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A B S T R A C T

How new subduction zones form is an emerging field of scientific research with important implications for our
understanding of lithospheric strength, the driving force of plate tectonics, and Earth's tectonic history. We are
making good progress towards understanding how new subduction zones form by combining field studies to
identify candidates and reconstruct their timing and magmatic evolution and undertaking numerical modeling
(informed by rheological constraints) to test hypotheses. Here, we review the state of the art by combining and
comparing results coming from natural observations and numerical models of SI. Two modes of subduction
initiation (SI) can be identified in both nature and models, spontaneous and induced. Induced SI occurs when
pre-existing plate convergence causes a new subduction zone to form whereas spontaneous SI occurs without
pre-existing plate motion when large lateral density contrasts occur across profound lithospheric weaknesses of
various origin. We have good natural examples of 3 modes of subduction initiation, one type by induced nu-
cleation of a subduction zone (polarity reversal) and two types of spontaneous nucleation of a subduction zone
(transform collapse and plumehead margin collapse). In contrast, two proposed types of subduction initiation are
not well supported by natural observations: (induced) transference and (spontaneous) passive margin collapse.
Further work is therefore needed to expand on and understand the implications of these observations. Our future
advancing understanding of SI will come from better geologic insights, laboratory experiments, and numerical
modeling, and with improving communications between these communities.

1. Introduction

Initiation of new subduction zones through geological time is an
integral part of Earth's plate tectonics regime (Bercovici, 2003; Gurnis
et al., 2004; Stern, 2004; Nikolaeva et al., 2010). This key process re-
mains enigmatic and controversial, although it is widely accepted that
the negative buoyancy of sufficiently old oceanic lithosphere provides
the primary driving force for subduction and plate tectonics (e.g., Vlaar
and Wortel, 1976; Davies, 1999; Korenaga, 2013). It is also well un-
derstood that the bending and shear resistance of the lithosphere act
against subduction initiation and in some cases may preclude devel-
opment of new subduction zones (e.g., McKenzie, 1977; Nikolaeva
et al., 2010, 2011). Thinking about subduction initiation (SI) has
evolved gradually over the 40 years that geoscientists have been con-
sidering the problem (cf. reviews by Stern, 2004; Gurnis et al., 2004;
Gerya, 2011). In recent years concepts and models of SI have evolved
more rapidly as geologists, geodynamicists and experimentalists have
begun working together more closely on this key problem integrating
growing high-quality natural data on subduction initiation processes on
the basis of more and more robust numerical geodynamical models

accounting for complex properties of rocks constrained by laboratory
experiments (e.g., Stern, 2004; Gurnis et al., 2004; Gerya, 2011;
Hirauchi et al., 2016 and references therein). Concepts and models of
subduction initiation have thus become increasingly robust and realistic
in terms of the physics responsible (theory) and the resulting geo-
chemical and rheological responses or products (evidence). This line of
inquiry today is one of the most exciting fields of modern solid Earth
research.

The main focus of SI-related research has evolved substantially
through time. In the first fifteen years of inquiry, the focus was on
compressive failure of oceanic lithosphere and was led by geodynami-
cists (e.g., McKenzie, 1977). Tectonic scenarios created by many geol-
ogists during this time (and continuing today) showed new subduction
zones forming and disappearing willy-nilly, without attention to force
balance or locations of lithospheric weaknesses. Thinking shifted in the
1990s to emphasize extensional failure of the oceanic lithosphere along
transform faults and fracture zones. Key insights came from studies of
oceanic forearcs and ophiolites, made possible because of technological
advances in deepwater exploration and by the rise of Asian marine
geosciences, especially that of Japan. Deep sea drilling at the Izu-Bonin-
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Mariana (IBM) convergent margin allowed geoscientists to study the
oceanic crust of the IBM forearc. These studies increasingly pointed to
seafloor spreading – strong extension – accompanying formation of the
IBM subduction zone.

The recognition that extension, not compression, accompanied in-
itiation of some intra-oceanic subduction zones was an important
breakthrough, which led to clearer understanding of how these sub-
duction zones may have started. The observed seafloor spreading on the
upper plate of a nascent subduction zone suggests that the sinking li-
thosphere slab caused rapid trench rollback, allowing asthenosphere to
flood over the sinking slab. Recognizing that some oceanic forearcs
formed in this way also allowed us to better understand that certain
kinds of ophiolite complexes form during SI. Further important natural
evidence on the infancy of subduction and metamorphic-rheological
evolution of an incipient subduction interface came from geological-
petrological studies of metamorphic soles (e.g., Agard et al., 2007, 2016
and references therein). It has been demonstrated that the earliest
subduction stage after SI coincides with the transient (yet systematic)
transfer of material from the top of the forming slab to the upper plate,
as witnessed by metamorphic soles welded beneath some ophiolites. It
has been also suggested (van Hinsbergen et al. 2015) that metamorphic
soles can exhume by changing mantle wedge shape during fore-arc
extension caused by flattening of an anchored nascent slab advancing in
the direction of the absolute plate motion. Understanding of the sub-
duction infancy stage is thus very important since during this critical
time period any newly initiated subduction zone must overcome an
initial mechanical resistance and may vanish before the growing slab
pull will make it self-sustaining (e.g., McKenzie, 1977; Hall et al., 2003;
Dymkova and Gerya, 2013; Agard et al., 2016). In this context, em-
pirical data on formation, exhumation and P-T-time paths of meta-
morphic soles marking the subduction infancy stage provide valuable
constrains for testing various SI scenarios on the basis of numerical
models (e.g., Duretz et al., 2016).

These robust observations and simple conclusions allowed a new
generation of more realistic geodynamic models to be developed (cf.
review by Gerya, 2011; Duretz et al., 2016). Such models continue to
improve in the early 21st century as geologists and geodynamicists
increasingly work together on developing and testing hypotheses con-
cerning various subduction initiation scenarios for both modern and
ancient conditions. However, a number of important controversies still

exist in terms of the physical consistency and observational support for
both “traditional” and “new” subduction initiation mechanisms (Fig. 1)
proposed in the literature (e.g., reviews Stern, 2004; Gerya, 2011 and
references therein). In particular, the question whether or not passive
continental margins collapse remains unresolved and actively debated
for both modern and early Earth conditions (e.g., McKenzie, 1977;
Nikolaeva et al., 2011; Rey et al., 2014). On the other hand, recent
ideas about lithospheric failure as a result of prolonged interaction with
a plume head have been advanced and tested (Ueda et al., 2008; Burov
and Cloetingh, 2010; Whattam and Stern, 2015; Gerya et al., 2015;
Crameri and Tackley, 2016). Feasibility of further alternative SI me-
chanisms, such as inversion of oceanic ridges (e.g., Agard et al., 2007,
2016), has been tested numerically (Maffione et al., 2015; Duretz et al.,
2016). Significant progress has also been made in terms of under-
standing SI from the global mantle convection prospective (e.g., Rolf
and Tackley, 2011; Crameri and Tackley, 2016; Ulvrova et al., 2017).

Recent innovations made in SI research go significantly beyond the
available reviews (e.g., Stern, 2004; Gurnis et al., 2004; Gerya, 2011)
and require thoughtful systematization and analysis, which motivate
this review. Here, we analyze how observations, concepts and models of
subduction initiation mutually evolved over the 4 decades that geos-
cientists have been considering the problem. We first define what we
mean by subduction, then review in greater detail how and why
thinking about SI has evolved and finally propose possible future sci-
entific trends and research directions.

2. Subduction and plate tectonics

Subduction initiation is a key process for plate tectonics, which is in
turn the central theory of modern geophysics and geology. Among the
solid bodies of the Solar System, only Earth has plate tectonics – other
tectonically active silicate bodies are encased in a single rigid or in-
ternally deformable lithosphere, or “lid” (e.g., Stern et al., 2017a,b and
references therein) – so special circumstances are required for plate
tectonics. Plate tectonics has been formally defined as “a theory of
global tectonics in which the lithosphere is divided into a mosaic of
crustal plates, each of which moves on the viscous asthenosphere more
or less independently to collide with, slide under, or move past adjacent
plates” (Dictionary.com.). This is one of several similar definitions, all
of which emphasize plate motions (kinematics) but not what powers
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Fig. 1. Comparison of one-sided (A–B) and two-sided (C–D)
subduction (Gerya et al., 2008). In case of one-sided subduction,
the overriding plate does not subduct and only moves horizon-
tally. Depending on relative plate motion, the overriding plate
can be either extending (A) or shortening (B). In case of two-
sided geometries, both plates subduct together. Depending on
plate strength, two-sided subduction can be either symmetric
(for strong plates, C) or asymmetric (for weak plates, D).
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plate motions (dynamics). A theory for a phenomenon that does not
also describe what causes the phenomenon is incomplete. In particular,
the kinematic definition does not reveal the critical role of SI for both
starting and maintaining modern-style global plate tectonics. Thus,
plate tectonics needs to be redefined to include the causes of plate
motion. It is widely accepted that global plate motions are mostly
powered by the sinking of the negatively buoyant oceanic lithosphere in
subduction zones, although a significant role of ridge push and mantle
convection drag for modifying these motions has been repeatedly pro-
posed (e.g., Becker and Faccenna, 2011; Lu et al., 2015). This break-
through in our understanding was made by Forsythe and Uyeda (1975)
and has been largely confirmed, most recently in a review by Lithgow-
Bertelloni (2014). It was not always this way; in fact, plate tectonic
theory was elegantly articulated by McKenzie and Parker (1967) and Le
Pichon (1968) several years before the term “subduction” was in-
troduced with its modern meaning by White et al. (1970).

