts of melt even in
a relatively cool environment above a subducting slab. Presently,
water transport and melting are often implemented in numerical
models of subduction (Fig. 4) using kinematic (e.g., Gerya et al.,
2002, 2006, 2008a; Arcay et al., 2005), porous flow (e.g., Iwamori,
1998, 2000, 2007; Cagnioncle et al., 2007; Faccenda et al., 2009;
Hebert et al., 2009) and water diffusion (Richard et al., 2006;
Richard and Bercovici, 2009) approaches.

Peacock (1990a,b, 1993, 1996) analyzed fluid release and melt-
ing in subduction zones based on 2D thermal-kinematic models.
In these models, fluids were released by continuous and dis-
continuous end-members of three different dehydration models:
pressure-sensitive, temperature-sensitive, and amphibole (nega-
tive dP/dT) dehydration. Subduction zone P–T–time paths predicted
by these models intersected the wet  basaltic solidus only at the
initiation of subduction. In mature subduction zones, and in the
absence of significant frictional heating and induced mantle con-
vection, P–T–time paths encountered subsolidus conditions at
depths of 100–150 km beneath magmatic arcs, suggesting that slab
dehydration reactions play an important role in arc magma genesis
(Peacock, 1990a).  In this respect, the blueschist to eclogite transi-
tion was regarded to be one of the crucial reactions for fluid flux
induced melting (Peacock, 1993). At the depth of this transition,
partial melting appeared to occur primarily in the overlying mantle
wedge as a result of fluid infiltration (Peacock, 1990b). In both the
temperature and amphibole dehydration models, the fluid produc-
tion region moved to greater depths over time as the subduction
zone cooled. Within the oceanic crust, fluid production starts at
the top of the crust and migrates downward in the temperature
and amphibole dehydration models. Peacock (1990a) further esti-
mated fluid fluxes out of the subducting slab: for a convergence rate
of 3 cm/yr, average fluid fluxes ranged from ∼0.1 kg fluid/(m2 yr)
for the continuous reaction models, to >1 kg fluid/(m2 yr) for the
discontinuous pressure and amphibole dehydration models. It was
further concluded (Peacock, 1990a)  that vertical fluid fluxes on the
order of 1 kg fluid/(m2 yr) can substantially perturb the thermal
structure of overlying rocks and can cause large-scale hydration
and metasomatism of the overlying mantle wedge. In contrast, the
thermal effect of fluid flow parallel to the subduction thrust zone
were estimated to be insignificant compared to the thermal effect
of the subducting oceanic lithosphere (Peacock, 1990a).

The influential work of Davies and Stevenson (1992) was  one of
the first numerical studies of subduction to elucidate the signifi-
cance of water propagation in the mantle wedge beneath volcanic
arcs. In this study, the steady state thermal field is evaluated for
a model subduction zone where the plates are prescribed by kine-

matic boundary conditions, such that the subducting slab induces a
flow in the mantle wedge. It was  proposed that the combination of
vertical motion of water as a free phase and the transport of hydrous
phases (e.g., amphiboles) by the slab-induced mantle wedge flow,
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Fig. 4. Examples of numerical models for hydration and melting above a subducting slab. (a, b) Model of Iwamori (1998), the dotted lines in the mantle wedge indicate the
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tream lines, the solid lines indicate the isothermal contours with a 200 ◦C interva
ashed  line limits crustal rocks in the medium. (e, f) Model of Cagnioncle et al. (200

ead to the net transport of water being horizontal, across the man-
le wedge from the slab. Provided the subducting oceanic crust
nters the asthenosphere at a velocity >6(±2) cm/yr, the mantle
edge will be hot enough at the limit of the lateral water transport
echanism to generate melting at the amphibole-buffered solidus.
Iwamori (1998, 2000, 2004, 2007) was the first to create a

elf-consistent numerical model of subduction that included slab
ehydration, water transport, mantle hydration and melting of the
antle wedge (Fig. 4a). In this numerical model the aqueous fluid

igrates by porous flow and interacts chemically (including melt-

ng reactions) with the convecting solid. The calculations suggested
Iwamori, 1998, 2007) that: (i) an aqueous fluid released from the
ubducting oceanic crust forms a serpentinite + chlorite layer in
) Model of Arcay et al. (2005),  isotherms (solid lines) are plotted every 200 ◦C, the
id flow lines are shown in black, and solid flow lines are shown in white.

the mantle wedge just above the subducting slab, maintaining a
condition close to equilibrium in terms of hydration–dehydration
reactions during aqueous fluid migration and (ii) most of the H2O
is subducted to a depth where serpentine and chlorite in the ser-
pentinite layer break down. This depth (up to 150 km) depends
on the thermal structure of the slab, and is greater for the older
plates. As a consequence, aqueous fluids and melt, in general, do
not migrate directly upwards to the volcanic front. This result cor-
relates well with qualitative prediction of Davies and Stevenson

(1992) and is rather different from the conventional view of fluid
migration in subduction zones. Iwamori (2000) also demonstrated
that slower thermal recovery of the subducting plate can shift the
dehydration reactions to greater depths along the plate, which in
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urn deflects the magmatic front (as e.g., in central Japan near the
riple junction of the Pacific, Philippine Sea and North American
lates). The low geothermal gradient along the subducting plate
lso implies that a considerable amount of H2O is carried further
own by the high-pressure hydrous mantle phase (phase A), which

s formed just above the subducting plate, without being released
or magmatism (Iwamori, 2000).

Later studies by several researchers investigated a number of
eodynamic consequences of water release and propagation above
labs based on various models of water transport and melting:

Formation of low-viscosity serpentinized channels with internal
circulation above the subducting slab where high-pressure rocks
are formed and exhumed (Gerya et al., 2002);
Triggering of Rayleigh–Taylor instabilities and propagation of
thermal–chemical plumes from the hydrated layer above slab
(Gerya and Yuen, 2003; Gerya et al., 2004a; Manea et al., 2005;
Zhu et al., 2009);
Formation of a low-viscosity wedge, low-viscosity channel and
overriding plate thinning by hydration from the slab (Arcay et al.,
2005, 2006; Hebert et al., 2009);
Influence of mantle hydration dynamics on viscosity structure
above slabs and the degree of rheological coupling between plates
and its geodynamic regimes of subduction (e.g., Gorczyk et al.,
2007a; Hebert et al., 2009; Gerya and Meilick, 2011);
Effect of solid flow on water distribution and melting above a
subducting slab at convergent plate boundaries (Cagnioncle et al.,
2007).
Development of asymmetric one-sided terrestrial-style subduc-
tion by water-related weakening of plate interfaces (Gerya et al.,
2008a);
Seismic velocity structures associated with hydration and melt-
ing in the mantle wedge (e.g., Gerya et al., 2006; Nikolaeva et al.,
2008; Gerya and Meilick, 2011);
Magmatic productivity above slabs and the dynamics of crustal
growth in volcanic arcs driven by water and melt transport
(Gorczyk et al., 2007a,b; Nikolaeva et al., 2008; Zhu et al., 2009,
2011; Gerya and Meilick, 2011);
Slab dehydration and water-induced convection in the Earth’s
mantle transition zone (Richard et al., 2006; Richard and
Bercovici, 2009);
Deep slab hydration induced by bending related variations in
tectonic pressure (Faccenda et al., 2009).

In particular, Cagnioncle et al. (2007) investigated the distribu-
ion of hydrous fluid and subsequent melt in the wedge using 2D

odels that included solid mantle flow and associated the temper-
ture distributions, buoyant fluid migration and melting (Fig. 4e).
he results demonstrate that solid mantle flow deflects hydrous
uid from their buoyant vertical migration through the wedge. As

 result, melting does not occur directly above the region where
ydrous fluids are released from the slab, which a number of previ-
us studies also concluded (Iwamori, 1998, 2000, 2004). Rather, a
elting front develops where hydrous fluids first encounter man-

le material hot enough to melt. Wet  melting is influenced by solid
ow through the advection of fertile mantle material into the wet
elting region and the removal of depleted material. The region

f maximum melting occurs where the maximum flux of water
rom slab mineral dehydration reaches the wet  melting region.
he extent of melting, and melt production rates, increases with
ncreasing convergence rate and grain size due to increased tem-

eratures along the melting front and increased fractions of water
eaching the melting front, respectively. The position of isotherms
bove the wet  solidus varies with increasing slab dip and thereby
lso influences the extent of melting and melts production rates.
ics 52 (2011) 344– 378 351

Gerya et al. (2008a) investigated the asymmetric nature of
subduction at convergent plate boundaries, where the subducted
slab sinks downward and the overriding plate moves horizon-
tally (one-sided subduction). In contrast, global mantle convection
models (except for recent work of Tackley et al., 2010) gener-
ally predict downwelling of both plates at convergent margins
(two-sided subduction, Tackley, 2000). Gerya et al. (2008a) stud-
ied two-dimensional (2D) visco-elasto-plastic numerical models
for retreating oceanic subduction with a free surface and kine-
matic water transport above the slab to elucidate the cause of
one-sided subduction. It was  demonstrated that the stability, inten-
sity, and mode of subduction mainly depends on slab strength
and the amount of weak hydrated rocks created above the slab by
fluid infiltration. Two-sided subduction occurs at low slab strength
(sin[�] < 0.15, where � is the effective internal friction angle),
regardless of the extent of hydration. In contrast, steady-state one-
sided subduction requires a weak hydrated slab interface and high
slab strength (sin[�] > 0.15). The weak interface is maintained by
the release of fluids from the subducted oceanic crust as a con-
sequence of metamorphism. The resulting weak inter-plate zone
localizes deformation at the interface and decouples the strong
plates, facilitating asymmetric plate movement. Gerya et al. (2008a)
concluded that high plate strength and the presence of water on the
Earth are thus major factors controlling the style of terrestrial plate
tectonics driven by self-sustaining one-sided subduction processes.

Recently, investigatations by Faccenda et al. (2009) revealed the
critical role of ocean plate bending in deep slab hydrations. Slab
bending at subduction zones results in extension and widespread
normal faulting in the upper, brittle region of the slab. Detailed
seismic surveys at trenches reveal that this part of the oceanic
plate can be pervasively hydrated for several kilometers below the
crust–mantle boundary (e.g., Ranero and Sallares, 2004). Based on
2D numerical experiments (Fig. 5) with coupled solid and fluid flow,
Faccenda et al. (2009) found that bending of oceanic plates near
trenches produces subhydrostatic or even negative pressure gra-
dients along normal faults (Fig. 5c), favoring downward pumping
of fluids deep into the oceanic lithosphere. The fluids then react
with the crust and mantle surrounding the faults and are stored
in the form of hydrous minerals. These results have implications
for the transport of water into the deeper parts of the mantle (e.g.,
Iwamori, 1998; Ohtani et al., 2004; Richard et al., 2006), and for the
seismic anisotropy in subduction zones (e.g., Long and Silver, 2008;
Faccenda et al., 2008a).

At  present, the subduction modeling community is work-
ing toward developing more realistic thermo-mechanical models
including fluid and melt transport above slabs by porous (e.g.,
Connolly and Podladchikov, 1998; Schmeling, 2000; Miller et al.,
2004; Rozhko et al., 2007) and reactive flows (Spiegelman et al.,
2001) as well as by diffusion (Richard et al., 2006; Richard and
Bercovici, 2009) and diapiric rise (e.g., Gerya and Yuen, 2003;
Zhu et al., 2009). Such models would also contain feedbacks from
rheological, thermal and compositional coupling between fluids
and melts migration and the visco-(elasto)-plastic deformation of
solids. The complex relationships between long-term deformation,
fluid and melt transport, subduction zone seismicity and magmatic
activity (e.g., Miller et al., 2004; Caricchi et al., 2007) will likely
receive strong attention from the numerical modeling community
in the future.

4. Subduction channel processes and the history of
high-pressure rocks during subduction
Subduction channel development is an important component
of subduction zone evolution (e.g., Hsu, 1971; Cloos, 1982). On
one hand, processes taking place in the subduction channel leaves
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ig. 5. Numerical model of deep slab hydration (Faccenda et al., 2009). (a) Compositi
late  starts at shallow depths offshore of the trench and progressively deepens. (c) 

tress  changes induced by the bending oceanic plate produce sub-hydrostatic or eve

otable and directly accessible records at the surface in the form
f exhumed high-pressure (HP) and ultrahigh-pressure (UHP) rock
omplexes (e.g., Ernst, 1977; Cloos, 1982; Shreve and Cloos, 1986;
ermann et al., 2000; Federico et al., 2007; Krebs et al., 2008).
ubduction channel processes may  also contribute to a magmatic
ecord through deep subduction and melting of hydrated rock
élanges formed in the channel (e.g., Gerya and Yuen, 2003; Gerya

t al., 2006; Castro and Gerya, 2008; Castro et al., 2009, 2010;
hu et al., 2009). It is widely accepted that the deep burial of
igh-pressure metamorphic rocks is due to subduction of these
ocks with the downgoing slab. However, the mechanisms of their
xhumation remain the subject of discussion and several mod-
ls have been proposed (e.g., Cloos, 1982; Platt, 1993; Maruyama
t al., 1996; Ring et al., 1999). According to the most popular cor-
er flow model (Hsu, 1971; Cloos, 1982; Cloos and Shreve, 1988a,b;
hreve and Cloos, 1986; Gerya et al., 2002), exhumation of high-
ressure metamorphic crustal slices, at rates on the order of the
late velocity, are driven by forced flow in a wedge-shaped sub-
uction channel.