In recognition of our better understanding of the process and in
order to highlight the central roles of SI in modern plate tectonics
theory, we start this review by updating the definition of plate tectonics
to include a dynamic explanation: “A theory of global tectonics pow-
ered by subduction in which the lithosphere is divided into a mosaic of
strong lithospheric plates, which move on and sink into weaker ductile
asthenosphere. Three types of localized plate boundaries form the in-
terconnected global network: new oceanic plate material is created by
seafloor spreading at mid-ocean ridges, old oceanic lithosphere sinks at
subduction zones, and two plates slide past each other along transform
faults. The negative buoyancy of old dense oceanic lithosphere, which
sinks in subduction zones, mostly powers plate movements.” The role of
the subduction process and subduction zones is thus integral in this
redefinition, and a strong case could be made that “subduction tec-
tonics” is a more accurate and thus better name for modern-style global
plate tectonics. Insofar as this is true, our understanding of plate tec-
tonics is no better than our understanding of the subduction process
from its initiation to its fate.1 It is also obvious that subduction initia-
tion is needed to start plate tectonics at a first place.

3. Asymmetry of subduction and the strength of the lithosphere

3.1. Asymmetry of subduction

A key aspect of subduction is that it is asymmetric (one-sided sub-
duction, Fig. 1A, B) (Gerya et al., 2008). Specifically, the subducted slab
sinks, while the overriding plate moves horizontally. This contrasts
with most global mantle convection models, which predict down-
welling of both plates at convergent margins (two-sided subduction,
Fig. 1C, D) (Tackley, 2000). Understanding how this asymmetry forms
and why is it maintained is thus a key question for modern plate tec-
tonics (Tackley, 2000; Gerya et al., 2008; Crameri et al., 2012). Gerya
et al. (2008) carried out two-dimensional (2-D) numerical experiments
using a mineralogical-thermomechanical visco-elasto-plastic model
with free surface to understand the cause of one-sided subduction. Their
numerical experiments showed that the stability, intensity, and mode of
subduction depend mainly on plate strength and a zone of weak hy-
drated rocks above the subducted slab (Fig. 2A–C). Two-sided sub-
duction occurs when the plates are weak (internal friction coeffi-
cient ≤ 0.1, Fig. 2A, C); in contrast, one-sided subduction – true
subduction – requires strong plates (internal friction coefficient > 0.1,
Fig. 2B, C) separated from the overlying mantle by a narrow weak
subduction interface (Fig. 2B).

The weak interface is maintained by the release of fluids from the
subducted sediments, oceanic crust, and serpentinized upper mantle as

the slab sinks and is pressurized and heated. The resulting low strength
of fluid-bearing subducting rocks is controlled by high (nearly litho-
static) fluid pressure, which drastically reduces the effective friction
coefficient (≤0.05) of the solid rock matrix (e.g., Gerya et al., 2008;
Dymkova and Gerya, 2013; Gerya et al., 2015; Zheng et al., 2016). The
weak interplate zone localizes deformation at the interface and de-
couples the strong plates, facilitating asymmetric plate movement and
dragging surface plates towards the subduction zone. Recently, this
conclusion based on regional-scale subduction models has been ex-
tended to a planetary scale by Crameri et al. (2012), who show that a
free plate surface and weak hydrated oceanic crust are essential for both
creating and maintaining the subduction asymmetry and thus produ-
cing the global pattern of one-sided subduction zones on Earth
(Fig. 2D). One-sided subduction can form either directly by asymmetric
SI process (e.g., Gerya et al., 2008; Nikolaeva et al., 2010; Dymkova and
Gerya, 2013; Gerya et al., 2015) or gradually by amplifying initial
perturbations in plate bending and motion (Crameri et al., 2012). In
both cases topographic loads enabled by free plate surface are crucial
for both creating and maintaining the asymmetry (Crameri et al.,
2012).

3.2. Strength of the lithosphere and possible origin of weak zones

It is thus clear that asymmetry of subduction geometry is in-
trinsically related to the dichotomy of strength and deformation dis-
tribution within the lithosphere (e.g., Gerya et al., 2008; Crameri et al.,
2012): weakly-deforming plate interiors should be rheologically strong
(effective friction coefficient≫ 0.1, strength ≫ 100 MPa), whereas a
weak localized subduction interface (effective friction coeffi-
cient ≤ 0.05, strength ≤ 10 MPa) should accommodate nearly all the
deformation associated with plate convergence. Therefore, one key
question is how such weak localized plate interfaces can form to enable
both initiation and long-term stability of one-sided terrestrial-type
subduction. Different subduction initiation models imply that the li-
thospheric scale weak zones should either be inherited from previous
plate tectonic history (e.g., Toth and Gurnis, 1998; Doin and Henry,
2001; Hall et al., 2003; Gurnis et al., 2004; Gerya et al., 2008; Dymkova
and Gerya, 2013; Maffione et al., 2015) or develop self-consistently
during SI in the strong plate interior due to various rheological feed-
back mechanisms (e.g., Regenauer-Lieb et al., 2001; Thielmann and
Kaus, 2012; Lu et al., 2015; Gerya et al., 2015).

Induced subduction initiation across a pre-existing weak zone was
initially proposed by Toth and Gurnis (1998) who 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) if the shear
strength of the inherited fault is on the order of 5 MPa or less, which is
comparable to the low strength of mature subduction interfaces (e.g.,
Gerya et al., 2008). Such low initial strength of the fault is significantly
lower than that measured for common crustal and mantle rock types.
Experimental data suggest that friction coefficients of the sheet silicates
that can form in the lithosphere (talc, serpentine) are significantly
larger (0.1–0.60, Reinen, 2000; Reinen et al., 1994; Moore et al., 1996;
Moore and Lockner, 2007) than required for induced SI (Toth and
Gurnis, 1998) if no further weakening occurs. Somewhat lower effec-
tive friction coefficients (0.07–0.13) were found experimentally by
Hirauchi et al. (2016) for mantle peridotites affected by hydration re-
actions-induced rheological weakening, which implies that such reac-
tions should be contemporaneous with the subduction initiation pro-
cess.

Further lowering of the effective friction coefficient along pre-ex-
isting hydrated faults could be related to fluids percolating through
pores and fractures (e.g., Gerya et al., 2008; Dymkova and Gerya, 2013;
van Dinther et al., 2013; Zheng et al., 2016). This has, in particular,
been demonstrated by Dymkova and Gerya (2013) who investigated a
numerical hydro-thermo-mechanical model of spontaneous intra-
oceanic subduction initiation along a pre-existing hydrated transform

1 The way that we envision that subduction zones operate can be seen in ~9 min
animation “Plate Tectonic Basics 1”<https://www.youtube.com/watch?v=
6wJBOk9xjto> (Stern et al. 2017a,b).
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fault. In this model with fully coupled fluid percolation and rock de-
formation, the experimentally measured range of friction coefficients of
fault rocks (0.2–0.6) has been explored, whereas locally computed
porous fluid/solid pressure ratio was used self-consistently to reduce
rock strength subjected to porous fluid percolation. Dymkova and
Gerya (2013) demonstrated that although subduction fails to initiate
under fluid-absent conditions, it readily starts when fluid is present
inside oceanic crust and along pre-existing faults. In numerical ex-
periments, fluid percolation has been localized in the nascent forearc
region along spontaneously propagating listric thrusts where high fluid
pressure compensated lithostatic pressure, thus dramatically decreasing
friction along the incipient subduction interface. It has been concluded
(Dymkova and Gerya, 2013) that under such fluid-present conditions
the lowered solid matrix permeability favors subduction initiation by
maintaining high fluid pressure and thus decreasing friction along the
incipient subduction interface. Dymkova and Gerya (2013) also showed

that an intense overriding plate extension starts after some 10 Myr of
slow subduction initiation, during which time the nascent forearc is
deformed under compression whereas extension is localized within the
transform fault. No spreading center forms at this slow SI stage.