The first noteworthy analytical models of subduction channel
ow with numerical integration of rock trajectories were pre-

ented by Cloos (1982),  Shreve and Cloos (1986) and Cloos and
hreve (1988a,b).  These models assumed that subducting sediment
eforms approximately as a viscous material once it is dragged into

 relatively thin shear zone, or subduction channel, between the
ap  of the trench area. (b) Strain-rate map. Fault activation due to the bending of the
ic pressure map  (i.e., deviation of mean stress on solids from lithostatic pressure).

ative pressure gradients along normal faults, favoring downward pumping of fluids.

downgoing and overriding plates. Model predictions of the move-
ment patterns of sediment matrix and eclogite inclusions within
the channel were able to explain many of the observed features at
convergent plate margins, and quantified the processes of sediment
subduction, offscraping, underplating and the formation of sub-
duction mélanges (Cloos, 1982; Shreve and Cloos, 1986; Cloos and
Shreve, 1988a,b). These models also demonstrated that variations
in tectonic behavior depend mainly on the channel geometry, rate
of subduction, the supply of sediment, the geometry of the descend-
ing plate and the topography and structure of the overriding block.
The results of Cloos (1982) revealed that the thermal regime in a
mature channel flow is such that the downward and upward P–T
paths of rocks should almost coincide, which is in close agreement
with natural observations (e.g., Ernst, 1977; Cloos, 1982).

The next series of influential 2D thermal-kinematic subduction
models addressing the prograde history of metamorphic rocks was
presented by Peacock (1987a, 1990a,b, 1993, 1996).  The models
focused on elucidating the P–T–time paths of high-pressure rocks
associated with subduction and constraining the thermal condi-
tions under which inverted metamorphic gradients, characteristic
of high-pressure complexes, are created and preserved. Rapid sub-

duction (∼10 cm yr−1) beneath young oceanic lithosphere (<10 Ma)
results in rapid heat conduction downward from the hanging
wall and the creation of inverted thermal gradients in excess of
−100 ◦C km−1 in the top portion of the downgoing slab. In order
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o be preserved in the geological record the inverted metamorphic
radient must accrete to the base of the hanging wall. Accretion
f the upper portion of the subducting slab may  occur due to
eclining temperatures that cause downward migration of the vis-
ous slip zone and/or greenschist facies devolatilization reactions
hat weaken the descending slab (spontaneous accretion of sub-
ucted rocks was confirmed numerically by Gerya et al., 2002).
he models predicted that (1) the high-grade metamorphic rocks
n inverted metamorphic gradients form early in the subduction
rocess and therefore effectively date the initiation of subduction,
nd (2) inverted metamorphic gradients mark sites of major plate
onvergence in excess of 1000 km.

Recently Syracuse et al. (2010) modeled 56 segments of sub-
uction zones using kinematically defined slabs to obtain a
omprehensive suite of thermal models for the global subduction
ystem. Prograde P–T paths for subducted rocks were systemati-
ally investigated depending on their position relative to the top
f the slab. Peculiar shapes of P–T paths with a pronounced near-
sobaric heating stage were systematically documented for the top
f the oceanic crust and sediments. The temperature of rocks dur-
ng this stage increased from 300–400 ◦C to 700–800 ◦C, suggesting
ery intense dehydration in a very limited range of depths. These
epths correspond to the relatively sharp transition from partial,
o full coupling between subducted and overriding plates. In con-
rast, the interior of the oceanic crust and underlying mantle within
he downgoing plate remained cold enough for hydrous phases to
e stable beyond the arc in all but the hottest subduction zones,
llowing water to be carried beyond the arc in the slab.

Gerya et al. (2002) used 2D models to investigate the self-
rganizing evolution of the accretionary wedge and the subduction
hannel during intra-oceanic subduction (Fig. 6). In this fully cou-
led thermo-mechanical subduction model, the geometry of the
ccretionary wedge and the subduction channel were neither pre-
cribed nor assumed to represent a steady state. Instead, the system
s free to evolve, starting from an imposed early stage of subduc-
ion and controlled by the progressive modification of the thermal,
etrological, and rheological structure of the subduction zone. In
his evolution, upward migration of the aqueous fluid released from
he subducting slab and progressive hydration of the mantle wedge
lay a dominant role. The following conclusions have been made
Gerya et al., 2002):

Burial and exhumation of high-pressure metamorphic rocks
in subduction zones are likely affected by progressive hydra-
tion (serpentinization) of the fore-arc mantle lithosphere (e.g.,
Peacock, 1987b; Schmidt and Poli, 1998). This process controls
the shape and internal circulation pattern of a subduction chan-
nel. Widening of the subduction channel due to hydration of the
hanging wall mantle results in the onset of forced return flow in
the subduction channel. This may  explain why the association of
high- and/or ultrahigh-pressure metamorphic rocks with more
or less hydrated (serpentinized) mantle material is often char-
acteristic for high-pressure metamorphic complexes (e.g., Cloos,
1982).
The shape of the P–T path and the maximum P–T conditions
achieved by an individual high-pressure metamorphic rock
depend on the specific trajectory of circulation in the subduction
channel (Fig. 6). Both clockwise and counterclockwise P–T paths
are possible for fragments of oceanic crust that became involved
in the circulation. Counterclockwise P–T paths are found for slices
accreted to the hanging wall at an early stage of subduction (Fig. 6,
6.4 Myr), that are later set free by the progress of hydration and

softening in a more evolved stage (Fig. 6, 19.4 Myr), and even-
tually returned toward the surface in a cooler environment. On
the other hand, slices that were involved in continuous circu-
lation, or that entered the subduction zone when a more stable,
ics 52 (2011) 344– 378 353

colder thermal structure was  already achieved, reveal exclusively
clockwise trajectories.

These conclusions, based on a relatively simple, low-viscosity
serpentinized subduction channel model (Fig. 6), were recently
supported by petrological studies of subduction related metamor-
phic complexes (e.g., Federico et al., 2007; Krebs et al., 2008;
Blanco-Quintero et al., 2010) on the basis of P–T–time paths of
high-, and ultrahigh-pressure rocks in serpentinite mélanges. One
general conclusion that can be made on the basis of both numeri-
cal and petrological studies is that there is not any steady state in
subduction zone evolution. This is mainly due to continuous water
release from the slab and respective hydration of the overriding
plate that always changes the thermal, rheological, and compo-
sitional structure of subduction zones through time (e.g., Gerya
et al., 2002; Gerya and Yuen, 2003; Krebs et al., 2008; Blanco-
Quintero et al., 2010; Gerya and Meilick, 2011). Consequently,
thermo-mechanical steady states used in simple models of sub-
duction (e.g., Peacock, 1987a, 1990a,b, 1993, 1996) may  not be
characteristic of real subduction zones.

It has also been shown recently that ultrahigh-pressure mantle
rocks (garnet-bearing peridotites) can also be present in intra-
oceanic subduction mélanges (e.g., in Greater Antilles in Hispaniola,
Abbott et al., 2006). Gorczyk et al. (2007c) modeled this phe-
nomenon numerically and concluded that exhumation of such
garnet-bearing peridotites can be related to fore-arc extension
during subduction of an oceanic plate formed at a slow spread-
ing ridge and characterized by serpentinite-rich crust. In this case,
the subduction channel contains both serpentinites accreted from
the subducting plate crust and progressively serpentinized fore-arc
mantle. Intense rheological weakening of the mantle wedge takes
place due to its strong hydration during subduction of a water-
rich, slow spreading ridge. This weakening triggers upwelling of
the hydrated peridotites and partially molten peridotites followed
by an upwelling of the hot asthenosphere and subsequent retreat
of the subducting slab. According to their numerical modeling of
P–T paths, this process can explain the exhumation of UHP rocks in
an intra-oceanic setting from depths of up to 120 km (4 GPa).

Several 2D numerical thermo-mechanical studies were also con-
ducted for simulating the evolution of high- and ultrahigh-pressure
complexes in oceanic-continental subduction (e.g., Stoeckhert and
Gerya, 2005; Gerya and Stoeckhert, 2006; Yamato et al., 2007;
Babeyko and Sobolev, 2008). Stoeckhert and Gerya (2005) and
Gerya and Stoeckhert (2006) studied the evolution of a serpen-
tinized subduction channel and orogenic wedge for an active
continental margin, with P–T paths being displayed for repre-
sentative rock units. Stoeckhert and Gerya (2005) demonstrated
that four metamorphic zones should develop in such a tectonic
setting from the trench into the forearc: (A) an accretionary com-
plex of low grade metamorphic sedimentary material, (B) a wedge
of nappes with alternating upper and lower crustal provenance,
and minor interleaving of oceanic, or hydrated mantle material,
(C) a megascale mélange composed of HP and UHP metamorphic
rocks extruded from the subduction channel, and (D)  the upward
tilted frontal part of the remaining lid. It was also shown (Gerya
and Stoeckhert, 2006) that the exhumation rates for ultrahigh-
pressure rocks can exceed subduction and burial rates by a factor
of 1.5–3, when forced return flow in the hanging wall portion of the
self-organizing subduction channel is focused due to a non-linear
temperature-dependent rheology. This may  explain very rapid
exhumation rates recorded for some of the natural subduction com-
plexes (Rubatto and Hermann, 2001). Yamato et al. (2007) analyzed

the dynamic processes leading to the exhumation of high-pressure,
low-temperature rocks at accretionary margins with application to
the well studied Schistes Lustrés complex (Western Alps). After
a transition period of 3–5 Ma  the modeled accretionary wedge
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Fig. 6. Numerical model for spontaneous development of weak serpentinized subduction channel during intra-oceanic subduction (Gerya et al., 2002). Left column –
development of the lithological field and isotherms (white lines, ◦C). Right column – development of P–T paths for two rock fragments (see open circle and open rectangle in
the  left column).
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eaches a steady state which lasts over 20 Ma  with P–T conditions
15–20 kbar; 350–450 ◦C) and exhumation rates (<6 mm yr−1) typ-
cal of the modeled Schistes Lustrés complex. Babeyko and Sobolev
2008) investigated the stress state of the slab and its influence
n P–T paths of subducted rocks at the Andean-type margins.
or shallow-dipping slabs, the dominant stress (1–1.5 GPa) is an
nbending stress occurring at 50–100 km depth. Unbending creates
wo (5–10 km distance between maximums) compression zones in
he upper part of the slab and a zone of extension some 20–30 km
elow. Pressure in these zones differs from the lithostatic pres-
ure by as much as ±0.8 GPa, which is enough to notably affect the
–T–time trajectories of subducted rocks. On the other hand, over-
ressure in the subduction channel in all models did not exceed
00 MPa. Large over- and under-pressures in the slab do not, how-
ver, lead to significant (more than 10 km)  offsets of the main
ehydration reactions in the crustal and mantle sections of the slab.

Finally, many recent numerical modeling studies have focused
n explaining the histories of HP and UHP rocks (Chopin, 2003;
iou et al., 2004) formed during the transition from subduction
o collision (e.g., Burov et al., 2001; Gerya et al., 2008b; Warren
t al., 2008). Growing evidences from Phanerozoic collision belts
as revealed the burial of crustal rocks to depths on the order
f 150–200 km and of subsequent exhumation from such depths
e.g., Chopin, 2003 and references therein) within the time scale
f shortly before or during the early continental collision (e.g.,
iou et al., 2004 and references therein). Burov et al. (2001) pre-
ented the first 2D thermo-mechanical numerical model for the
ormation and exhumation of HP-UHP rocks during continental
ubduction using an initial setup with pre-subducted continental
rust. These models demonstrated that the exhumation of HP and
HP rocks is a complex multi-level process that involves both buoy-
ncy driven flow and forced circulation of rocks at the interface
etween two colliding plates. Using similar thermo-mechanical
odels coupled to phase transformation and P–T paths model-

ng, Yamato et al. (2008) demonstrated the potential application
o the processes of HP-UHP rock exhumation in the Western Alps.
ndeed, lowered peak metamorphic temperatures of UHP rocks
n the order of 100–150 ◦C were documented along synthetic P–T
aths compared to natural data (Yamato et al., 2008). Additional
D models addressed the initiation of continental collision starting
rom subduction of an intermediate oceanic plate located between
wo continents (e.g., Faccenda et al., 2008b; Warren et al., 2008;
erya et al., 2008b; Li and Gerya, 2009). In particular, two  contrast-

ng tectonic styles of early continental subduction were identified
Faccenda et al., 2008b; Warren et al., 2008) which are mainly
ontrolled by the degree of rheological coupling between plates
Faccenda et al., 2008b): one-sided subduction (overriding plate
oes not subduct) (e.g., Burov et al., 2001) and ablative (two-sided)
ubduction (both plates subduct together) (e.g., Tao and O’Connell,
992; Pope and Willett, 1998). Significantly, only the one-sided
ontinental subduction was able to produce significant syntec-
onic UHP rock exhumation (Warren et al., 2008). Warren et al.
2008) subdivided ablative subduction into two  regimes (Fig. 7a):
ouble subduction associated with backthrusting of the retro-
ontinental margin (symmetrical ablative subduction, in the case of
heologically weak retro-continental crust) and subduction of the
etro-continental margin (asymmetrical ablative subduction, in the
ase of strong retro-continental crust). For one-sided subduction
uoyant uplift, driven cavity flow circulation and plunger-driven
xpulsion were identified as the major mechanisms of UHP rock
xhumation (Warren et al., 2008) (Fig. 7b). Similar to Yamato et al.
2008), lowered peak metamorphic temperatures of UHP rocks (by

00–150 ◦C) were documented along synthetic P–T paths compared
o natural data (Fig. 7b, left column).

Gerya et al. (2008b) addressed problem of high peak meta-
orphic temperatures of UHP rocks and demonstrated that this
ics 52 (2011) 344– 378 355

phenomenon may  be explained by a transient “hot channel effect”
taking place during the transition from subduction to collision.
Anomalous high temperatures are caused by intense radiogenic and
shear heating in the forming crustal channel, which is composed
of deeply subducted radiogenic upper-crustal rocks (especially,
sediments of passive margin origin) and mantle rocks. Heating
is associated with partial melting of crustal rocks due to per-
vasive flow of aqueous fluids. The fluids are released by rapid
dehydration (deserpentinization) from the overriding mantle litho-
sphere, which was  hydrated during earlier subduction stages. The
channel penetrates the plate interface to the bottom of the over-
riding plate lithosphere (150–200 km)  and is characterized by
metamorphic temperatures reaching 700–900 ◦C. The hot chan-
nel exists only during early collision, but rapidly produces large
amounts of ultrahigh-pressure and high-temperature rocks. Fur-
ther collision closes the channel by squeezing rheologically weak,
partially molten, buoyant rocks between the strong lithospheric
mantles of the two colliding plates. Assemblages of complicated P–T
paths with repetitive loops characterize exhumation of ultrahigh-
pressure rocks in the convoluted flow pattern of the hot channel.
Li and Gerya (2009) demonstrated that sub-lithospheric crustal
plume formation may  also produce high-temperature UHP rocks
and identified an inherent periodicity of rock exhumation dur-
ing the early continental subduction process. Numerical models
suggested that subducted UHP rocks which are positively buoy-
ant compared to the mantle, may  detach from the slab, forming a
flattened plume underplating the overriding lithosphere (Fig. 7b,
middle column). This sub-lithospheric plume may  persist for sev-
eral million years as it is heated to 800–900 ◦C by the surrounding
hot mantle. At a later stage, upward extrusion of hot partially
molten rocks from the plume may  exhume high-temperature (HT)
UHP complexes toward the surface. Crustal structures created by
such UHP plumes were identified from geological and petrological
record (Li and Gerya, 2009; Beaumont et al., 2009). The influence
of non-lithostatic pressure on P–T paths of HP-UHP rocks in con-
tinental subduction/collision zones was  also modeled numerically
(Burov and Yamato, 2008; Gerya et al., 2008b; Li et al., 2010).

Future studies of metamorphic rock histories in subduction
zones are likely to be directed toward testing numerical mod-
els with natural data (e.g., Federico et al., 2007; Yamato et al.,
2007; Krebs et al., 2008) and conducting “modeling-inspired”
observational studies related to the non-trivial and somewhat
counter-intuitive predictions generated by numerical models (e.g.,
repetitive P–T loops of subducted rocks in internally convecting
subduction channels, Gerya and Stoeckhert, 2006; Blanco-Quintero
et al., 2010). Methodological advances will likely include devel-
opment of high-resolution regional 3D models with realistically
implemented surface processes (e.g., Braun and Yamato, 2010)
which will be able to address the lateral variability of subduction
related metamorphic rock complexes.

5. Small-scale convection and thermal–chemical plumes in
the mantle wedge

It is commonly accepted that dehydration of subducting slabs
and hydration of the overlying mantle wedges are the key processes
controlling magmatic activity and consequently crustal growth
above subduction zones (e.g., Stern, 2002; van Keken et al., 2002;
Van Keken and King, 2005). Mantle wedge processes have been
investigated from geophysical (e.g., Zhao et al., 2002; Tamura et al.,
2002), numerical (e.g., Davies and Stevenson, 1992; Iwamori, 1998;

Kelemen et al., 2004; Arcay et al., 2005; Gerya et al., 2006; Nikolaeva
et al., 2008), experimental (e.g., Poli and Schmidt, 1995, 2002;
Schmidt and Poli, 1998), and geochemical (e.g., Ito and Stern, 1986;
Sajona et al., 1996, 2000; Kelley et al., 2006; Kimura et al., 2009)
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Fig. 7. Numerical models for post-subduction continental collision (Warren et al., 2008). (a) Three geodynamic regimes of collision identified in numerical experiments:
continental subduction (one-sided subduction), subduction of retro-continental margin (asymmetrical ablative subduction) and double subduction (symmetrical ablative
subduction). (b) Three major mechanisms of rock exhumation during the one-sided subduction regime (left and middle columns) and computed P–T paths for UHP rocks
(right  column, lines with symbols) compared to natural data (thick grey lines without symbols). �t  and �x  in the middle column of (b) are the time lag and amount of
convergence “post-collision” (pc), defined as the time at which the leading edge of the continental margin first enters the collision zone. Horizontal lines at 10, 18 and 26 kbar
in  the right column of (b) indicate the pressures at amphibolite, eclogite and coesite–eclogite facies conditions, respectively.
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Fig. 8. Examples of 2D numerical models of thermal-chemical plumes rising from subducting slabs. (a) Model by Gerya et al. (2006), two types of plumes develop from the
s ixed 
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lab:  (i) unmixed plumes composed of hydrated partially molten mantle and (ii) m
antle  rocks. (b) Model by Richard and Bercovici (2009),  section across the floatin
ith  chemically buoyant water-rich plumes rising from the slab.

erspectives. However, the detailed circulation patterns, thermal
tructure and melt production distribution above slabs remains
uzzling. Particularly, the relative importance of slab melting (e.g.,
elemen et al., 2004; Nikolaeva et al., 2008; Syracuse et al., 2010)
ersus melting induced by simple thermal convection (Honda
t al., 2002; Honda and Saito, 2003; Honda et al., 2007) and/or
hermal–chemical plumes (Figs. 8 and 9) (e.g., Tamura, 1994; Hall
nd Kincaid, 2001; Obata and Takazawa, 2004; Gerya and Yuen,
003; Manea et al., 2005; Gerya et al., 2006; Gorczyk et al., 2007b;
hu et al., 2009) to melt production in volcanic arcs is not fully
nderstood.

Several authors (e.g., Tamura et al., 2002; Honda et al., 2007; Zhu

t al., 2009; van Stiphout et al., 2009) analyzed the spatial distribu-
ion of volcanism in Japan and Alaska and concluded that several
lusters of volcanism can be distinguished in space and time. The
ypical spatial periodicity of such volcanic clusters is 50–100 km,
plumes composed of tectonic mélange from partially molten hydrated crustal and
 in the transition zone is modeled, note negative temperature anomaly associated

while their life extent corresponds to 2–7 Myr. Two trench-parallel
lines of volcanic density maxima can also be distinguished for some
periods of arc evolution. Spatial and temporal clustering of volcanic
activity is also associated with a strongly variable crustal thickness
distribution along arcs (e.g., Kodaira et al., 2006, 2007) and lateral
seismic velocity anomalies changes in the mantle wedges under
volcanic arcs (e.g., Zhao et al., 1992, 2002; Zhao, 2001; Tamura
et al., 2002; Nakajima and Hasegawa, 2003a,b; van Stiphout et al.,
2009). This further points toward a relationship between the man-
tle wedge processes and crustal growth in intra-oceanic arcs.

Davies and Stevenson (1992) pioneered modeling of
thermal–chemical convection in the mantle wedge by using a

relatively simple model with a kinematically prescribed slab and
an imposed localized source of positive buoyancy (melt, residue,
etc.) in the mantle wedge. Estimates of the buoyancy sources and
appropriate viscosity in the wedge suggested that only a weak



358 T. Gerya / Journal of Geodynam

Fig. 9. Examples of 3D numerical models of plumes in the mantle wedge. (a) Model
by  Zhu et al. (2009), the 1077 ◦C isosurface of temperature (yellow) with partially
molten hydrated rocks (red), which are responsible for plume buoyancy, note two
trench-parallel lines of plumes that develop from the slab at different depths. (b)
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odel by Honda et al. (2010), finger-like (left) and sheet-like (right) patterns of
onvection in the mantle wedge depending on the chemical/thermal buoyancy ratio
R�), the 1000 ◦C isosurface of temperature (yellow) is shown).

odulation of the slab-induced flow is likely unless the slab and
edge are locally decoupled, for instance by shear heating, the
resence of water or dehydration/hydration reactions. If there

s decoupling, then it is possible for there to be an appreciable
eversal of the slab-induced flow. Such an appreciable reversal of
ow, if it persists, leads to cooling of the mantle wedge. Hence flow
eversal cannot be a steady state mechanism. Instead it would lead
o melting cycle with a period of O (1 Myr). The time dependence
f a model with appreciable flow reversal would be reinforced by
he need to clear the wedge of infertile material.

Based on 3D numerical models Honda and co-workers (Honda
t al., 2002, 2007; Honda and Saito, 2003; Honda and Yoshida,
005) proposed the development of small-scale thermally driven
onvection in the uppermost corner of the mantle wedge with
owered viscosity (low viscosity wedge, LVW, Billen and Gurnis,
001; Conder and Wiens, 2007; Honda and Saito, 2003; Honda
t al., 2002; Honda and Yoshida, 2005; Arcay et al., 2005) and sug-
ested that a roll (finger)-like pattern of hot (upwellings) and cold
downwellings) thermal anomalies emerges in the mantle wedge
bove the subducting slab (Fig. 9b, left), contributing to clustering
f magmatic activity at the arc surface. These purely thermal mantle
edge convection models, however, neglected chemical buoyancy
ffects coming from hydration and melting atop the subducting
lab, which are known to lead to thermal–chemical convection and
iapirism (e.g., Tamura, 1994; Davies and Stevenson, 1992; Hall and
incaid, 2001; Gerya and Yuen, 2003).
ics 52 (2011) 344– 378

Gerya and Yuen (2003) developed a 2D thermo-mechanical
model of thermal–chemical convection in the mantle wedge tak-
ing into account spontaneous mantle hydration and melting due
to fluid propagation from the slab. It was demonstrated that
hydration and partial melting along the slab creates a situation
where Rayleigh–Taylor instabilities can develop at the top of a
cold subducting slab. This resulted in rather paradoxical thermo-
mechanical phenomenon, in which rising diapiric structures, colder
than the asthenosphere by 300–400 ◦C, are driven upward by
compositional buoyancy (Fig. 8). These “cold plumes” with a com-
positional, hydrous origin, launched from asthenospheric depths,
remained lubricated by viscous heating and maintained an upward
velocity in excess of 10 cm/yr. On account of this upward veloc-
ity, the “cold plumes” are able to penetrate the relatively hot
asthenosphere in the mantle wedge within a couple of million
years and thus can cool the surrounding material. These “cold
plumes” are fueled by partial melting of the hydrated mantle and
subducted oceanic crust due to fluid released from dehydration
reactions within the slab, including the decomposition of serpen-
tine. Later, Gerya et al. (2004a) also identified another type of
similar thermo-mechanical phenomena—“cold waves”, which are
wave-like structures propagating upward along descending slabs
and consisting of compositionally buoyant, hydrated and partially
molten subducted crustal and mantle material. These wave struc-
tures are 300–500 ◦C colder than the mantle wedge and may  have
an upward velocity of >1 m/yr due to the reduced viscosity of
hydrated zone along the top of the slab.

Recently, chemical buoyancy aspects have further been studied
numerically based on 2D (Fig. 8) and 3D (Fig. 9) thermo-mechanical
models including water transport and melting. These models pre-
dicted

(i) Spontaneous formation of a low viscosity wedge by hydration
of the mantle atop the slab (Arcay et al., 2005; Zhu et al., 2009).

(ii) The presence of two distinct chemical types of plumes (Fig. 8a)
in the mantle wedge (Gerya et al., 2006): (A) mixed plumes
consisting of partially molten mantle, recycled oceanic crust
and sediments and (B) unmixed plumes made of hydrated
partially molten mantle.

(iii) Underplating of the overriding plate by sedimentary plumes,
which is controlled by the thickness and rheology of the sed-
imentary layer subducted atop the slab (Currie et al., 2007).

(iv) Broad variations in the 3D geometry of thermal chemical
plumes atop slabs: (A) finger-like plumes that form sheet-
like structure parallel to the trench (Fig. 9a); (B) ridge-like
structures perpendicular to the trench; (C) flattened wave-
like instabilities propagating upwards along the upper surface
of the slab and forming zig-zag patterns subparallel to the
trench (Zhu et al., 2009, 2011).

(v) Large-scale rigid body rotation phenomena in subduction
zones due to inhomogeneous hydration and cooling of the
mantle wedge (Gorczyk et al., 2006; Nikolaeva et al., 2008).

(vi) Broad variations in seismic velocity beneath intraoceanic arcs
due to hydration and melting (Gerya et al., 2006; Gorczyk
et al., 2006; Nikolaeva et al., 2008).

(vii) Variations in melt production and crustal growth processes
caused by propagation of hydrated plumes in the mantle
wedge (Gorczyk et al., 2007b; Nikolaeva et al., 2008; Zhu et al.,
2009).

(viii) Suppression of 3D thermal instabilities in the mantle wedge
by low density chemical anomalies originating from downgo-

ing slabs slab (e.g., due to hydration) and instead stabilization
of thermal–chemical plumes and/or an internally convecting
chemically buoyant “cold nose” (Fig. 9b, right) in the upper
corner of the mantle wedge (Honda et al., 2010).
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Richard and Bercovici (2009) have recently investigated the
onsequences of deep dehydration of subducted slabs for man-
le convection based on 2D thermo-mechanical models including
ater diffusion (Fig. 8b). The consequences of water exchange

etween a floating slab and the transition zone were investi-
ated, with a particular focus on the possible onset of small-scale
hermal–chemical convection, despite the adverse thermal gradi-
nt (i.e., mantle is cooled from below by the slab). The competition
etween thermal and hydrous effects on the density and thus on
he convective stability of the top layer of the slab were exam-
ned numerically, including water-dependent density and viscosity
nd temperature-dependent water solubility. It was  concluded
hat for plausible initial water content in a slab (≥0.5 wt%), an
pisode of convection is likely to occur after a relatively short
ime delay (5–20 Ma)  after the slab enters the transition zone.
owever, water induced rheological weakening is seen to be a
ontrolling parameter for the onset time of convection. Moreover,
mall-scale thermal–chemical convection above a stagnant slab
reatly enhances the rate of slab dehydration. This small-scale
onvection also facilitates heating of the slab, which in itself may
rolong the residence time of the slab in the transition zone.