Additional possible mechanisms of lowering effective strength of the
incipient subduction interface include shear heating (Thielmann and
Kaus, 2012; Lu et al., 2015), grainsize reduction (e.g., Bercovici, 2003;
Bercovici and Ricard, 2014) and seismic weakening (e.g., van Dinther
et al., 2013 and references therein). In nature, all these weakening
mechanisms are likely to combine, thus leading to a composite rheo-
logical behavior of the deforming fault rocks driven by multiple feed-
back mechanisms. In particular, van Dinther et al. (2013) showed that
seismic weakening of the subduction interface should combine with
high pore fluid pressure factor (Pfluid/Psolid = 0.75–0.99) to reproduce
both the long-term stability and strong seismicity of subduction zones.
Recently, Bercovici and Ricard (2014) demonstrated that grain size
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Fig. 2. Results of numerical experiments for different regimes of subduction. (A), (B) Examples of self-sustaining two-sided (A) and one-sided (B) subduction developing in regional 2D
numerical experiments (Gerya et al., 2008). (C) Domain diagram showing stability, intensity, and mode of subduction as a function of slab strength and average thickness of weak
hydrated rocks atop the slab (Gerya et al., 2008). Symbols correspond to conditions of numerical experiments resulting in development of one-sided (solid symbols), two-sided (open
symbols) and unstable (symbols with cross) subduction regimes: squares = regional models of Gerya et al. (2008), circles = global mantle convection models of Tackley (2000). (D)
Example of self-sustaining one-sided subduction developing in 3D global mantle convection model with free surface (Crameri et al., 2012).

R.J. Stern, T. Gerya Tectonophysics xxx (xxxx) xxx–xxx

4



reduction and Zenner pinning can result in lithospheric damage, which
promotes shear localization and sustaining slowly healing weak zones,
thereby creating a long-lived plate mosaic in which all types of tectonic
boundaries can be reused by SI.

Weakening processes are likely to be localized in both space and
time but have a profound effect on the long-term behavior and effective
properties of the lithosphere. Under such conditions, the effective long-
term strength of the lithosphere in any given area can be defined as the
average amount of mechanical work needed per unit of irreversible
(i.e., non-elastic) deformation. This effective strength can be much
lower than an average stress level in the lithosphere since the irrever-
sible viscous-brittle/plastic deformation always localizes along either
pre-existing or newly formed weaknesses, whereas strong blocks of the
lithosphere only deform elastically (Gerya et al., 2015). One plausible
example of such lithospheric weakening behavior is related to plume-
induced subduction initiation (Ueda et al., 2008; Burov and Cloetingh,
2010), in which localized short-term magmatic weakening of the li-
thosphere along propagating dykes drastically lowers effective litho-
spheric strength atop the plume to 1–10 MPa (Gerya et al., 2015). This
concept of the effective strength also implies that the incipient sub-
duction interface should only weaken during brief (e.g., co-seismic)
episodes of visco-brittle/plastic deformations and can stay much
stronger in the long periods of quiescence associated with elastic stress
buildup.

4. The ease and difficulty of making and studying new subduction
zones

In the literature, there is a large spectrum of constraints and opi-
nions concerning the ease and difficulty of making new subduction
zones: predictions from simple analytical and numerical models based
on experimentally defined flow laws traditionally emphasize difficulties
in creating new subduction zones (e.g., McKenzie, 1977; Mueller and
Phillips, 1991), whereas observations suggest frequent (yet episodic)
initiation of new subduction zones in nature (Fig. 3) via a broad spec-
trum of SI scenarios (Fig. 4). In this respect, a key observation is that of
Gurnis et al. (2004): About a third of all active subduction zones formed
in the last 65 Ma, during the Cenozoic (Fig. 3). Most of these young
subduction zones are of intra-oceanic origin (Dymkova and Gerya,
2013) and formed in the Western Pacific, implying that oceanic sub-
duction initiation must be an inherent “easily and frequently” starting
process of modern-style plate tectonics. This is an extremely exciting
understanding, because we have a high-resolution record of plate mo-
tions during this time and so can more confidently infer the sequence of

SI-related processes. This recognition leads to two additional insights:
first, that SI is a relatively frequent episodic process in which the net
resisting force can be overcome during the normal evolution of oceanic
lithosphere; and second, that finding the geologic evidence for under-
standing how subduction zones formed in the Cenozoic can provide
powerful insights to create realistic, quantitative and predictive global
and regional SI models (e.g., Nikolaeva et al., 2011; Gerya et al., 2015;
Marques et al., 2013; Crameri and Tackley, 2016; Ulvrova et al., 2017).
Moreover, we have predominantly robust reconstructions of global
plate motions extending back to the beginning of Cenozoic time
(66 Ma) and even earlier (Müller et al., 2016), and further improving
and including these would more than double the time for which ex-
amples of SI are considered. Such an extended compilation would en-
compass almost every convergent margin in operation today and would
reward us with a greater range of examples about how new subduction
zones form.

On the other hand, many difficulties exist in both recognizing and
characterizing subduction initiation processes in nature. These are re-
lated to both poor data accessibility and incomplete understanding of
dynamics, signatures and physical controls of SI, which can be very
different from those of mature convergent margins (e.g., Hall et al.,
2003; Nikolaeva et al., 2010; Marques et al., 2013; Dymkova and Gerya,
2013). Another complication is that SI happens under water, usually
deep underwater, a very difficult place to study. Another source of
uncertainty comes from the fact that very many (> 10) potential SI
mechanisms have been proposed with only some having been system-
atically tested in terms of their physical consistency, controlling para-
meters and observable signatures (e.g., reviews by Stern, 2004; Gerya,
2011 and references therein).

5. Proposed subduction initiation mechanisms

The only classification of SI mechanisms is that of Stern (2004), who
subdivided the causes of SI into induced (i.e., caused by ongoing plate
motion, or changes in plate motion caused by changes in force balance
away from the SI site) and spontaneous (i.e., cause by forces originating
at the SI site and not elsewhere) (Fig. 4). Significant advances since
then encourage the following up-to-date systematics of proposed in-
duced and spontaneous SI mechanisms to be given.

Fig. 3. Times of subduction initiation. (a) Position of present-day trenches with age of their initiation color-coded. Subduction zones that initiated before Cenozoic time are all dark
purple. (b) Length of present-day trenches versus their age of initiation. Modified after Gurnis et al. (2004). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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5.1. Mechanisms proposed for SI induced by ongoing plate motions

5.1.1. Compression-induced

• Plate rupture within an oceanic plate or at a passive margin (e.g.,
McKenzie, 1977; Mueller and Phillips, 1991; Shemenda, 1992),
which may be caused by growth of compressional stresses associated
with plate motion acceleration (Agard et al., 2007).

• Shear-heating induced localization along spontaneously forming li-
thospheric-scale fracture zones (Thielmann and Kaus, 2012; Lu
et al., 2015).

• Subduction polarity reversal induced by attempted subduction of
buoyant lithosphere (e.g., Cooper and Taylor, 1985; Pysklywek,
2001; Faccenda et al., 2008; Stern, 2004).

• Subduction zone transference (without change in the subduction
direction) or “trench jump” by arc/plateau accretion (Stern, 2004;
Vogt and Gerya, 2014; Tetreault and Buiter, 2012).

• Compression-induced conversion of oceanic transform faults/frac-
ture zones/STEP (subduction-transform edge propagator) faults into
trenches (e.g., Uyeda and Ben-Avraham, 1972; Casey and Dewey,
1984; Mueller and Phillips, 1991; Shemenda, 1993; Toth and
Gurnis, 1998; Doin and Henry, 2001; Hall et al., 2003; Gurnis et al.,
2004; Baes et al., 2011; Maffione et al., 2017).

• Inversion of spreading ridges to trenches (e.g., Agard et al., 2007;
Maffione et al., 2015; van Hinsbergen et al., 2015; Duretz et al.,
2016)

5.1.2. Extension-induced

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

5.1.3. Mechanisms proposed for spontaneous SI

• Sedimentary or topographic loading at continental/arc margins
(e.g., Dewey, 1969; Fyfe and Leonardos, 1977; Cloetingh et al.,
1982; Erickson, 1993; Regenauer-Lieb et al., 2001).

• Oceanic transform faults/fracture zone collapse due to a lateral
thermal buoyancy contrast between adjacent oceanic plates of
contrasting ages (e.g., Karig, 1982; Matsumoto and Tomoda, 1983;
Gerya et al., 2008; Nikolaeva et al., 2008; Zhu et al., 2009; Dymkova

and Gerya, 2013).

• Collapse of a relic arc juxtaposed against old oceanic plate along an
oceanic fracture zone (Leng and Gurnis, 2015). The collapse is
driven by a combination of both thermal and compositional buoy-
ancy contrast between the arc and the plate.

• Passive margin collapse due to a lateral thermal/compositional
buoyancy contrast within the lithosphere assisted by tectonic in-
heritance and/or rifting and/or water- and temperature-induced
weakening (Erickson and Arkani-Hamed, 1993; Kemp and
Stevenson, 1996; Niu et al., 2003; Goren et al., 2008; Van der Lee
et al., 2008; Nikolaeva et al., 2010, 2011; Marques et al., 2013,
2014; Rey et al., 2014).

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

• Tectono-magmatic plume-lithosphere interaction (Ueda et al., 2008;
Burov and Cloetingh, 2010; Whattam and Stern, 2015; Gerya et al.,
2015; Crameri and Tackley, 2016).

• Large asteroid impacts (Hansen, 2009).

Due to the large variability of proposed mechanisms, an ambiguity
exists about which SI concepts should be tested with observational data
for each specific subduction zone and how these concepts can be tested
both qualitatively and quantitatively. In order to overcome these dif-
ficulties, an iterative approach seems optimal, which incorporates ob-
servations- and concepts-inspired modeling (e.g., Regenauer-Lieb et al.,
2001; Nikolaeva et al., 2010; Marques et al., 2013; Duretz et al., 2016)
as well as embryonic model testing-inspired data collecting and/or (re)-
analyzing (e.g., Whattam and Stern, 2015). It should also be noted that
under conditions of ongoing plate motions caused by global plate tec-
tonics some external plate forces will always be present, which may
contribute to spontaneous SI scenarios (e.g., Hall et al., 2003).

Such multi-disciplinary approaches will be indeed crucial for criti-
cally analyzing various SI scenarios and identifying them in nature. For
example, early thinking about forming new subduction zones by po-
larity reversal was supported by observations on what happened during
and after Miocene collision of Ontong-Java Plateau with the Solomon
Arc, which formed the New Hebrides trench and the associated N-
dipping subduction zone (Cooper and Taylor, 1985). On the other hand,
we have learned that there are no Cenozoic examples of subduction
zone transference; in fact India has continued to collide with Asia for
50 million years rather than form a new subduction zone by

Fig. 4. General classes, subclasses and examples of how subduction zones form, modified after Stern (2004) by addition of “plume-induced subduction initiation” based on research of
Whattam and Stern (2015) and Gerya et al. (2015). See Section 3 for discussion.
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transference in the Indian Ocean. This difference between easy polarity
reversal and improbable transference likely reflect the differing
strengths of the lithosphere for these two different settings, but physical
conditions for both transference and polarity reversals are yet to be
investigated by means of systematic modeling. Some results are avail-
able for continental collision setting (e.g., Pysklywek, 2001; Faccenda
et al., 2008), which suggest that subduction polarity reversal may
commonly associate with building of relatively narrow symmetrical
(two-sided) continental collision zones with deeply penetrating wedge-
like rheologically weak lower crust decoupled from stronger subducting
lithospheric mantle (Fig. 5). The results suggest that subducting mantle
lithosphere is prone to detach under the collision zone, resulting in a

reversal of subduction polarity; alternatively it may undergo symmetric
plate consumption with gradual steepening and possible roll-over/po-
larity reversal (Pysklywek, 2001). Shear heating and melting of the
lower crust are proposed to facilitate polarity reversal (Faccenda et al.,
2008). However, applicability of these continental collision models to
the arc-continent collision settings (Fig. 4) remains unexplored and
requires further modeling effort.

Transference seems to be especially difficult to reproduce. Recently
explored arc/plateau/terrane-continent collision models (e.g., Tetreault
and Buiter, 2012; Vogt and Gerya, 2014) did not produce true trans-
ference but instead showed continued subduction of the sub-arc/pla-
teau/terrane lithospheric mantle associated with oceanward trench

Fig. 5. Subduction polarity reversal in 2D numerical experiments
for post-subduction continental collision (Faccenda et al., 2008).
After the stabilization of a two-sided subduction zone, the lower
slab suffers thermal weakening at the indentation zone (44 Ma).
Being pushed by the imposed velocity field, the left plate starts to
override the upper slab by reversing subduction polarity
(50–65 Ma). The white lines are isotherms measured in °C. Color
code: 1, 2 = sediments; 3, 4 = upper continental crust; 5,
6 = lower continental crust; 7 = subducted oceanic crust; 8 = li-
thospheric mantle; 9 = asthenospheric mantle, 10 = serpenti-
nized/hydrated mantle; 11, 12 = partially molten sediments; 13,
14 = partially molten upper crust; 15, 16 = partially molten lower
crust; 17 = seawater.
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jump and accretion of the plateau crust to the continental margin
(Fig. 6). It therefore remains uncertain if true transference associated
with new lithospheric-scale failure in front of accreted terrain is feasible
in nature and, if so, could this be discriminated from a trench jump
associated with continued subduction during arc/plateau/terrane crust
accretion. It should also be mentioned that induced SI across pre-
existing structures (transform faults, mid-ocean ridges, continental

margins etc.) has been suggested and modeled but may be difficult to
discriminate in nature from respective spontaneous SI scenarios. Ac-
curate knowledge of topographic evolution during SI may help the
discrimination: induced SI implies compression to cause failure and
thus produces localized early uplift of the forearc (Hall et al., 2003),
whereas spontaneous SI does not show such behavior (Dymkova and
Gerya, 2013). In addition, P-T estimates for metamorphic soles (e.g.,
Agard et al., 2007, 2016; van Hinsbergen et al. 2015 and references
therein) could be used for testing numerically (e.g., Duretz et al., 2016)
the validity of spontaneous and induced SI scenarios.

6. Evolution of subduction initiation concepts and examples

One important consideration is that the subdiscipline of re-
constructing subduction initiation is necessarily younger than the
concept of subduction; it cannot be older than 47 years. Because this
field is so young, it is not surprising that thinking about SI has not
settled down yet. In spite of the youthfulness of this line of scientific
inquiry, we have made a lot of progress. It is worthwhile to review how
this thinking has evolved, as is done in the following paragraphs.

We can summarize how we have thought about SI according to the
different distinct strands that have been advanced, each of which has
dominated thinking at different times (Fig. 7). These paradigms and
times begin with the Wilson cycle paradigm, which was first articulated
in 1966 and continues to dominate some geoscientist's conceptions.

6.1. Early years

The first ideas of how a new subduction zone might form was im-
plied even before the term “subduction” was adopted to explain how
plate convergence was accomplished. Ideas about dipping seismic zones
– what we now recognize as the signatures of subduction zones – had
been evolving since the first half of the 20th century (Wadati, 1928;
Gutenberg and Richter, 1938; Benioff, 1949; Coats, 1962; Isacks et al.,
1968; Hamilton, 1969), but the term “subduction” was not even in-
troduced with its modern meaning until White et al. (1970).

It took several years after articulating the modern concept of sub-
duction to figure out how and why great slabs of oceanic lithosphere
sink into the mantle, beginning at the oceanic trenches. Before this, the
formation of new subduction zones was implied as part of what Burke
and Dewey (1974) later called “The Wilson Cycle”. Wilson (1966) ar-
gued that Iapetus – a precursor of the Atlantic Ocean – opened in the
Early Paleozoic, closed in the Late Paleozoic, then opened again in the
Late Mesozoic. He envisaged nothing resembling modern conceptions
of subduction zones, other than noting that “…island arcs and moun-
tains represent places where lithosphere is being compressed, while
mid-ocean ridges represent places where it is being pulled apart and
where new crust is being created” (Wilson, 1966, p. 680). Wilson
(1966) never thought about closing the proto-Atlantic in terms of a
subduction zone, much less worried how the latter came into existence.
Nevertheless, once the subduction paradigm was firmly established in
the early 1970s, geoscientists began to add subduction zones into cross-
section time sequences of Atlantic-type oceans opening and closing. A
nebulous conception was established that new subduction zones formed
inevitably at passive (rifted) continental margins during the operation
of the Wilson Cycle. As we will discuss below, the formation of new
subduction zones at rifted or passive continental margins is now deeply
embedded in the geoscientific literature, in spite of little observational
or theoretical support. Therefore, the long-standing concept of sub-
duction initiation at passive margins requires critical thinking and
quantitative testing (e.g., Nikolaeva et al., 2011; Marques et al., 2013)
to avoid a risk of not being properly substantiated (cf. discussion by
Dickinson, 2003 on “geomyths” — some deeply held ideas that have not
been substantiated).