Further investigations of thermal–chemical, mantle wedge con-
ection will likely involve broadening the 3D modeling approaches
nd theoretical understanding of the variability of modeled plume
orphologies in the mantle wedge (e.g., Zhu et al., 2009, 2011;
onda et al., 2010). Further progress in understanding the relative

ignificance of thermal and chemical components of mantle wedge
onvection will likely require the implementation of more sophis-
icated fluid and melt transport algorithms (e.g., Iwamori, 1998,
007; Connolly and Podladchikov, 1998; Rozhko et al., 2007) that
ay help to better quantifying the actual magnitude of chemical

uoyancy present above slabs in nature.

. Crustal growth and magmatic arc development

Reymer and Schubert (1984) estimated crustal generation rates
f 20–40 km3/km/Myr for the western Pacific region during intra-
ceanic subduction based on the total arc crust volume divided
y the oldest known igneous age. More recent estimates for the
ame area by (Stern and Bloomer, 1992) (early stage of IBM
evelopment), Taira et al. (1998) (Izu-Bonin island arc), Holbrook
t al. (1999) (Aleutian island arc), and Dimalanta et al. (2002)
Tonga, New Hebrides, Marianas, Southern and Northern Izu-
onin, Aleutian island arcs) are much higher and range from
0–95 km3/km/Myr to 120–180 km3/km/Myr. These values are
verage rates of crust production, calculated by dividing the esti-
ated total volume of generated crust by the time in which it was

roduced and by the length of the arc.
Numerical modeling of crustal growth in the arc is relatively

are. Nikolaeva et al. (2008) investigated crustal growth pro-
esses on the basis of a 2D coupled petrological-thermo-mechanical
umerical model of retreating intra-oceanic subduction (Fig. 10).
he model included spontaneous slab retreat and bending, sub-
ucted crust dehydration, aqueous fluid transport, mantle wedge
elting, and melt extraction resulting in crustal growth. From the

umerical experiments, the rate of crust formation was  found to be
trongly variable in time and positively correlated with the subduc-
ion rate (Fig. 10,  bottom diagram). Modeled average rates of crustal
rowth (30–50 km3/km/Ma, without effects of dry decompression
elting) are close to the lower edge of the observed range of rates

or real intra-oceanic arcs (40–180 km3/km/Ma). The composition

f new crust depends strongly on the evolution of subduction.
our major magmatic sources can contribute to the formation of
he crust: (1) hydrated partially molten peridotite from the man-
le wedge, (2) melted subducted sediments, (3) melted subducted
ics 52 (2011) 344– 378 359

basalts, (4) melted subducted gabbro. Crust produced from the first
source is always predominant and typically comprises more than
95% of the growing arc crust (Nikolaeva et al., 2008). In all studied
cases, this source appears shortly after beginning of subduction and
is a persistent component while subduction remains active. Sig-
nificant amounts of crust produced from the other three sources
appear; (1) in the beginning of subduction due to the melting of
the slab “nose” and (2), at later stages when subduction velocity
is low (<1 cm/a), which leads to the thermal relaxation of the slab.
Both the intensity of melt extraction and the age of the subducted
plate affect the volume of generated crust. On a long time scale the
greatest volume of magmatic arc crust is formed with an intermedi-
ate melt extraction threshold (2–6%) and medium subducted plate
ages (70–100 Ma)  (Nikolaeva et al., 2008).

Zhu et al. (2009, 2011) examined 3D thermal–chemical mantle
wedge convection and related melt production dynamics during
intra-oceanic subduction. These numerical experiments focused
on the geometries and patterns of hydrous thermal–chemical
upwellings (“cold plumes”) formed above the slab (Fig. 9a) and
their consequences for melt production. The computed spatial
and temporal patterns of melt generation (i.e., crust production)
intensity above the slab appear to be strongly controlled by the
hydrous plume activities. Peaks of the melt production projected
to the arc surface at different times always indicate individual
thermal–chemical plumes growing at the same time. Such peaks
often form a linear structure close to the trench and another line
of peaks in a linear pattern approximately 200 km away from the
trench (Fig. 9a). The peaks close to the trench are from depths of
50–70 km and the second peaks are from depths of 140–170 km.
The plume-like structures are reflected by distinct melt produc-
tivity maxima that are bounded in both time and space. Each
maximum corresponds to the activity of a distinct plume that; (1)
increases the melt productivity during the early stage when the
growing melt production is related to decompressing and heating
of the rising plume material and (2), decreases the melt productiv-
ity during the later stage when the temperature, pressure and the
degree of melting stabilize inside the horizontally spreading and
thermally relaxing plume. The modeled wavelength (25–100 km)
and the growth time (2–7 Myr) of the thermal–chemical plumes
are comparable to spatial periodicity (50–100 km) and the life
extent (2–7 Myr) of volcanic clusters, and to the spatial period-
icity (50–100 km)  of crustal thickness variations in intra-oceanic
arcs (e.g., Zhu et al., 2009; Kodaira et al., 2006, 2007). The existence
of two contemporaneous trench-parallel lines of melt productiv-
ity (Fig. 9a) is also similar to natural observations (e.g., Wyss et al.,
2001; Kimura and Yoshida, 2006; Zhu et al., 2009).

Gerya and Meilick (2011) analyzed 2D crustal growth at active
continental margins (Fig. 1b) by including volcanic additions from
both fluid flux and decompression melting and by analyzing sub-
duction accretion/erosion processes. In these models the volcanic
crustal growth rates are strongly variable in time and depend on the
presence/absence of back-arc spreading. Rates of crust accumula-
tion in models without back-arc spreading typically vary from 0
to 60 km3/km/Myr, where the main magmatic addition is given by
flux melting products (hydrated mantle and subducted crust). This
estimate is comparable to the results of Nikolaeva et al. (2008),  who
did not take into account decompression melting. In contrast, in the
case of back-arc spreading center formation, crustal growth rates
may  reach 200 km3/km/Myr. This is mainly due to a strong contri-
bution from decompression melting of dry mantle which creates
new oceanic crust around the forming back-arc spreading center.
The average crustal production rate calculated for the model with

back-arc spreading was 97.5 km3/km/Myr, which includes decom-
pression melting products (MORB-type crust) formed in the new
spreading center. Thus, the crustal addition rate is rather overes-
timated since the production of new oceanic floor is typically not
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Fig. 10. Numerical model for intra-oceanic arc development (Nikolaeva et al., 2008). Dynamics of a pure retreating intra-oceanic subduction (left column) and associated
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agmatic crust growth (right column). Spontaneous changes in subduction rate an
antle was neglected in this model.

ncluded in calculations of crustal production rates in natural vol-
anic arcs. If the crust produced by dry melting is fully excluded,
n average crust production rate of 45.9 km3/km/Myr is obtained
n the model with back-arc spreading. Indeed, dry decompression

elting in nature also contributes to the formation of magmatic
rcs close to the back-arc region where the amount of water in the
ource region is considerably smaller (e.g., Kelley et al., 2006). In this

odel, the region was represented by the inter-layered flux melting

nd decompression melting products. Therefore, the actual value
f crustal growth rate in these models is in between two  marginal
stimates of 97.5 and 45.9 km3/km/Ma, and is thus quite compara-
st accumulation rate with time are depicted below. Decompression melting of dry

ble to nature (e.g., Dimalanta et al., 2002). In the same series of 2D
experiments, the amount of subduction accretion and erosion was
mainly dependent on fluid-related rheological weakening of the
forearc. Larger fluid weakening effects result in weaker sediments
that tend to decouple from the plate, stack up and remain at the
surface, rather than be subducted with the slab. In contrast, smaller
fluid weakening effects favor a higher rheological strength of sed-

iments, which enhances subduction erosion and reduces the size
of the accretion wedge. In general, three regimes of sedimentary
wedge dynamics were found in the models: (1) subduction accre-
tion regime (strong weakening of the forearc by fluids)—sediment
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ccretion dominates and a large accretionary wedge is built with
ime; (2) balanced accretion/erosion regime (moderate weakening
y fluids)—accretion and erosion of sediments tend to compensate
ach other and the accretionary wedge size remains stable; (3) sub-
uction erosion regime (small/no weakening by fluids)—sediments
re eroded by the subducting slab and the sedimentary wedge grad-
ally disappears.

Recently, Kimura et al. (2009) incorporated results from thermo-
echanical subduction models that simulate the geochemical

ariability of primitive magmas across an intra-oceanic arc. The
eochemical variability arises from partitioning of incompatible
lements and Sr–Nd–Pb isotopic compositions in slab-derived
uids and in arc basaltic magma  generated by an open sys-
em fluid-fluxed melting of mantle wedge peridotite. Based on
hese simulations, contrasting geochemical behavior has been
hown between arcs along the Western and Eastern Pacific rims.
rc magmatism due to slab-derived fluids is proposed for the
estern Pacific arcs, including the Kurile, NE Japan, and the

zu–Bonin–Mariana arcs. In contrast, slab melting better explains
he origin of high-MgO intermediate lavas in the Eastern Pacific,
lthough the role of slab fluids remains an important factor in some
f the arcs.

Another key issue of the crustal growth processes is the com-
osition of the forming continental crust. The Earth’s continents
re mostly composed of igneous and meta-igneous rocks, that on
verage, yield an andesite composition (e.g., Taylor and McLennan,
985; Rudnick and Gao, 2003) that is not in equilibrium with
he underlying peridotite mantle (Rudnick, 1995). The broadly
ccepted hypothesis (Ringwood and Green, 1966; Herzberg et al.,
983) suggests that igneous processes can lead to crustal differ-
ntiation by lower crustal foundering. This foundering hypothesis
ontends that mantle-derived basaltic magma  intrudes into the
rust and forms a buoyant differentiate that is retained in the
rust, plus a dense, olivine- and pyroxene-rich residue that sinks
nto the mantle. However, a less popular alternative model also
xists, based on the arrival of an already-fractionated magma  of
ndesitic composition (Taylor, 1967). Recently, this model was
upported by a combination of numerical modeling of subduction
ith high-pressure laboratory experiments, suggesting that melt-

ng of subducted mélanges in rising thermo-chemical plumes and
ybridization with the mantle peridotite may  form voluminous sili-
ic magmas atop subducting slabs (Castro and Gerya, 2008; Castro
t al., 2010). These magmas are added to the bottom of magmatic
rcs in the form of large batholitic intrusions that are subjected to
agmatic fractionation processes (Castro and Gerya, 2008; Castro

t al., 2010; Gerya and Meilick, 2011). A somewhat similar idea
f continental crust differentiation by relamination was recently
eveloped by Hacker et al. (2011).  According to this hypothesis,
ubducted mafic rocks may  sink into the mantle after convert-
ng into eclogite, whereas more silica-rich rocks are transformed
nto felsic gneisses that are less dense than peridotite but more
ense than the upper crust. These more felsic rocks rise buoy-
ntly, undergo decompression melting and melt extraction, and are
elaminated to the base of the crust. As a result of this process, such
elsic rocks could form much of the lower crust (Hacker et al., 2011).
ndeed, the processes of magmatic fractionation of various magmas
n arcs are not yet well addressed in numerical models and thus
heir inclusion represents one of the most challenging tasks for the
uture work.

It is expected in the future that crustal growth processes in
agmatic arcs will attract a more systematic effort from the

umerical modeling community. The progress in this direction

ill likely depend on the development of more sophisticated

rustal growth models including subduction accretion and ero-
ion, fluid fluxed and decompression melting in the wedge (e.g.,
erya and Meilick, 2011) and plutonic and volcanic addition of
ics 52 (2011) 344– 378 361

melts to the arc crust subjected to magmatic differentiation pro-
cesses. Modeling predictions will be validated against the growing
volume of geophysical, geochemical and geological data on the
spatial and temporal variations in magmatic arc structure. Cou-
pled geochemical-thermo-mechanical modeling will be developed
in order to correlate (e.g., Kimura et al., 2009) crustal growth pro-
cesses with the abundant amount of geochemical data available for
magmatic arc crust.

7. Overriding plate dynamics

Natural observations demonstrate the complex dynamics of
overriding plates, which involve both extension and shortening
episodes that significantly affect the topography and geometry of
subduction zones worldwide (e.g., Leat and Larter, 2003; Stern,
2002; Sobolev and Babeyko, 2005). In particular, the development
and evolution of back-arc basins represents a fundamental pro-
cess 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 represent extensional
processes, in contrast to the overall pattern of convergence. Even
after extensional stresses generated from trench rollback (and ret-
rograde 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 controlling back-arc
rifting is still not apparent. In addition, a recent kinematic synthe-
sis of the evolution back-arc basins in the Pacific Ocean during the
past 60 Myr  (Sdrolias and Müller, 2006) revealed a large amount
of periodicity. The distribution of sea-floor ages in this study sug-
gests that extension alternates 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 toward
the overriding plate or retreating from it (Lister et al., 2001).

Several numerical studies have been performed to address the
influence of overriding plate dynamics on subduction process (e.g.,
Van Hunen et al., 2000, 2004; Sobolev and Babeyko, 2005; Clark
et al., 2008; Gerya and Meilick, 2011). An early prominent study
(Van Hunen et al., 2000, 2004) demonstrated that active horizontal
movement of the overriding plate toward the subducting slab (i.e.,
obduction) notably flattens the subducting slab angle (Fig. 11a) at
shallow depths (as observed today under parts of the west coast
of North and South America) and can also explain the subduction
of young oceanic lithosphere. This influence is clearly expressed by
the ratio of the subduction velocity to the overriding plate velocity.
Another important, regional numerical modeling study by Sobolev
and Babeyko (2005) investigated the factors controlling the inten-
sity of tectonic shortening of the overriding South American plate,
in relation to the Andean orogeny (Fig. 11b). A coupled thermo-
mechanical numerical modeling technique was used to identify
that the most important factors were (i) accelerated westward drift
of the South American plate toward the subducting Nazca plate, (ii)
crustal structure of the overriding plate and (iii) degree of shear
coupling at the plate interface (Sobolev and Babeyko, 2005). Mod-
els with a thick (40–45 km at 30 Ma)  South American crust and
relatively high friction coefficient (0.05) at the Nazca–South Ameri-
can interface generate around 300 km of tectonic shortening during
30–35 Myr  and replicate the crustal structure and evolution of the
high central Andes. On the other hand, models with an initially
thinner (∼40 km)  continental crust and lower friction coefficient
(∼0.015) results in only ∼40 km of South American plate shorten-

ing, replicating the situation in the Southern Andes.