In the late 1970s, the geodynamic community began to attack the SI
problem quantitatively. McKenzie (1977) considered the physics of the
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Fig. 6. Results of a numerical experiment for collision of a buoyant oceanic plateau on a
subducting plate with a continent on an overriding plate (Tetreault and Buiter, 2012). At
6.5 Myr, the plateau enters the subduction zone and its middle crust becomes a region of
high strain and weakens. At 7.5 Myr, the subduction channel cuts through the accreting
plateau crust, and establishes itself in the middle crust. The upper crust of the plateau is
sheared off into the accretionary prism area. At 8.5 Myr, the plateau crust has broken in
half, with the lower crust subducting while the upper crust and parts of the middle crust
remain in the accretionary prism. The new trench position is established in front of the
accreted upper plateau crust. These numerical results suggest that a new subduction zone
does not initiate by transference (Fig. 4) during this collision since no new lithospheric-
scale fault is formed in the oceanic plate, which continues to subduct coherently.
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process from the point of view of a plate under compression (Fig. 7A).
McKenzie (1977) estimated the minimum force required for a finite
instability of the oceanic lithosphere to grow sufficiently to allow SI,
concluding that this would be difficult, but not impossible. This seminal
contribution strongly influenced geodynamic thinking about subduc-
tion initiation for many years (e.g., Mueller and Phillips, 1991; Toth
and Gurnis, 1998; Doin and Henry, 2001; Hall et al., 2003; Gurnis et al.,
2004). All but a few (e.g., Matsumoto and Tomoda, 1983; Regenauer-
Lieb et al., 2001) quantitative geodynamic examinations of SI during
these early investigations started with the assumption that compression
was needed to rupture oceanic lithosphere to start a new subduction

zone. A similar approach was followed by Mueller and Phillips (1991),
who carried out a more systematic, but similar, analysis to McKenzie
(1977). Their model setup is shown in fig. 7B. Mueller and Phillips
(1991) assumed that pre-existing faults nearly follow Byerlee's law and
have shear stresses substantially> 100 MPa. In most cases, the force
necessary to overcome the strength of the lithosphere would be nearly
an order of magnitude greater than likely geologic stresses. Mueller and
Phillips (1991) also concluded that, under compression, subduction
would be almost impossible to initiate; this conclusion remains perti-
nent in efforts to understand why transference and passive margin
collapse do not seem to happen.

(caption on next page)
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Alternative ideas for SI began to be explored by geodynamicists in
the early 1980s. A particularly seminal contribution was made by
Matsumoto and Tomoda (1983), who for the first time explored spon-
taneous subduction initiation by lithospheric flow across fracture zones
offsetting old and young oceanic lithosphere (Fig. 7C). They noted that
the difference in adjacent lithospheres would result in several 10s of km
offset at the lithosphere-asthenosphere boundary, concluding that this
would cause significant lateral forces at the boundary, which would
flow and perhaps evolve into a subduction zone. They only considered
differences in density between the two lithospheres (older lithosphere
being significantly thicker than young lithosphere, along with density
and viscosity differences between lithosphere (3.3 g/cm3,
1022–1023 Pa/s) and asthenosphere (3.2 g/cm3, 1019–1021 Pa/s). The
numerical solution was based on stream function formulation combined
with marker in cell approach — an advanced numerical geodynamic
modeling technology, which was in many senses ahead of its time. In
particular, these early models used free upper surface implementation
based on “sticky water” approach, which became widespread two
decades later (e.g., Gerya and Yuen, 2003; Gerya et al., 2008;
Schmeling et al., 2008; Crameri et al., 2012; Crameri and Tackley,
2016).

6.2. Izu-Bonin-Mariana scientific drilling

A key conceptual breakthrough in understanding SI came as an
unexpected result of scientific drilling in the Izu-Bonin-Mariana intra-
oceanic convergent margin south of Japan by the Deep Sea Drilling
Project (DSDP) and Ocean Drilling Project (ODP). Prior to DSDP Leg 60
drilling, it was thought that forearc crust was trapped when a new
subduction zone formed (Dickinson and Sealey, 1979). Leg 60 results
disproved this hypothesis, as summarized by Hussong et al. (1982, p.
9): “The principal petrologic conclusions we derive from all these sites
are that igneous basement in the fore-arc trench region is primarily arc-
related, extends to very nearly the trench-slope break, and probably
crops out in the upper trench wall.” Natland and Tarney (1982, p. 877)
elaborated: “The earliest Eocene arc was built up dominantly of arc
tholeiite and boninitic lavas, with lesser calc-alkalic lavas, based on the
results of Leg 60 drilling at Sites 458 and 459 in the forearc region; Leg
59, Site 448, on the Palau-Kyushu Ridge; and exposures on the islands
of Palau, Guam, and Saipan. Near Sites 458 and 459, the forearc crust is
thin, formed entirely under water, and includes no known component
of [normal] ocean crust. Nevertheless it has many of the features of an
ophiolite, produced in situ by earliest arc volcanism.” Natland and
Tarney (1982, p. 895) went on to “… propose that Mariana fore-arc
region is an in situ ophiolite succession with appropriately thin crust, a
reasonably typical velocity structure …, and the necessary upper pil-
lowed extrusive sequence overlying appropriate plutonic rocks. It was
produced during the early stages of arc volcanism and is not a fragment

of [trapped] ocean crust” (brackets are ours).
Boninites were a big part of the exciting story that came out of DSDP

Leg 60. A few years earlier, Dietrich et al. (1978) reported the com-
position of igneous rocks dredged from the Mariana Trench during a
1976 cruise of the Dmitry Mendeleev and noted the presence of boni-
nites, a volcanic rock type that had first been described from the Bonin
(Ogasawara) Islands to the north. Boninites are an unusual volcanic
rock that is rich in both MgO and SiO2, essentially an ultramafic an-
desite. The unusual composition of boninites formed by partial melting
of depleted mantle harzburgite that was metasomatized by fluid-mobile
elements (e.g., Rb, Ba, K). Boninites are found almost exclusively in the
fore-arcs of intra-oceanic arc and in ophiolite complexes thought to
represent former fore-arc settings (although some boninites form in
unusually depleted backarc basins, e.g. Resing et al., 2011). As the
petrological community became increasingly interested in boninites
through the 1980s, it became clear that an unusual tectonic setting was
responsible for their formation, and that this setting could be spatially
and temporarily linked to the formation of a new subduction zone.

Understanding where and how boninites formed also is key to un-
derstanding the tectonic significance of what Pearce et al. (1984) called
“supra-subduction zone (SSZ) ophiolites”. Pearce et al. (1984) noted
that SSZ ophiolites differ from ‘MORB’ ophiolites – those formed at a
mid-ocean ridge – not only in the chemical composition of their vol-
canic sections but also in the more depleted nature of their mantle se-
quences. Pearce et al. (1984) noted that most of the best-preserved
ophiolite complexes are SSZ-type and interpreted these to have formed
during the initial stages in the evolution of a new subduction zone.

Ocean Drilling Project Leg 125 in the Izu forearc in 1988 provided
further important insights. Site 786B was especially useful, as it was the
first deep penetration of the Eocene basement of the Izu-Bonin outer-arc
high, recovering 650 m of boninite flows and hyaloclastite, andesite-
dacite flows, breccias, sills, and dikes (Fryer and Pearce, 1992). This
drillsite showed that boninite was a common component of the Eocene
IBM forearc and thus a key part of the IBM SI story.

Stern and Bloomer (1992) reconciled the petrologic evidence of
strong extension that had been amassed in the previous 15 years for the
earliest stages in the evolution of the IBM convergent margin by pro-
posing a model whereby the IBM forearc formed by seafloor spreading
above a sinking Pacific plate. The IBM trench formed above a great
transform/fracture zone (Fig. 7D first panel) separating old, thick,
dense Pacific lithosphere from young, thin, buoyant lithosphere around
the Central Philippine Basin spreading ridge. This fault served as a long
lithospheric weakness that allowed the two plates to move in-
dependently. At some critical point in space and time, Pacific litho-
sphere sank enough to allow asthenosphere to flow over it (Fig. 7D, 2nd
panel). Decompression melting accompanied asthenospheric upwelling,
much like that beneath mid-ocean ridges. This produced MORB-like
tholeiites, what Reagan et al. (2010) call fore-arc basalts (FAB), which