Arcay et al. (2005) investigated thermal–chemical thinning of
the overriding plate caused by water release from the subduct-
ing slab (Fig. 4b). In subduction zones, many observations indicate
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Fig. 11. Examples of numerical models used for investigation of dynamics of the overriding plate. (a) 2D model by Van Hunen et al. (2004) for flat subduction caused by
active  horizontal movement of the overriding plate toward the slab. (b) 2D model by Sobolev and Babeyko (2005) and Babeyko and Sobolev (2008) for tectonic shortening
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f  the overriding plate during Andean subduction and orogeny. (c) 3D model by Cl
nd  retreating trench motions).

hat the back-arc thermal state is particularly hot and that the
pper lithosphere is thin, even if no recent period of extension has
ccurred. Based on 2D experiments, Arcay et al. (2005) suggested
hat this might result from free thermal convection favored by low
iscosities in the hydrated mantle wedge. For low strength reduc-
ions associated to water content, the upper plate is locally thinned
y enhanced corner flow. For larger strength reductions, small con-
ection cells rapidly thin the upper plate (in less than 15 Myr) in
he region of the overriding lithosphere hydrated by slab-derived
ater fluxes. As a result, the thinned region location depends on the

ubducting plate thermal state, which increases with high conver-
ence rates and low subduction dip angles. The experiments also
howed that the thinning process is not influenced by the corner
ow. The lithospheric erosion mechanism identified in these simu-

ations explained the characteristic duration of erosion as a function
f the hydrous strength reduction. It was found that the presence
f amphibole in the upper lithosphere in significant proportions
s required down to a temperature of about 980 ◦C (correspond-
ng to an initial depth of 70 km)  to strongly decrease the strength
f the base of the lithosphere and trigger rapid erosion (<15 Myr).
ecently, Arcay et al. (2008) also applied their thermal–chemical
rosion model to investigations of back-arc strain in subduction
ones. Their modeling confirmed a statistical, kinematic relation-
hip based on natural observations (Lallemand et al., 2008) between
he subducting and overriding plate velocities, which describes the
ransition from extensional to compressive stresses in the arc litho-
phere. Furthermore, high overriding plate velocities toward the
rench promoted shallow flat subduction, which was  also the case
n the experiments of Van Hunen et al. (2000, 2004).  However, it
emains arguable whether or not the hydration-related erosion of
he overriding plate predicted by Arcay et al. (2006, 2008) will be
recluded by high temperatures (>1000 ◦C) within the convecting
ortion of the mantle wedge (Fig. 4b), where water supplied from

he slab will be consumed by mantle-derived melts at the fluid flux

elting front (e.g., Iwamori, 1998; Gerya et al., 2006; Cagnioncle
t al., 2007), rather than propagate freely toward the bottom of the
ithosphere. Rheological weakening of the overriding plate by mag-
 al. (2008) for hyper-episodic regime of subduction (the combination of advancing

matic processes was also proposed by several studies (e.g., Ueda
et al., 2008; Sizova et al., 2010), which may  cause effective thin-
ning of the overriding plate by trench retreat and extension (e.g.,
Gerya and Meilick, 2011).

Gorczyk et al. (2007a) investigated the influence of effective
water propagation velocities from the slab on fore-arc exten-
sion processes at Pacific-type convergent margins with a coupled
petrological-thermo-mechanical model of subduction. They found
that the degree of plate coupling strongly depends on the dimen-
sionless ratio (RH2O) between the plate convergence rate and the
water propagation velocity. Fore-arc extension and delamination
of the slab from the overriding plate followed by trench retreat
(that finally results in a growth of young overriding plate and
a back-arc spreading center formation) was common for models
with slower convergence rate/higher water velocity (RH2O < 4). In
contrast, higher convergence rate/lower water velocity (RH2O > 4)
resulted in continuous plate coupling. Two fundamentally different
regimes of melt productivity were observed in numerical exper-
iments and correlated with natural observations. Firstly, during
continuous convergence with coupled plates (i.e., Late Paleozoic
margin of central Chile) the largest melt productivity occurred at
the onset of subduction due to temporary steepening of the slab.
This stage is followed by rapidly decaying productivity with time
due to flattening of the slab inclination angle, thereby preclud-
ing further formation of partially molten mantle wedge plumes.
Secondly, the highest melt productivity is obtained in simulations
associated with slab delamination and trench retreat. As a result,
extension occurs with a decoupling of the plates, which finally leads
to the formation of a pronounced back-arc basin similar to the
Mesozoic margin of southernmost Chile. In this case melt produc-
tion increases with time due to a stabilization of the slab inclination
associated with upward asthenospheric mantle flow toward the
spreading center, thereby favoring the generation of hydrous par-

tially molten plumes from the slab.

Clark et al. (2008) examined episodicity in back-arc tectonic
regimes by using 3D, time-dependent numerical models of sub-
duction with an overriding plate. The authors defined three types



dynam

o
e
a
p
(
t
T
t
s
e
a
o
p
s
M
w
d

d
a
(
s
t
o
p
t
d
s
r
a
i
a
l
s
b
c
p
(
t
a
p
i
r
a
s
r
c
o
e
c
t
i
e
a
i
p
t

i
(
i
n
S
e
o
p

T. Gerya / Journal of Geo

f episodicity (pseudo-, quasi- and hyper-episodicity) and found
vidence of these in nature. Quasi-episodicity, in which the back-
rc shifts between phases of rifting, spreading and quiescence, is
resently the dominant form of episodic back-arc development
e.g., Izu-Bonin Trench, the Mariana Trench, the Japan Trench,
he Java-Sunda Trench and the central portion of the Peru–Chile
rench). This type of episodicity was found in models for which
he subducting plate’s velocity was determined by the sinking
labs’ buoyancy (i.e., the system is dynamically consistent). Hyper-
pisodicity (Fig. 11c) corresponds to the combination of advancing
nd retreating trench motions. Quasi- and hyper-episodicity are
nly found in subduction zones with relatively high subducting
late velocities, between 6 and 9 cm/year. On the other hand,
ubduction zones with slow subducting plate velocities (e.g.,
editerranean, Scotia Sea) experience only pseudo-episodicity,
here the spreading moves linearly toward the trench but often
oes so in discrete ridge-jump events.

Recently, geodynamic scenarios of oceanic-continental sub-
uction including overriding plate dynamics were analyzed with

 coupled 2D petrological-thermo-mechanical model (Fig. 1b)
Gerya and Meilick, 2011). The model included a free ero-
ion/sedimentation surface, spontaneous slab bending, dehydra-
ion of the subducted crust, aqueous fluid transport, partial melting
f both crustal and mantle rocks as well as melt extraction
rocesses resulting in magmatic arc crust growth by volcanic addi-
ion. The following five geodynamic regimes of overriding plate
ynamics were identified: (1) stable subduction with no back-arc
preading center and without plumes in the mantle wedge, (2)
etreating subduction with a focused back-arc spreading center
nd without plumes, (3) retreating subduction with distributed
ntra-arc extension and trans-lithospheric sedimentary plumes, (4)
dvancing subduction with underplating (laterally extending) sub-
ithospheric plumes and (5) stable to advancing subduction with
tationary (laterally limited) sub-lithospheric plumes. Transitions
etween these different regimes are mainly caused by the con-
urrence of rheological weakening effects of (1) aqueous fluids
ercolating from the subducting slab into the mantle wedge and
2) melts propagating from the partially molten areas formed in
he mantle wedge toward the surface. The aqueous fluids mainly
ffect the forearc region. Strong fluid-related weakening promotes
late decoupling and reduces subduction drag, and thus results

n stacking of sediments in the accretionary prism. In contrast,
educed fluid weakening results in strong coupling of the plates
nd leads to advancing collision-like subduction with enhanced
ubduction erosion. This behavior promotes thickening of the over-
iding plate and large sedimentary plumes in the mantle wedge. In
ontrast, melts extracted from the hot regions above the slab rhe-
logically weaken the lithosphere below the arc, which controls
xtension and shortening of the overriding plate. Strong rheologi-
al weakening by melts in combination with weak plate coupling
riggers retreating subduction with a pronounced back-arc spread-
ng center. Also, weakening of the continental lithosphere by melts
xtracted from trans-lithospheric sedimentary plumes generates

 weak channel through which these structures may  be emplaced
nto subarc crust. If there is insufficient melt-related weakening,
lumes are unable to ascend but rather extend horizontally and
hus underplate the lithosphere (Gerya and Meilick, 2011).

Recent directions in modeling overriding plate dynamics
nclude elaboration of realistic self-consistent 3D numerical setups
Clark et al., 2008) with a free surface (Zhu et al., 2009, 2011),
n which the subducting slab and overriding plate dynamics are
ot prescribed and the system is free to evolve spontaneously.

uch setups are appropriate for studying laterally variable and
pisodic overriding plate processes including topography devel-
pment, back-arc spreading dynamics and arc extension/rifting
rocesses.
ics 52 (2011) 344– 378 363

8. Deep subduction and slab bending processes

High-resolution seismic tomographic models (e.g., van der Hilst
et al., 1991, 1997; van der Hilst, 1995; Grand, 1994; Widiyantoro
et al., 1999) suggest various scenarios of deep slab behavior and
slab interaction with the transition zone. While in some subduc-
tion zones slabs are observed to penetrate through the upper-lower
mantle boundary at a depth of 670 km without any significant
deformation (e.g., Kermadec, Java, central America), in others slabs
are horizontally deflected by the boundary and seem to be at least
temporarily trapped in the transition zone (Tonga, Izu-Bonin). Seis-
mic  tomography also revealed that slabs tend to thicken during
penetration into the lower mantle (e.g., Wortel and Spakman, 2000;
Li et al., 2008).

Using a finite element model of time-dependent convection,
Christensen and Yuen (1984) were the first to determine the con-
ditions for a vertical penetration of a subducted plate into the
lower mantle. A temperature-dependent and non-Newtonian rhe-
ology was applied to achieve plate-like behavior of the upper plate
sinking along one of the lateral model boundaries. The upper-
lower mantle discontinuity was taken as either a chemical or phase
boundary, or as a combination of both. It was found that when
the compositional density contrast is greater than about 5%, the
vertically descending slab is deflected sideward’s at the bound-
ary and two-layer convection prevails. A resulting depression of
the boundary was  in the range of 50–200 km.  A compositional
density difference less than 5%, resulted in the slab plunging sev-
eral hundred kilometers into the lower mantle. With a pure phase
change boundary, a negative Clapeyron slope of about −6 MPa/K
(−60 bar/K) was required to establish a type of “leaky” double-layer
convection. A more moderate slope would aid a small composi-
tional density difference to prevent slab penetration into the lower
mantle.

Some 10 years later Gaherty and Hager (1994) formulated a
2D Cartesian finite element models which explored the deforma-
tion of a vertical, compositionally layered slab as it encounters a
viscosity increase at the boundary between the upper and lower
mantle. They observed that approximately a factor of two thick-
ening occurs via pure shear just above the discontinuity, with
additional enhancement due to slab folding by over a factor of
two. Comparison with models in which compositional buoyancy
was  explicitly ignored indicated that the thermal buoyancy largely
controls slab evolution. Recently, Behounkova and Čížková (2008)
re-analyzed slab buckling and thickening process with a more real-
istic mantle rheology, including diffusion creep, dislocation creep
and a power–law stress limiter. Thickening, or the buckling of
the plate was observed in models with relatively low yield stress
(0.1 GPa) for the stress-limiting mechanism and with a viscosity
increase at the 670 km discontinuity. It was  also demonstrated that
both the major mantle phase transitions and the strength of the
crustal layer have significant consequences for the development of
buckling instabilities, which contributes to thickening of slabs in
the lower mantle.

Christensen (1996) used a Cartesian two-dimensional numer-
ical convection model to systematically study the ability of an
inclined subducted slab to penetrate the endothermic phase
boundary at 660 km depth. The transient subduction history of an
oceanic plate was modeled by imposing plate and trench motion
at the surface. A variety of styles of slab behavior was observed,
depending predominantly on the trench velocity. When trench
retreat was faster than 2–4 cm/a, the descending slab flattened
above the phase boundary. At slower rates, it penetrated straight

into the lower mantle, although flattening in the transition zone
sometimes occurred at a later stage, leading to complex slab mor-
phology. Slab buckle was also observed to be independent of
penetration or flattening at the phase boundary, but significantly
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ore likely when there was a localized increase in viscosity at the
hase boundary. Flattened slabs were only temporarily arrested in
he transition zone and sunk ultimately into the lower mantle.

Cížková et al. (2002) presented a parametric study of slab behav-
or in the transition zone and upper part of the lower mantle
sing more sophisticated visco-plastic models of deep subduction
Fig. 12a), which included diffusion creep, dislocation creep, Peierls
tress limit as well as rheological weakening due to grain size reduc-
ion. The results showed that in the absence of grain size weakening,
he subducting slab is rigid and has a strong tendency to penetrate
nto the lower mantle which is not significantly affected by trench
etreat. In contrast, in the presence of grain size weakening, the
ubducting slab is more flexible and its penetration through the
pper–lower mantle boundary is strongly dependent on the trench
etreat rate, similarly to the previous study of Christensen (1996).

Mishin et al. (2008) used 2D visco-plastic models with a free
urface and mineralogical phase transformations in the mantle
nd subducted crust to simulate slab dynamics and investigate
heir tomographic signature in the deep mantle. Double subduc-
ion processes were modeled by forcing two plates to follow each
ther and subduct contemporaneously (as e.g., in the modern
zu–Bonin–Marianas and Ryukyu arcs and ancient West Himalaya
ollision zone). It was found that in case of multiple slabs, sub-
uction dynamics is more complex and involves several tectonic
rocesses that were unknown in simple subduction models, such as
i) eduction (i.e., slab “un-subduction” from depths), (ii) subduction
e-initiation, (iii) subduction flips and (iv) up-side-down, turn-over
f a detached slab in the transition zone. Simulated tomographic
tructures related to slab propagation account for both penetration
nd non-penetration of the 660 km discontinuity. In accordance
ith previous results (e.g., Christensen, 1996; Cížková et al., 2002)
on-penetration is favored by (i) low convergence rate, (ii) faster
elative movement of the overriding plate, (iii) a young subducting
lab age and (iv) up-side-down, turn-over of a detached slab.

Thickening of slabs penetrating the upper–lower mantle bound-
ry (e.g., Wortel and Spakman, 2000; Li et al., 2008) has traditionally
een interpreted as evidence for the buckling and piling of slabs
t this boundary, where a strong contrast in viscosity may  exist
nd cause resistance to slab penetration into the lower mantle
e.g., Gaherty and Hager, 1994; Ribe et al., 2007; Behounkova and
ˇížková, 2008). In contrast, Loiselet et al. (2010) argued recently,
ased on 3D numerical models, that such phenomena can also be
xplained by the internal deformation of propagating slabs due to
heir relatively low viscosity contrast (1–100) with the surround-
ng mantle. They showed that the shape of such low viscosity slabs
volves toward an inverted plume, or “jellyfish” shape. A paramet-
ic study revealed that low viscosity subducting slabs may  achieve

 variety of shapes that are in good agreement with the diversity
f natural slab shapes imaged by seismic tomography. Further 3D
odeling of deforming slab geometries interacting with a mid  man-

le discontinuity was recently conducted by Morra et al. (2010)
ased on the boundary element method. The models showed that

 plate may  or may  not penetrate into the lowermost mantle and
n some cases may  stall in the mid-lower mantle for long periods,
epending on the radial profiles of density and viscosity. Morra et al.
2010) proposed a scenario in which the accumulation of depleted
labs in the mid  mantle over long time periods would give rise to

 partially chemically stratified mantle. Recently, self-consistent
odels of deep subduction with realistic visco-elasto-plastic rhe-

logy of the slab were used to constrain viscosity structure of the
antle (Quinteros et al., 2010). Subduction velocity, slab shape and

lab penetration (or not) into the lower mantle appeared to be a

trong indicator for assessing the viscosity distribution in the man-
le transition zone and lower mantle. It was found, in particular, that

 viscosity jump of ∼5 times from the transition zone to the lower
antle gives the most reasonable results comparable to nature.
ics 52 (2011) 344– 378

Estimated optimal values of viscosity in the transition zone were
in the range of 3 × 1020–1021 Pa s (Quinteros et al., 2010).

A subject of intense debate is whether the forces associated
with the downgoing plate, the overriding plate, passive or active
mantle flow are dominant in controlling the trajectory of plates
descending into the deep mantle. Capitanio et al. (2007) used a
2D viscoplastic free surface model to investigate the dynamics and
energetics of a free subduction system with an overriding plate,
driven solely by downgoing plate buoyancy and sinking into a pas-
sive unbounded mantle represented by drag forces (Fig. 12b). It
was  demonstrated that such a single, free plate achieves subduc-
tion mainly through trench retreat. Most of the energy dissipation
occurs in driving the passive mantle response, while the contri-
bution of slab bending is minor. As a result, the slab’s sinking
velocity is the Stokes velocity which is determined by litho-
spheric buoyancy and mantle viscosity. Furthermore, Goes et al.
(2008) identified lower-mantle slab penetration events by compar-
ing Cenozoic plate motions at the Earth’s main subduction zones
with motions predicted by these fully dynamic visco-elastic mod-
els of subduction. It was  demonstrated that whereas subduction
of older, intrinsically denser, lithosphere occurs at rates consis-
tent with the model, younger lithosphere (of ages less than about
60 Myr) often subducts up to two times faster, while trench motions
are very low. Goes et al. (2008) concluded that the most likely
explanation is that older lithosphere, subducting under signifi-
cant trench retreat, tends to lay down flat above the transition
to the high-viscosity lower mantle, whereas younger lithosphere,
which is less able to drive trench retreat and deforms more readily,
buckles and thickens. Slab thickening enhances buoyancy (volume
times density) and thereby Stokes sinking velocity, thus facilitat-
ing fast lower mantle penetration. The stress distribution related
to the bending of penetrating and non-penetrating slabs has also
been analyzed recently (Capitanio et al., 2007; Čížková et al.,
2007).

Stegman et al. (2010) used 3D models to analyze distinct styles of
subduction (as distinguished by a characteristic slab morphology)
for spontaneously subducting finite slabs with no overriding plate.
Five distinct subduction regimes (modes) were discriminated on
the basis of systematic numerical experiments (Fig. 13): (I) viscous
beam mode, (II) advance-fold-retreat mode, (III) advancing mode,
(IV) retreating mode, (V) folding mode. It was  found that only a very
restrictive range of plates (“strong” plates with smaller buoyancy)
tend to favor modes of subduction which are exclusively advancing.
In contrast, plates with greater negative buoyancy tend to develop
a retreating subduction style. Stegman et al. (2010) demonstrated
that the flexural strength and buoyancy of the plate determines
the subduction style and controls several subduction character-
istics including the partitioning between slab rollback and plate
advance, the trench curvature, and the slab’s radius of curvature.
“Weak” plates (80–100 km thick with slab/mantle viscosity con-
trast of 100–300) exhibited slab geometry with several recumbent
folds atop the more viscous lower mantle. This regime of weak
plates with their associated slab morphologies (predominant fold-
ing) was  argued to be most similar to slabs on Earth based on the
presence of folded slab piles in Earth’s upper mantle (Stegman et al.,
2010).

Recently, Tackley (2011) performed remarkable 3D simulations
of a compositionally-stratified basalt-harzburgite slab reaching the
core-mantle boundary (CMB) (Fig. 14). It was  shown that compo-
sitional stratification of the slab results in a strong torque due to
the relatively high density of basalt and low density of harzbur-
gite, which tends to rotate the slab such that the basalt side faces

down. This slab–CMB interaction is characterized by heating of the
slab followed by separation of the basalt and harzburgite layers,
with harzburgite rising in vigorous plumes. Plumes form at the
edges and sides of slabs at the CMB  as well as in their interiors
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Fig. 12. Examples of 2D numerical models for morphology of deeply subducted slabs. (a) Models by Cížková et al. (2002) showing dependence of slab penetration into the
lower  mantle from trench retreat velocity (vtm) and rheological weakening (GW) due to grain size reduction. Model size 2000 km × 1000 km. White lines indicate the positions
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f  the major phase transition boundaries at the depths of 400 km and 670 km. (b) M
color  code) for deeply subducted viscoelastic slabs.

ith plume heads dominated by depleted harzburgitic material,
hile plume tails entrain basaltic material. Segregation of basalt
epends strongly on the presence or absence of a preexisting dense

ayer at the CMB  and by dimensionality. A pre-existing dense layer
reatly increases the fraction of basalt that segregates from the
lab. In 3D this fraction is in the range 0.5–0.7 with a layer present
ompared to 0.25–0.45 with no preexisting layer. Two modes of
asalt segregation are observed for slabs that land basalt side-up
i) hot harzburgite extruding from the sides and edges and (ii) hot,
arzburgite-rich plumes bursting through the basalt layer, whereas

or a slab that lands basalt side down (iii) hot basalt can peel off
rom its underside, displaying fingering instabilities in 3D (Tackley,
011). It is also demonstrated that 2D simulations give a good first-
rder guide to the dynamics obtained in fully 3D geometry, but
nherently 3D structures are missed (plumes versus sheets, finger-
ng) and there is a quantitative difference in the fraction of basalt
egregated (Tackley, 2011).

Further efforts in numerical modeling of deep slab dynamics are
urrently directed toward 3D regional (e.g., Stegman et al., 2010;
oiselet et al., 2010; Morra et al., 2010; Tackley, 2011) and global
e.g., Stadler et al., 2010) approaches accounting for complex slab
heology (e.g., Čížková et al., 2007; Capitanio et al., 2007) and man-
le mineralogy (e.g., Mishin et al., 2008).
. Termination of subduction and slab break-off

Termination of subduction in any subduction zone is an
navoidable consequence of terrestrial plate tectonics where posi-
of Capitanio et al. (2007) showing variability of morphology and energy dissipation

tively buoyant continents, magmatic arcs, oceanic plateaus, ridges
and seamounts chains may  collide with active subduction zones.
Slab break-off, or slab detachment, is often referred to as an
early collisional process during which a part of the subducted
slab detaches from the subducting plate. Such a rupture would
cause the detached slab to sink down into the Earth’s man-
tle and cause a major thermo-mechanical re-equilibration at the
lithospheric-upper mantle scale. The concept of slab break-off
originally comes from the analysis of gaps in hypocentral distri-
butions and tomographic images of subducted slabs (e.g., Isacks
and Molnar, 1969; Barazangi et al., 1973; Pascal et al., 1973;
Wortel and Spakman, 2000). Many other observations suggest
the possibility of slab detachment in subduction–collision settings
such as seismicity patterns in subduction zones (e.g., Chen and
Brudzinski, 2001; Sperner et al., 2001), magmatic geochemistry
and the surface expression of volcanism (Keskin, 2003; Ferrari,
2004; Qin et al., 2008), uplift data analysis (e.g., Rogers et al., 2002;
Wilmsen et al., 2009) and interpretation of structural and petro-
logical data for exhumation of UHP rocks (e.g., Andersen et al.,
1991).

Davies and von Blanckenburg (1995) published the first com-
prehensive analytical work on slab detachment processes, whereas
initial numerical analyses were presented by Yoshioka et al. (1994)
and Yoshioka and Wortel (1995).  Davies and von Blanckenburg

(1995) analyzed a post-subduction continental collision scenario in
which negatively buoyant oceanic lithosphere detaches from pos-
itively buoyant continental lithosphere that attempts to subduct.
The authors quantitatively evaluated an upper bound for the
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ig. 13. Five major regimes of subduction characteristic for single viscous slab emb
f  the strain rate. Arrows show velocity field.

trength of the lithosphere, and compared it with the change in
uoyancy force during continental subduction. It was  found that
hether break-off will occur, as well as the depth at which it will

ccur, is a strong function of temperature and hence the subduction
elocity. For a subduction velocity of 1 cm/yr break-off occurred
t depths of between 50 and 120 km,  while at higher velocities
reak-off is still likely to occur, but at deeper depths. It was also
emonstrated that as a result of the slab rifting during break-off,
he asthenosphere upwells into the narrow rift and impinges on
he mechanical lithosphere of the overriding plate. The resulting
onducted thermal perturbation leads to melting of the metaso-
atised overriding mantle lithosphere, producing magmatism. Dry

sthenospheric mantle will melt only if break-off occurs at a depth
hallower than ca. 50 km.  Yoshioka et al. (1994) and Yoshioka and

ortel (1995) investigated the physical mechanism of the slab
etachment based on a visco-elastic 3D purely mechanical finite
lement model with a small initial tear from one side of the slab.
heir results showed that an area of high shear stress concentra-
ion of the order of several hundred MPa  forms near the tip of
he tear inside the slab, thus causing further lateral migration of
he tear. It was also concluded (Yoshioka and Wortel, 1995) that
avorable conditions for slab detachment are characterized by a
igh inter-plate frictional force and a low convergence rate, which
enerates in-plate tensional stress at intermediate depths. Further-

ore, Yoshioka et al. (1994) used a 2D thermo-mechanical model

o demonstrate the influence of nonlinear stress-dependent rheol-
gy and shear heating on local slab weakening that can lead to slab
etachment process.
 in low-viscosity mantle (Stegman et al., 2010). Color code shows second invariant

Until recently, numerical modeling studies of slab break-off con-
centrated on relatively static scenarios involving the evolution of
an already subducted slab (Wong et al., 1997; van de Zedde and
Wortel, 2001; Buiter et al., 2002; Cloetingh et al., 2004; Gerya et al.,
2004b; Toussaint et al., 2004; Macera et al., 2008; Andrews and
Billen, 2009). In particular, Buiter et al. (2002) quantified the surface
deformation generated by slab detachment by with a 2D mechan-
ical model and determined a maximum surface uplift of 2–6 km
related to slab detachment. Cloetingh et al. (2004) and Toussaint
et al. (2004) numerically reproduced slab detachment scenarios
associated with deep continental subduction (e.g., Andersen et al.,
1991) based on 2D visco-elasto-plastic thermo-mechanical models
with a pre-subducted oceanic slab. Gerya et al. (2004b) presented
systematic 2D experiments for thermo-mechanical controls of slab
break-off and showed that this process can be initiated in the form
of slab necking by a prolonged (8–30 My)  period of slab weaken-
ing due to thermal diffusion (<20 ◦C/My) after cessation of active
subduction. Following the period of weakening, rapid slab detach-
ment takes place over a few million years and is accelerated by
non-Newtonian strain-rate softening and focused thermal erosion
(>60 ◦C/Myr) due to strong positive thermal feedback from shear
heating. Detached slab fragments sink rapidly with a tendency
for coherent rotation. Andrews and Billen (2009) investigated the
significance of plastic yielding for the detachment process and

demonstrated two major modes of detachment: (1) slow and deep
viscous detachment of strong slabs (500 MPa  or greater maxi-
mum  yield strength) controlled by heating of the slab, and (2) fast
and shallow detachment of weaker slabs (300 MPa) controlled by
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Fig. 14. The interaction of a compositionally-stratified basalt-harzburgite slab with
a  150 km thick layer above the core-mantle boundary (CMB), for three different
initial slab dips (Tackley, 2011). Plotted are isosurfaces of composition = 0.25 (blue,
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slabs that are supported by the viscosity jump and phase change
howing depleted material), composition = 0.5 (green, showing basalt) and temper-
ture = 3000 K (red semi-transparent). Times are as labeled.

ielding within the slab interior. For slabs with a maximum yield
trength of 500 MPa, the time to detachment increases with slab
ge (for ages ranging from 40 to 120 My), indicating that the detach-
ent time is controlled by the integrated stiffness of the slab, which

imits the sinking rate. However, the detachment time for weaker
labs (300 MPa) is independent of age.