Fig. 7. Subduction initiation models, 1977–1996. A) The forces which resist SI arise through friction on the plate boundary and the need to bend both plates if subduction is to continue
(McKenzie, 1977). B) Geometry of shear resistance along an incipient fault plane within normal oceanic lithosphere (Mueller and Phillips, 1991). Principal tectonic stresses are
represented by σ1 and σ2, the resultant normal and shear stresses as resolved along the fault plane by σ2 and τ and resultant normal and shear stresses as resolved along the fault plane
indicate that relative motion is accommodated by distributed deformation. C) Results of numerical experiments on upper mantle flow at fracture zones based on density structure
(Matsumoto and Tomoda, 1983). No external forces are applied, only body forces from old, dense lithosphere adjacent to young, buoyant lithosphere. 1 = model set up; 2 = situation
after 12 Ma; 3 = 21 Ma, 4 = 31 Ma, 5 = 47 Ma. Notice slow deformation of the originally vertical interface. D) Spontaneous collapse along a transform fault to cause new subduction
zone to form the Izu-Bonin-Mariana arc in Western Pacific (Stern and Bloomer, 1992). Section perpendicular to the transform fault/trench through the crust and upper mantle just prior to
(1), and just after (2), initiation of subduction. (3) Section perpendicular to the arc showing why spreading in the forearc might cease. Original lithosphere and mantle motions are
outlined in solid lines, whereas the new position and motions are outlined by dashed lines. (A) Continued subsidence of lithosphere results in fore-arc extension, with the trench moving
from T to T′ as the base of the lithosphere moves from A to A′. Retreat of subsidence hinge from T to T′ involves removing asthenospheric material in trapezoid AA′BB′; further retreat
involves removal of material progressively farther from the tip of the lithosphere (at B′), while progressive subsidence (from A to A′, and beyond) increasingly cuts off the route of
asthenospheric transfer (shown by arrows). (4) Eventually, lithosphere begins to move with a downdip component and true subduction begins. This results in a greatly reduced rate of
trench migration, which leads to a corresponding reduction in extensional stress and re-organizes flow in the mantle wedge, allowing the forearc to cool and form thick lithosphere,
forcing the magmatic axis to migrate away from the trench. Extensional strain resulting from trench rollback (T′–T″) is taken up in back-arc spreading. E) Subduction initiation scenario at
a passive continental margin of Kemp and Stevenson (1996). Surficial layers represent the brittle/elastic portion of the lithosphere that can support stresses on long time-scales. (a) A plate
comprising continental and oceanic lithosphere with a flexed passive margin experiences basal tractions associated with subduction and sea-floor spreading. (b) Shear stresses exceed the
shear strength of the margin under tension arising from the margin's slope and basal tractions. The oceanic and continental lithosphere decouple, leading to rifting. (c) A gravity current
flows onto the old seafloor causing it to flex downwards and founder.
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show very little evidence of fluids derived from the top of the sinking
lithosphere. The old lithosphere continues to sink and asthenosphere
continues to flow over it, leading to further decompression melting
(Fig. 7D, 3rd panel). After some time, fluids from the sinking litho-
sphere are able to rise through the overlying hot mantle and reach the
zone of melt generation, causing already depleted mantle to melt fur-
ther and imparting a strong signature of fluid-mobile trace elements to
the magmas; some of these are boninites, although boninites do not
always accompany SI magmatism. At some point as the old slab sinks, it
starts to move down-dip, not just vertically (Fig. 7D, 4th panel). This
peculiar slab dynamic during (presumably spontaneous) SI needs fur-
ther detailed investigation and modeling, along the lines carried out by
Zhou et al. (2016), but there could be several contributory causes, in-
cluding: 1) growing length and thus overall negative buoyancy of
subducted slab augmented by basalt ≥ eclogite phase transition, which
increase slab pull and favor more downdip motion; 2) as the slab sinks
beneath the top of the asthenosphere, it encounters increasingly viscous
mantle, which may resist slab vertical motions, favoring downdip
sinking instead; and 3) as slab vertical sinking progresses, it is in-
creasingly difficult for underlying asthenosphere to move around the
sinking and steepening slab, easier if the slab sinks edgewise.

Subsequent studies have built on this model, adding details, un-
certainties, and complications. The recognition of Reagan et al. (2010)
that early IBM SI magmas are tholeiitic FAB and later ones are boninitic
was an important refinement, which was further strengthened by suc-
cessfully coupled geodynamic and petrogenetic modeling (Leng et al.,
2012). Further insight was provided from the recognition of two types
of peridotites in the IBM forearc, as indicated by two types of dunite: (1)
those with high-Cr# (Cr / (Cr + Al)) > 0.8) spinels and (2) those with
medium- Cr# (0.4–0.6) spinels, both associated with harzburgite. These
two groups of spinel compositions are interpreted as melt channels for
two distinct melts: a boninitic melt in equilibrium with high-Cr# spinel
dunite and a mid-oceanic ridge basalt (MORB)-like melt in equilibrium
with medium-Cr# spinel dunite. Morishita et al. (2011) concluded that
the wide range of variation in spinel Cr#s in IBM forearc dunites
probably reflects changing melt compositions from MORB-like to bo-
ninitic due to increased slab-derived hydrous fluids and/or melts during
the course of subduction initiation.

Another important point is that SI by transform collapse is a 4-D
process (Fig. 8) and the simple cross-sections shown in Fig. 7D only tell
a part of the story. SI must nucleate at a point, perhaps adjacent to a
spreading ridge, then propagate along the weakness at plate tectonic
rates (perhaps on the order of 100 mm/yr; Fig. 8G). The implied three-
dimensionality of the Stern and Bloomer (1992) SI sequence implies
that, in general a lithospheric weakness must be a few thousand km
long to allow the lithosphere to sag sufficiently to ultimately fail and
generate an IBM-style SI sequence. This predicts a certain scale to the
products of SI events; they cannot be local features.

Recent confirmation and refinement of the Stern and Bloomer
(1992) model comes from results of 2014 drilling by the International
Ocean Discovery Program in the IBM system. IODP Expedition 352
(Fig. 6A) drilled into the Bonin forearc at four places, finding Eocene
boninites in shallower water away from the trench and FAB in deeper
water closer to the trench (Reagan et al., in press). These results in-
dicate that the basalts erupted immediately after IBM SI have compo-
sitions similar to those generated by rapid sea-floor spreading at mid-
ocean ridges, with little-to-no slab input. Subsequent melting to gen-
erate boninites involved more depleted mantle, and hotter and deeper
subducted components, as subduction progressed and volcanism mi-
grated away from the trench. Reagan et al. (in press) concluded that the
volcanic sequence sampled during IODP 352 is akin to that recorded by
many ophiolites, supporting a direct link between subduction initiation,
fore-arc spreading and ophiolite genesis. This volcanic sequence sam-
pled during IODP 352, with tholeiites overlain by boninites, is con-
sistent with that expounded in the “Subduction Initiation Rule” (SIR;
Whattam and Stern, 2011). SIR explains the common ophiolitic

association of boninites and other arc-like volcanic sequences with
tholeiites as indicating formation in a proto-forearc during SI (Fig. 9).

The biggest surprise in recent studies of IBM SI came from IODP
Expedition 351, drilled west of the Kyushu-Palau Ridge (U1438,
Fig. 10A, C). This site targeted oceanic crust beneath ~1.5 km thick
sediments thought to have been produced before Early Eocene SI,
perhaps in Cretaceous time. IODP 351 drilled 150 m into the volcanic
section of the buried crust and concluded on the basis of age con-
straints, petrology and geochemical characteristics that this crust is
remarkably similar to IBM FAB, of similar composition and formed at
the same time as that in what is now the forearc. Arculus et al. (2015)
concluded that IBM SI magmatic activity was not limited to the present
forearc; that the width of the zone affected by SI was much greater than
heretofore appreciated; and that the magmatic fluxes associated with
IBM SI were much greater than previously thought. It may be that the
great width of SI-related magmatism and extension is responsible for
the observation that the Kyushu-Palau Ridge – which is taken to mark
the trace of the transform fault that collapsed to start IBM subduction –
does not approximate a small circle around a paleo-Euler pole, as ex-
pected for a transform fault (Fig. 10A; Taylor and Goodliffe, 2004).
Upper plate extension accompanying SI may have affected a broad re-
gion, including areas now west of the Kyushu-Palau Ridge, and dis-
torted its original trend.

Another important constraint comes from geochronology; it seems
that the sequence shown in Fig. 7D takes 6–8 Ma to accomplish, from
first FAB eruption to establishment of a normal magmatic arc, ~100 km
above the subducting slab (Ishizuka et al., 2011). It likely takes a si-
milar amount of time for the sequence to propagate along the litho-
spheric weakness away from the point of SI nucleation (Fig. 8G). Some
of the recent spontaneous subduction initiation models (Fig. 11) also
suggest comparably rapid (6–10 Ma) timescales of the SI processes (e.g.,
Gerya et al., 2008; Nikolaeva et al., 2008; Dymkova and Gerya, 2013;
Zhou et al., 2016), although further modeling effort is needed to better
understand incipient subduction dynamics and magmatic evolution as
well as natural signatures characteristic for spontaneous vs. induced SI
scenarios.

6.3. Recent concepts and examples

In recent years, subduction initiation concepts and examples have
become more diverse and elaborate (e.g., reviews by Stern, 2004;
Gerya, 2011 and references therein). The importance of subduction
initiation for maintaining plate tectonics (e.g., Gurnis et al., 2004;
Stern, 2004; Ulvrova et al., 2017) as well as for initiating this regime on
Earth (e.g., Bercovici and Ricard, 2014; Rey et al., 2014; Gerya et al.,
2015) has been broadly recognized by Earth scientists. Without giving a
complete overview of these developments, below we show three re-
presentative examples of recent cross-disciplinary studies elaborating
on different induced and spontaneous SI mechanisms.

6.3.1. Induced SI at a preexisting fault: the Puysegur example
An interesting example of induced SI (Fig. 4) is found at the Puy-

segur convergent margin (Fig. 12A). This remarkably narrow subduc-
tion zone is found SSW of S. Island, New Zealand where a restraining
bend affects the dextral Alpine transform fault. Highly oblique con-
vergence at a rate of 35 mm/yr is partitioned between oblique sub-
duction of the Indo-Australian plate eastwards beneath the Pacific plate
at the Puysegur trench, thrusting within the trench slope, strike-slip
faulting on the Puysegur Bank, and minor shortening within the So-
lander Basin (Fig. 12B, C). Subduction began ~11 Ma ago and some-
thing like a mini-volcanic arc has formed, represented by a single vol-
cano (Melhuish et al., 1999). Solander volcano erupts adakitic andesite
(Fig. 12D; Reay and Parkinson, 1997), which probably reflects slab
melting. The Puysegur example contrasts with IBM SI in several ways:
1) Puysegur is a narrow convergent margin, only ~150 km wide, from
47°30′S to 46°S, whereas IBM is 2500 km long; 2) Puysegur SI was
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induced (INSZ, Fig. 1) by change in Indo-Australian plate motions
whereas IBM SI may have been spontaneous (spontaneous nucleation of
subduction zone; SNSZ, Fig. 4); 3) Puysegur SI was accompanied by
early compression and uplift (House et al., 2002); and 4) in contrast to
early voluminous igneous activity for IBM, there is no evidence of
forearc extension and volcanism for Puysegur SI.