The first fully dynamic models for spontaneous slab break-off
ssociated with continental collision were presented by Faccenda
t al. (2008a) and examined a range of behaviors characteristic
f a post-subduction collisional orogeny. In their 2D thermo-
echanical models the subducting oceanic plate was  attached to

n incoming continental margin. After some period of forced con-
ergence the system was left free to evolve spontaneously where a
ontinental collision stage was driven by the negative buoyancy of
he subducted slab. This approach was recently used by Baumann
t al. (2010) and Duretz et al. (2011) who investigated the influ-
nces of mantle phase transformations as well as a brittle-plastic
nd Peierls rheology on spontaneous slab break-off process. In
articular, Baumann et al. (2010) delineated five tectonic phases
ypically associated with spontaneous subduction termination and
iscous slab detachment: (1) oceanic slab subduction and bend-
ng; (2) continental collision initiation followed by spontaneous
lab blocking, thermal relaxation and unbending (in the case of
ld oceanic plates in this phase slab roll-back occurs); (3) slab
tretching and necking; (4) slab break-off and accelerated sinking;
5) post-break-off relaxation. By varying the oceanic slab age and
nitial plate convergence rate Duretz et al. (2011) found four differ-
nt end-members of spontaneous slab break-off process differing
n depth and dominating rheological mechanisms. In this parame-
er space, the break-off depth ranges from 40 to 400 km and each
reak-off modes displayed complex rheological behavior during
reak-off. Peierls creep in olivine turns out to be a key mechanism
or slab break-off, generally causing slabs to break earlier and at
hallower depths. It was also demonstrated that models involving
ifferent depths of break-off are subject to different topographic

volution, but always display a sharp break-off signal (Fig. 15). Post
reak-off uplift rates in foreland and hinterland basins correlate
egatively with the break-off depth and range between 0.1 km/My
ics 52 (2011) 344– 378 367

for deep detachment (Fig. 15b) and 0.8 km/Myr for shallow detach-
ment (Fig. 15a). Continental crust subduction was observed in
spontaneous break-off experiments involving oceanic lithosphere
older than 30 Myr  (Fig. 15b). Different exhumation processes such
as slab retreat and eduction occurred according to the break-off
depth.

Another fully dynamic model of spontaneous slab detach-
ment related to ridge–trench collision was recently represented
by Burkett and Billen (2009, 2010),  where the approach of a
buoyant spreading ridge to a subduction zone was  tested as a
mechanism for slab detachment. This process was  invoked as
an explanation for observed ridge abandonment and slab win-
dow related magmatism (e.g., in Baja California, Michaud et al.,
2006). Burkett and Billen (2009) used dynamic 2D models including
a non-Newtonian rheology to study the approach of a trench-
parallel spreading ridge to a subduction zone. They found that
before the ridge approaches within 100 km of the trench, detach-
ment of the subducted slab occurs due to the combined effects of
increased buoyancy and reduced strength of the lithosphere with
ridge proximity. The following key features were also found in these
experiments: (1) a decrease in subduction velocity as the ridge
approaches the trench, (2) a shrinking surface plate that maintains
a uniform plate-like subduction velocity, (3) ridge abandonment
distances 100–275 km from the trench, and (4) slab gap distances
195–285 km from the trench. These results are consistent with
observations in Baja California, where detachment of the Cocos
slab may explain abandonment of observed segments of the East
Pacific Rise 50–200 km outboard of the trench and the presence
of non-arc related magmatism located 100–250 km inboard of the
trench.

Burkett and Billen (2010) presented the first fully-dynamic, 3D
thermo-mechanical numerical models for the ridge–trench colli-
sion process and demonstrated that for a finite laterally symmetric
slab, the 3D detachment process occurs nearly simultaneously
along strike by way  of boudinage-type necking and opening of
holes central to the slab (Fig. 16a). For a case involving the two
offset ridge segments approaching a trench, slab tearing occurs in
the form of (1) a vertical propagating separation along the age off-
set boundary within the slab that was previously weakened by a
transform weak zone, and (2) a horizontal propagating detachment
controlled by the lateral transfer of slab pull to adjacent surface
plate segments (Fig. 16b). However, lateral decoupling between
offset adjacent plate segments and the propagating nature of the
vertical and horizontal tearing are dependent upon fracture zones
remaining weak through the subduction zone. Whether detach-
ment occurs simultaneously along strike, or propagates laterally,
the process is controlled by plastic yielding of the slab interior when
young lithosphere entering the trench can no longer support slab
pull.

Recently, van Hunen and Allen (2011) used 3D models to ana-
lyze the conditions and dynamics of a subduction–collision system
and subsequent slab break-off and slab tear propagation (Fig. 16c
and d). Model results indicate that collision after the subduction
of an old, strong subducting oceanic slab leads to slab break-off
at 20–25 Myr  after the onset of continental collision, and subse-
quently a slab tear migrates more or less horizontally through
the slab with a propagation speed of 100–150 mm/yr. In contrast,
young and weak oceanic slabs show the first break-off at 10 Myr
after continental collision and experience tear migration rates up
to 800 mm/yr. Slab strength plays a more important role in the
timing of slab break-off and the speed of a propagating slab tear
than (negative) slab buoyancy does. Slab break-off is viable even for
between the upper and lower mantle. The density of the oceanic
slab and the subducting continental block is important for the
amount of continental subduction and the depth of slab break-off.
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Fig. 15. Examples of 2D numerical models of spontaneous slab break-off during continental collision (Duretz et al., 2011). (a) Four stages (top diagrams) of model evolution
for  the shallow slab break-off regime and associated surface topography development (bottom diagram). During slab necking and break-off, the subducted crust deforms in
a  brittle manner and the mantle lithosphere deforms viscously. (b) Four stages (top diagrams) of model evolution for the deep slab break-off regime and associated surface
topography development (bottom diagram). During slab necking and break-off, the subducted crust deforms viscously and the mantle lithosphere deforms both viscously
and  by Peierls mechanism.
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Fig. 16. 3D numerical models of slab break-off due to ridge–trench collision (a, b) (Burkett and Billen, 2010) and continental collision (c, d) (van Hunen and Allen (2011).
(a,  c) Detachment of laterally symmetric slabs. (b, d) Detachment of laterally asymmetric slabs: (b) slab with two  offset ridge segments separated by weak fracture zone, (d)
only  part of the slab has a continental block. Slab width is 300 km in (a, b) and 2000 km in (c, d). The 1050 ◦C isosurface is shown in (a, b) and 945 ◦C in (c, d).
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 40-km thick continental crust can be buried to depths greater
han 200 km,  although this maximum depth is significantly less
or younger or very weak slabs, or thicker continental crust. In the
D models performed slab break-off typically started at a depth
f 300 km,  mostly independent of mantle rheology, but, like conti-
ental crustal burial, can be shallower for young or buoyant plates.

n agreement with previous models (Burkett and Billen, 2010), the
D numerical experiments of van Hunen and Allen (2011) suggest
hat break-off has an intrinsic small preference to start as a slab
indow within the slab’s interior, rather than as a slab tear at the

lab edge (Fig. 16c). Any significant asymmetry in the collision set-
ing such as earlier collision at one end of the subduction zone,
owever, usually overrides this tendency and leads to slab tearing
tarting near one edge of the slab (Fig. 16d) (van Hunen and Allen,
011).

Future progress in numerical modeling of subduction termina-
ion and slab detachment processes will likely be directed toward
reating fully-dynamic, self-consistent 3D models that account
or spontaneous plate movements (Burkett and Billen, 2010; van
unen and Allen, 2011) and phase transformations including melt-

ng and free erosion-sedimentation surface (e.g., Zhu et al., 2009;
uretz et al., 2011). Of particular interest is the lateral variabil-
ty of magmatic, metamorphic and topographic processes (e.g.,
uretz et al., 2011) related to various geodynamic modes of slab
reak-off and identification and quantification of these modes in
ature.

ig. 17. Variations in tectonic style of subduction with changing mantle temperature (va
ith  various mantle temperature difference (�T) above present day values. The olivine–sp

y  black areas, and eclogite by white areas.
ics 52 (2011) 344– 378

10. Subduction in the early Earth

Two  fundamental questions regarding the styles of Precam-
brian subduction have been the subject of much debate during
the past decades (e.g., Davies, 1992, 2006; Hamilton, 1998; de
Wit, 1998; Griffin et al., 2003; Brown, 2006, 2007; Stern, 2007;
O’Neill et al., 2007a,b; van Hunen and van den Berg, 2008). First,
what was the reason that the Earth developed a plate tecton-
ics regime and, second, what was  the timing of the transition to
the plate tectonics regime on Earth? The main arguments about
the timing of plate tectonic initiation have been based on the
interpretation of geological, petrological and geochemical obser-
vations (Benn et al., 2005; Condie and Pease, 2008). To date,
the interpretation of geological observations has not achieved a
consensus about the style of the tectonic regime in the Precam-
brian. On the one hand, there is a variety of evidence for Archean,
particularly Mesoarchean-to-Neoarchean, plate tectonics and sub-
duction settings (e.g., de Wit, 1998; Brown, 2006; Condie and
Pease, 2008), but some authors argue that the modern style of sub-
duction has only been active since the appearance of ophiolites
in the Proterozoic and ultrahigh-pressure metamorphism in the
late Neoproterozoic (Hamilton, 1998; Stern, 2005, 2007). Recently,

thermo-mechanical numerical modeling experiments have been
used to investigate the development and timing of plate tecton-
ics (e.g., Davies, 2006; O’Neill et al., 2007a,b; Sleep, 2007; van
Hunen and van den Berg, 2008) in order to resolve these con-

n Hunen and van den Berg, 2008). Four columns show time evolution (t) for cases
inel and perovskite transitions are denoted by the thin white lines, crustal material
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rasting interpretations of the geological evidence for early plate
ectonics.

Numerical models of Precambrian plate tectonics and possible
tyles of subduction in a hotter, early Earth are still relatively rare.
odeling by Davies (1992, 2006) with kinematically prescribed
otion of oceanic plates takes into account early depletion of the

pper mantle, which led him to suggest that the oceanic crust
ight have been thinner than modern oceanic crust (<3 km on aver-

ge), and that the thermal boundary layer might also have been
verall thinner. The thinner oceanic crust estimated from the mod-
ls would substantially improve the viability of subduction, and
ence of plate tectonics, in the earliest Earth. However, the numer-

cal modeling suggests spatial and temporal variability in crustal
hicknesses might have allowed some plates to subduct whereas
ther plates might have been blocked and forced to form proto-
ontinental crust.

In an alternative scenario without early depletion of the upper
antle, modeling by van Hunen and van den Berg (2008) suggests

hat the lower viscosity and higher degree of melting for a hotter,
ertile mantle might have led to both a thicker crust and a thicker
epleted harzburgite layer making up the oceanic lithosphere. A
hicker lithosphere might have been a serious limitation to the ini-
iation of subduction, and a different mode of downwelling (Davies,
992) or “sub-lithospheric” subduction (van Hunen and van den
erg, 2008) might have characterized Earth in the Precambrian,
lthough the conversion of basalt to eclogite may  significantly relax
his limitation (e.g., van Thienen et al., 2004; Ueda et al., 2008).
he intrinsic lower viscosity of the oceanic lithosphere on a hot-
er Earth would also lead to more frequent slab break-off (Fig. 17),
nd in some cases crustal separation from the mantle lithosphere.

herefore, lithospheric weakness could be the principal limita-
ion on the viability of modern-style plate tectonics on a hotter
arth.

ig. 18. High-resolution numerical models of an active continental margin evolution for v
010).  Models predict a first-order transition from a “no-subduction” tectonic regime (a)
c).
ics 52 (2011) 344– 378 371

Sizova et al. (2010) performed a series of experiments
using a 2D petrological-thermo-mechanical numerical model of
oceanic-continental subduction and systematically investigated
the dependence of tectono-metamorphic and magmatic regimes
at an active plate margin on upper-mantle temperature, crustal
radiogenic heat production and degree of lithospheric weakening
by fluids and melts. From these experiments the authors identi-
fied a first-order transition from a “no-subduction” tectonic regime
to a “pre-subduction” tectonic regime and finally to the modern
style of subduction (Fig. 18). The first transition is gradual and
occurs at upper-mantle temperatures between 250 and 200 ◦C
above the present-day values, whereas the second transition is
more abrupt and occurs at 175–160 ◦C. The link between geolog-
ical observations and model results suggests that the transition
to the modern plate tectonic regime might have occurred during
the Mesoarchean–Neoarchean time (ca. 3.2–2.5 Ga). In the case of
the “pre-subduction” tectonic regime (upper-mantle temperature
175–250 ◦C above the present), the plates are weakened by intense
percolation of melts derived from the underlying hot melt-bearing
sub-lithospheric mantle. In such cases, convergence does not pro-
duce self-sustaining one-sided subduction, but rather results in
shallow underthrusting of the oceanic plate under the continen-
tal plate. A further increase in the upper-mantle temperature
(>250 ◦C above the present) causes a transition to a “no-subduction”
regime, where horizontal movements of small deformable plate
fragments are accommodated by internal strain, where even shal-
low underthrusts do not form under the imposed convergence.
Thus, based on the results of the numerical modeling, it was  sug-
gested that the crucial parameter controlling the tectonic regime
is the degree of lithospheric weakening induced by emplacement

of sub-lithospheric melts into the lithosphere. A lower melt flux at
upper-mantle temperatures <175–160 ◦C results in a lesser degree
of melt-related weakening and stronger plates, which stabilizes the

arious mantle temperature difference (�T) above present day values (Sizova et al.,
 through a “pre-subduction” tectonic regime (b) to the modern style of subduction
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odern subduction style even at high mantle temperatures (Sizova
t al., 2010).