Puysegur provides an excellent example of SI as a result of con-
vergence across a pre-existing fault (Toth and Gurnis, 1998; Lebrun
et al., 2003). What we don't know is whether or not a similar

mechanism of forced convergence can produce a new convergent
margin on the much larger scale of the IBM convergent margin
(~2500 km vs ~150 km). The Puysegur example suggests that it is not
easy to propagate SI along strike in this system; SI began ~11 Ma and
has not propagated significantly since that time (House et al., 2002).

6.3.2. Induced SI at a mid-ocean ridge: the Oman example
A well documented possible example of a “fossil” SI by mid-ocean

ridge inversion is represented by the Oman ophiolite complex (e.g.,

Fig. 8. Subduction infancy model of Stern and Bloomer
(1992) modified to show the third dimension. Left panels
are sections perpendicular to the plate boundary (parallel
to spreading ridge) and right panels are map views. (A) and
(B) show the initial configuration. Two lithospheres of
differing density are juxtaposed across a transform fault or
fracture zone. (C, D) Old, dense lithosphere sinks asym-
metrically, with maximum subsidence nearest the fault.
Asthenosphere migrates over the sinking lithosphere and
propagates in directions that are both orthogonal to the
original trend of the transform/fracture zone as well as in
both directions parallel to it. Strong extension in the region
above the sinking lithosphere is accommodated by seafloor
spreading, forming infant arc crust of the proto-forearc. (E,
F) The beginning of down-dip motion of the sinking litho-
sphere marks the start of true subduction. Strong extension
above the sunken lithosphere ends, which also stops the
advection of asthenosphere into this region, allowing it to
cool and become forearc lithosphere. The locus of igneous
activity retreats to the region where asthenospheric ad-
vection continues, forming a magmatic arc. (G) Compila-
tion of U–Pb zircon dating results for Late Cretaceous
Neotethyan subduction-initiation ophiolites along the
3000 km long Bitlis–Zagros ophiolite belt, after Moghadam
et al. (2013). Biostratigraphic ages indicate the oldest re-
liable age for sediments either within or stratigraphically
overlying the ophiolites. Note SI propagation rate
~100 mm/y.
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Fig. 9. The subduction initiation rule for ophiolitic volcanic
successions (modified after Whattam and Stern, 2011; Stern
et al., 2012). The crust of forearcs usually form as a result of
subduction initiation and preserve systematic variations in
basalt compositions (left) from MORB-like at the base to
boninitic or arc-like at the top. This reflects changes in the
source mantle as a new subduction zone starts, beginning
with adiabatic upwelling of unmodified asthenosphere to
form MORB-like “Forearc Basalts” (FAB) by seafloor
spreading. Fluids from the sinking lithosphere eventually
reach and metasomatically re-enrich the increasingly de-
pleted mantle source of melts. Asthenospheric upwelling
diminishes with time and is ultimately replaced by induced
convection as sinking lithosphere begins downdip motion
(true subduction). This cools and isolates the mantle be-
neath the forearc, leading to establishment of a magmatic
arc behind a cold, dead forearc. LREE: light Rare Earth
Element; ΣREE: total REE concentrations; VAL: volcanic arc
lava; BON: boninite.

Fig. 10. Map view of IBM SI explored by
Leng and Gurnis (2015). A) basemap of
the Philippine Sea Plate showing the geo-
metry at the time of IBM subduction in-
itiation. b) Zoom in of the region drilled
during IODP Expedition 351 (U1438) and
352, also drillsite shown by stars, the ASB
(Amami Sankaku Basin) and three relic
ridges: AP (Amami Plateau), DR (Saito
Ridge), and ODR (Oki-Daito Ridge). The
black arrow locates the presumed trans-
form fault or fracture zone along which
subduction initiation occurred. c) Re-
construction at 50 Ma of the present-day
topography. d) Outlines of the relic arcs
(in grey) indicating the location of the
new trench (in blue) at 50 Ma. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)
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Agard et al., 2007, 2016; Duretz et al., 2016 and references therein).
Obduction is an enigmatic process that emplaces large fragments of
dense, oceanic lithosphere (ophiolites) atop continental crust and is
directly linked to subduction initiation (Wakabayashi and Dilek, 2003).
Among large-scale ophiolite exposures found worldwide (Oman,
Turkey, Newfoundland, New Caledonia, and Papua New Guinea)
(Monié and Agard, 2009 and references therein; Cluzel et al., 2001; Lus
et al., 2004; Pubellier et al., 2004), the Oman case is particularly well
documented and related to the infancy of subduction (e.g., Agard et al.,
2007, 2016). The following first order geological-petrological con-
straints from the Oman region (Fig. 13A–C) are critical for subduction/
obduction initiation models (Duretz et al., 2016 and references therein):

(1) Final morphology of the ophiolite: Emplaced ophiolite is

represented by ~150–200 km long sequence up to 15 km thick
(Fig. 13B and C).

(2) Nappe stacking and reconstitution of the Arabian margin: Ophiolite
emplacement involved stacking of several nappes structurally delimited
by tectonic contacts (Fig. 1B and C).

(3) Syn-obduction sedimentation: The maximum thickness of syn-ob-
duction, foreland sediments reaches 1–3.5 km.

(4) P–T–time paths: Petrological data indicate a HP–LT metamorphic
dome and a HT metamorphic sole found beneath the ophiolite, which
are characterized by distinct burial and exhumation histories (Fig. 1D).

Based on these constraints, Duretz et al. (2016) investigated a series
of two-dimensional (2D) thermo-mechanical models of compression-
induced subduction initiation at a mid-ocean ridge followed by

H
2
O, wt%

6 Myr

0 Myr

volumetric degree of melt depletion

arc crust

fluid-fluxed melting

gabbro

basalt

6 Myr

6 Myr
retreating

trench

Fig. 11. Results of numerical experiments for spontaneous subduction initiation by transform collapse (Nikolaeva et al., 2008). By 6 Myr, a young oceanic plate with a backarc spreading
center form as the result of the trench retreat. Young arc crust is formed by shallow fluid-fluxed mantle melting atop the retreating slab.
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lithospheric extension (Fig. 13E). The model reproduces SI away from
the Arabian margin followed by the emplacement of the Oman ophio-
lite on top of it, culminating in lithospheric extension associated with
domal exhumation of the metamorphosed margin through the ophio-
litic nappe. A systematic parametric study indicated that 350–400 km
of initial shortening fits both maximum pressure–temperature condi-
tions of the metamorphosed margin (1.5–2.5 GPa/450–600 °C) and the
dimension of the ophiolitic nappe (~170 km width). An important re-
sult of this study is that a thermal anomaly (e.g., mid-ocean ridge) lo-
cated close (~100 km) to the Arabian margin is critical for obduction

after subduction initiation (Duretz et al., 2016).
Geological-petrological data from the Oman region also suggest a

distinct structural-lithological evolution of infant subduction zones
(Agard et al., 2016), when slabs start to descend into the mantle. This
stage coincides with the transient (yet systematic) transfer of material
from the top of the slab to the upper plate, as witnessed by meta-
morphic soles welded beneath obducted ophiolites (Fig. 13). Agard
et al. (2016) suggested that two successive rheological switches could
exist across the incipient subduction interface due to mantle wedge
serpentinization (mantle wedge vs. basalts, then mantle wedge vs.