Ueda et al. (2008) examined subduction initiation related to
hermo-chemical plumes, which has implications to Archean tec-
onics. Numerical testing of this hypothesis has been conducted
n 2D with a thermo-mechanical code accounting for phase tran-
itions and a viscoplastic model of a thin oceanic lithosphere,
mpacted by a partially molten, thermo-chemical or purely ther-

al  plume. It was demonstrated that a mantle plume can break
he lithosphere and initiate self-sustaining subduction, provided
he plume causes a critical local weakening of the lithospheric

aterial above it due to percolation of melts extracted from
he plume toward the surface. The intensity of the required
eakening depends on the plume volume, plume buoyancy and

he thickness of the lithosphere. The weakening is the greatest
or the least buoyant, purely thermal plumes. Another neces-

ary condition is the presence of high-pressure fluids at the
labs’ upper interface, which reduces the effective friction coef-
cient to very low values. Based on numerical results, it was

ig. 19. Examples of numerical models of spontaneously curved slabs embedded in a visc
ics 52 (2011) 344– 378

suggested that sheet-like instabilities during Archean mantle
convection could have initiated subduction on Earth where an
ocean was  already present in less stable tectonic settings, pro-
vided that mantle plumes (sheets) at that time were rich in
water and melt, which could drastically reduce the effective fric-
tion coefficient in the lithosphere above the plume (Ueda et al.,
2008).

Plate tectonics and subduction initiation in the early Earth will
likely receive more attention from modelers in the near future,
as these topics have not yet been explored systematically. Future
work in this area will likely focus on the development of self-
consistent 2D and 3D models taking into account peculiar exogenic
and endogenic conditions of the early Earth: higher crustal and
mantle temperature, increased radiogenic heat production, fre-
quent large asteroid impacts (Hansen, 2007), low surface elevation
(e.g., Rey and Coltice, 2008) and other relevant features. Progress

will also depend on the continued development of self-consistent
global mantle convection and plate tectonics models for present
day conditions.

ous mantle. (a) Model of Morra et al. (2006).  (b) Model of Schellart et al. (2007).
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1. Lateral variability of subduction processes in 3D

Subduction zones and their associated slabs are limited in lateral
xtent (250–7400 km), their three-dimensional geometry evolves
ver time (e.g., Schellart et al., 2007) and can often be quite complex
e.g., Jadamec and Billen, 2010). In addition, complicated patterns
f mantle circulation can develop above slabs (e.g., Honda and Saito,
003; Zhu et al., 2009). This lateral variability unavoidably calls for
he utilization of 3D numerical modeling approaches. 3D model-
ng of subduction is still far from routine and much of the efforts
f the modeling community are currently directed toward creating
obust tools for performing high-resolution subduction simulations
n three dimensions. Certain 3D numerical modeling studies have
lready been discussed in relation to specific topics. Here I will con-
entrate on a number of additional studies that aimed to address
he lateral variability of subduction processes.

The first 3D subduction modeling studies were developed
n the broader context of whole mantle convection simulations
hat aimed to investigate specific convection regimes with plate-
ike behavior of the model upper surface (e.g., Tackley, 1998,
000; Trompert and Hansen, 1998). Trompert and Hansen (1998)
nd Tackley (1998, 2000) presented three-dimensional convec-
ion models that spontaneously generated plates through the use
f a temperature-(strain-rate)-dependent viscosity combined with

 yield stress. Their 3D models produced a style of convection
hat exhibited some important features of plate tectonics, such as
ubduction of the stiff upper layer and plate-like motions on the
urface. However, Tackley (1998, 2000) noted that subduction in
hese models was double-sided (i.e., unrealistic for the Earth) so
hat plates were subducting from two sides along spontaneously
orming convergence zones. This non-terrestrial style of subduc-

ion was attributed to insufficient resolution, simplified rheology
nd the absence of continents in the models (Tackley, 1998, 2000).
ecently, it was also suggested that realistic spontaneous single-
ided subduction is strongly promoted by high plate strength and

ig. 20. Examples of high-resolution 3D “snapshot models” of existing subduction zones
uoyancy of subducted slabs. Grid in the right panel shows the adaptively refined mesh
uoyancy-driven deformation of the Alaska subduction–transform system. Slab geometry
ics 52 (2011) 344– 378 373

water-related lubrication of plate interfaces (Gerya et al., 2008a)
as well as by a free-surface condition on the upper boundary
(Tackley et al., 2010). Honda and Saito (2003) developed the first
simple 3D regional subduction model, where a kinematically pre-
scribed inclined slab was  used to study mantle wedge dynamics.
This approach has been used by a number of additional studies to
investigate 3D thermal, compositional and flow structures around
descending slabs (e.g., Honda and Yoshida, 2005; Honda, 2009;
Honda et al., 2010). Zhu et al. (2009, 2011) also developed complex
thermal–chemical–mineralogical regional 3D subduction models
with a free-surface, high-resolution mesh and spontaneously bend-
ing slabs (Zhu et al., 2009, 2011).

Morra et al. (2006) used a novel combination of finite-element
and boundary element modeling for simulating the 3D dynam-
ical evolution of a single slab interacting with the surrounding
mantle in order to assess the origins of arc curvature (Fig. 19a).
The possible physical mechanisms were grouped into two  classes:
(1) external feedbacks between the migrating lithosphere and
secondary induced mantle flow and (2) internal heterogeneities
within the lithosphere resulting from different plate cooling ages
at the trench. It was  suggested based on a statistical analysis that
almost all arcs on the Earth can be described by these two general
mechanisms (Morra et al., 2006). The issue of lateral plate curva-
ture was also investigated by Stegman et al. (2006) and Schellart
et al. (2007) by analyzing the 3D morphology (Fig. 19b) of single
spontaneously subducting slabs of variable width. It was  found
that the slab width controls two first-order features of plate tec-
tonics: the curvature of subduction zones and their tendency to
retreat backwards with time, which is actually in good agreement
with the first mechanism of Morra et al. (2006).  Schellart et al.
(2007) demonstrated that the trench migration rate is inversely

related to slab width and depends on the proximity to a lateral
slab edge. These results are consistent with trench retreat veloci-
ties observed globally, with maximum velocities (6–16 cm/yr) only
observed close to slab edges (<1200 km), whereas far from slab

. (a) Model of Stadler et al. (2010) for the global system of tectonic plates driven by
 with a finest resolution of about 1 km. (b) Model of Jadamec and Billen (2010) for

 is shown by isosurface of viscosity. Arrows show velocity field.
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dges (>2000 km), retreat velocities are always slow (2.0 cm/yr).
odels with narrow slabs (≤1500 km)  retreat quickly and develop

 curved geometry, concave toward the mantle wedge side. Mod-
ls with intermediate-width slabs (2000–3000 km)  are sub-linear
nd retreat more slowly. Models with wide slabs (≥4000 km)  are
early stationary in the center and develop a convex geometry,
hereas trench retreat increases toward concave-shaped edges.
dditionally, Schellart et al. (2007) identified periods (5–10 Myr) of
low trench advance at the center of wide slabs. It was  argued that
uch transient trench advance may  explain, in particular, mountain
uilding in the central Andes, which is located far from slab edges
Schellart et al., 2007).

A significant effort has also been directed toward constructing
ealistic high-resolution “snapshot models” (i.e., a single present
oment of time is modeled) of subduction and plate tectonics

ased on the density and viscosity distribution in the Earth’s man-
le as constrained by geophysical data (e.g., Jadamec and Billen,
010; Stadler et al., 2010). Stadler et al. (2010) constrained a non-
volutionary high-resolution 3D buoyancy-driven model of global
late tectonics (Fig. 20a) using adaptive mesh refinement algo-
ithms on parallel computers. Global plate motions were correctly
imulated, with individual plate margins (including subduction
ones) resolved down to a scale of 1 kilometer. Back-arc exten-
ion and slab rollback were found to be emergent consequences
f slab descent in the upper mantle. Cold thermal anomalies
ithin the lower mantle couple into oceanic plates through nar-

ow high-viscosity slabs, altering the velocity of oceanic plates.
t was also concluded that viscous dissipation within the bend-
ng lithosphere at trenches is minor (5–20%) compared to the
otal dissipation through the entire lithosphere and mantle; this
gree well with previous conclusions coming from regional 2D
ubduction models (Capitanio et al., 2007). Jadamec and Billen
2010) presented non-evolutionary regional 3D numerical models
f buoyancy-driven deformation with realistic slab geometry for
he Alaska subduction–transform system (Fig. 20b). They found that
ear a subduction zone edge mantle flow velocities can have mag-
itudes of more than ten times the surface plate motions, whereas
urface plate velocities are consistent with plate motions and the
omplex mantle flow field is consistent with observations from
eismic anisotropy. The seismic anisotropy observations constrain
he shape of the eastern slab edge and require a non-Newtonian

antle rheology. The incorporation of the non-Newtonian viscos-
ty results in low mantle viscosities (1017–1018 Pa s) in regions of
igh strain rate, and this low viscosity enables the mantle flow field
o partially decouple from surface plate motion. These results also
mply local rapid transport of geochemical signatures through sub-
uction zones and that the internal deformation of slabs decreases
he slab-pull force available to drive subducting plates.

Further advances in 3D subduction modeling are directed
oward making this currently technically challenging type of high-
esolution, physically complex simulation (e.g., OzBench et al.,
008; Zhu et al., 2009; Burkett and Billen, 2010; Stadler et al.,
010; Tackley, 2011; van Hunen and Allen, 2011) a standard tool for
eodynamicists studying regional and global aspects of subduction-
riven plate tectonics.

2. Conclusions: short summary of future directions

Future directions in subduction modeling will primarily target
 number of unresolved issues that have been outlined in the pre-
eding chapters. The following issues are of first order importance:
1) Resolving the controversy of subduction initiation. Deciphering
major physical mechanisms responsible for this process. Iden-
tifying examples of modern subduction initiation in nature by
ics 52 (2011) 344– 378

numerically testing the stability of existing plate boundaries.
Establishing key natural observables to be monitored for testing
various subduction initiation scenarios.

(2) Constraining high-resolution global and regional models of ter-
restrial plate tectonics employing realistic rock rheologies, free
surface boundary conditions and spontaneously forming con-
vergent, divergent and transform plate boundaries. This will
unavoidably require creating more realistic global mantle con-
vection models involving spontaneous asymmetric (one-sided)
subduction and transform faults.

(3) Understanding deep slab processes in the upper mantle, down
to the core-mantle boundary. Automated mutual coupling
of global tomography models with global high-resolution
thermo-mechanical simulations will be needed to incorporate
limitations from flow modeling and phase changes into seismic
tomography interpretations.

(4) Constraining crustal growth and differentiation in magmatic
arc with models including various mechanisms of crustal
growth (volcanic and plutonic addition, magmatic differenti-
ation, plume accretion, lithospheric delamination, subduction
accretion/erosion, surface processes, etc.). Combining numeri-
cal predictions with natural observations to decipher deep arc
crustal and lithospheric compositions as well as the physical
controls for spatial and temporal periodicity of crustal growth.

(5) Robust modeling of fluid and melt transport in subduction
zones. A new generation of thermo-mechanical codes will
be needed to address various transport mechanisms (porous
and reactive flows, diffusion, diapiric transport, etc.) in a
self-consistent manner. These new codes will be crucial for
modeling and understanding the deep structure of magmatic
arcs and mantle wedges, as well as for understanding the
physical controls of magmatic processes and associated crustal
growth in arcs.

(6) Realistic modeling of high- and ultrahigh-pressure rocks
histories in subduction/collision zones with 3D geome-
tries, surface processes, metamorphic phase transformations
(including dehydration/hydration reactions and melting) and
pressure–temperature–time path simulations tested against
natural data from subduction-related metamorphic complexes.

(7) Coupled geochemical–mineralogical thermo-mechanical mod-
eling of subduction zones. Evolution of geochemical signatures
should be predicted for different realistic thermo-mechanical
subduction scenarios. These types of models are needed to
properly interpret the abundant amount of geochemical data
available for natural subduction systems and will be partic-
ularly crucial for understanding the complex fluid and melts
processes in the mantle wedge under magmatic arcs. Progress
in this area will be strongly tied to progress in fluid and melt
transport modeling.

(8) Coupling of realistic, multiple-scale geodynamic models of
subduction with volcanic and seismic risk assessment in
subduction zones. Understanding the relationship between
long-term deformation, fluid/melt transport and short-term
processes such as seismic rupture and volcanic events.
Development of multiple-scale (in both time and space), high-
resolution numerical tools will be needed.

(9) Understanding the onset of plate tectonics on Earth with robust
numerical models of plate tectonic development and constrain-
ing the key observables to monitor in nature for testing various
plate tectonics initiation scenarios.

This list is obviously non-exclusive and progress in subduc-

tion modeling will also require strong input from other disciplines
(rheology, phase petrology, seismic tomography, geochemistry,
numerical analysis, etc.). Indeed, due to the intrinsic complexity
of terrestrial subduction processes, the role of numerical model-
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ng approaches will inevitably grow, providing an integrative basis
or conducting quantitative cross-disciplinary subduction studies
ombining natural observations, laboratory experiments, and mod-
ling.
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