Fig. 12. The Puysegur transform and subduction zone, SW of New Zealand. A) Pacific-Australian plate boundary in S. Island New Zealand and submarine regions to the south.
MRC =Macquarie Ridge Complex; FT = Fiordland Trench. Arrows show Indo-Australian plate motion relative to Pacific plate based on NUVEL-1A (33 mm/y); the plate boundary to the
N and S of Puysegur region is a right-lateral transform fault (including the Alpine fault). Teeth show where new subduction zone has formed. Uplift in Fiordland is a result of forced
convergence to form the Puysegur subduction zone Modified after House et al. (2002). B) Topo-bathymetry map of the southwestern corner of the region. The map includes the
geographic references used in the text. Present day Au/Pa plate motion from REVEL. C) Unfolding and reconstruction of the Puysegur-Fiordland subduction zone. Crosses on the maps are
earthquake epicenters> 50 km deep. Crosses on section A-A′ are earthquake hypocenters within 40 km of section A-A′ project along azimuth 040°. Stars show the location of young
volcanic features, ~70 km above top of subducted slab. Bold arrows represent the effect of unfolding the subducted plate, so that it is restored to the Earth's surface with its down-dip line
length preserved. The trajectory of sequential ellipses is the reconstruction of that point interpolated at m.y. increments. Each ellipse is a 95% confidence for locations. Large grey arrows
are surface projection of the inferred trajectory of points on the deepest part of the subducted slab. Bold long-dashed lines are dextral strike-slip faults. The active subduction thrust trace
is ornamented with teeth. Its initial position (Pacific plate reference frame) before 50% shortening west of the Puysegur Fault is inferred with a bold dotted line. Section B-B′ shows the
inferred scenario that the Puysegur Ridge plate boundary evolved from an active transform fault to a partitioned oblique-subduction zone by capture of the Australian plate (Sutherland
et al. 2006). D) Sr/Y vs. Sr diagram to illustrate adakitic affinities of Solander volcanics, from Reay and Parkinson (1997). Adakite may reflect slab melting as opposed the normal arc
andesite-dacite-rhyolite (ADR) suites, which reflect low P fractionation of mafic melts.
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sediments; at ~800 °C and ~600 °C, respectively). These switches may
control accretion of respective crustal rock rheologies, thus producing a
distinct lithological structure of obducted ophiolite sequences
(Fig. 13B). Transfer of material from the lower to the upper plate is also
consistent with numerical modeling results (Fig. 13E) and may also be
characteristic for spontaneous oceanic subduction initiation (e.g.,
Dymkova and Gerya, 2013).

It should be mentioned that the concept of induced subduction in-
itiation at MOR is controversial and needs further studies. Recently,
Maffione et al. (2017) presented new paleospreading directions from six
Late Cretaceous ophiolites of Turkey, Cyprus, and Syria. They showed
that ~NNE-SSW subduction zones formed within the Neo-Tethys
during the Late Cretaceous, which they proposed were part of a major
step-shaped subduction system composed of ~NNE-SSW and ~WNW-
ESE segments. Maffione et al. (2017) inferred that this subduction
system developed within old (Triassic?) lithosphere, along fracture

zones and perpendicular weakness zones. It should also be noted that
MOR lithosphere is buoyant, so it is important to understand whether or
not compression of such lithosphere can lead to sustainable subduction.
Obduction driving forces and dynamics also need to be better under-
stood from both natural observations and numerical modeling per-
spectives. In particular, the Semail ophiolite is the eastern end of an
~3000 km Late Cretaceous ophiolite belt that can be traced from Oman
through Iran, Iraq, Turkey, and Syria to Cyprus (Fig. 8G), and the origin
of this ophiolite belt must be considered together, not in isolation. The
alternative explanation — that Late Cretaceous SI on the SW margin of
Eurasia was caused by SNSZ transform margin collapse (Moghadam
et al., 2013) should also be considered. The transform margin collapse
model (as well as any other SI model applied to this region) should
however be tested numerically with both paleomagnetic data (e.g.,
Maffione et al., 2017) and P-T-time paths of metamorphic soles (e.g.,
Agard et al., 2007, 2016; Duretz et al., 2016).

Fig. 13. Geodynamic concept (A), geological data (B), (C), P-T paths (D) and the numerical subduction/obduction initiation model (E) for the Oman ophiolite (Duretz et al., 2016). (A)
Conceptual model of emplacement of oceanic units atop the continental margin. (B) Simplified geological map highlighting the dimensions of the ophiolitic nappe and the location of high
pressure (HP) units. (C) Interpretative cross section through the ophiolite and the metamorphic dome of Muscat (filled square, white square, white star and black star indicate the
continental units of decreasing metamorphic grade). (D) Compilation of P-T and geochronological data related to the continental margin metamorphism (the four pressure–temperature
paths correspond to the symbols used in the above panels). (E) Temporal evolution of the model starting from intra-oceanic subduction induced by the ridge shortening to the domal
exhumation of continental material beneath the overlying ophiolite. The colored stars denote the material points used to trace the P-T evolution in the continental margin. The red dot
corresponds to a tracer located in the oceanic crust, whose P-T evolution is represented by the red dashed line. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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6.3.3. Spontaneous plume-induced SI: the Caribbean example
Recently it has been proposed that a sufficiently long-lived, hot, and

spatially extensive plume head can rupture the lithosphere and cause
SI. This rather provocative suggestion was first made by Ueda et al.
(2008) who carried out 2D numerical experiments and showed that in
some cases a mantle plume can weaken the lithosphere above it suffi-
ciently to initiate self-sustaining subduction (Fig. 14A–E). Ueda et al.
(2008) demonstrated that lithospheric weakening reflects the plume
volume, plume buoyancy, and the thickness of the lithosphere and is
the greatest for the least buoyant purely thermal plumes. Burov and
Cloetingh (2010) built on these promising results by carrying out 2D
numerical experiments, confirming that SI was possible if a sufficiently
buoyant plume head was emplaced beneath rheologically stratified
crust and lithospheric mantle. The plume head flexes the lithosphere
upward, exerts basal shears on it, and imposes local extensional
stresses, at the same time heating it. The plume head erodes the mantle
lithosphere and intrudes between buoyant crust and dense mantle li-
thosphere, allowing the lithosphere to sink and become a self-sustaining
subduction zone. They also concluded that the size of the plume head
was critical, that small plume heads could not cause SI

These ideas were intriguing, but the absence of a plausible natural
example impeded serious consideration. This changed when Whattam
and Stern (2015) made a strong argument that “plume-induced sub-
duction initiation” (PISI) happened in Late Cretaceous time to form
subduction zones around the S and W Caribbean plate. These formed in

response to emplacement of an unusually large, hot, and long-lived
plume, which was responsible for the ~100 Ma Caribbean Large Ig-
neous Province (CLIP). Three key observations led to this conclusion:
(1) Trace element chemistry of most 100 Ma and younger units inter-
preted as CLIP that are exposed along the southern margin of the
Caribbean plate and NW South America, record subduction additions
which increased with time beginning at 100 Ma; (2) There is no known
hiatus between CLIP and younger arc lava sequences, suggesting con-
tinuous magma source evolution from plume to arc. (3) Generation of
the CLIP and earliest, overlying and crosscutting arc units overlaps in
time, space, chemical and isotopic compositions; both units are con-
sistent with derivation from Galapagos plume-like mantle which be-
came increasingly subduction-modified with time. These observations
illustrate that formation of the CLIP and earliest arc volcanism reflects
partial melting of the same hybrid plume-subduction-modified source.
Whattam and Stern (2015) noted that the scale of the Caribbean PISI
event was consistent with the expected large scale of the process, af-
fecting the plume margins along two great arms some 1400 km from
southern Costa Rica–Panama to western Colombia and 1700 km from
Ecuador to the Leeward Antilles (Aruba and Curaçao).

The PISI model was tested by 3D numerical thermomechanical
modeling by Gerya et al. (2015) to demonstrate that three key physical
factors combined to trigger self-sustained subduction: (1) strong and
negatively buoyant (i.e., sufficiently old) oceanic lithosphere; (2) fo-
cused magmatic weakening and thinning of lithosphere above the

Fig. 14. Plume Initiated Subduction Initiation (PISI) model (a–e) and 100–60 Ma tectonic reconstructions (f–j). PISI model is modified from Ueda et al. (2008) and Burov and Cloetingh
(2010). A (west) and A′ (east) for (a–e) is shown in (f). In (a), the (b) plume rises to the lithosphere base and flattens. (c) A central plume wedge rises and weakens the surrounding
lithosphere. (d) The partially molten plume head ruptures the lithosphere and begins to spread above sinking oceanic lithosphere. (e) Subduction initiates in response to plume
emplacement. (f) The Farallon Plate comprised a segment of circa 140–100 Ma thickened oceanic crust represented at least in part, by the 140–110 Ma segment of the Nicoya Complex,
western Costa Rica (see text); this older thickened oceanic crust was likely the substrate upon which the< 100 Ma CLIP was constructed. As depicted in (a–e), emplacement of the mantle
plume head above the Galapagos hotspot (GHS) (f) instigates (g) lithosphere sinking, subsequent asthenospheric flooding and ultimately SI. (h) SI results in arc construction along Costa
Rica and Panama, western South America in Ecuador and Colombia and the Leeward Antilles (Aruba and Curaçao) (PISI traces 1–3, Fig. 1). (i) Collision of South America with the arc
system off of western South America at ~70 Ma results in emplacement of intra-oceanic arc (IOA) ophiolitic fragments (dark yellow) in Colombia and Ecuador. (j) E/SE dipping
subduction nucleates to the west of South America. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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plume; and (3) lubrication of the slab interface by hydrated crust. De-
tails are shown in Fig. 16L–P. The numerical experiment showed that
arrival of a sufficiently large, hot and long-lived mantle plume head
could weaken strong and dense oceanic lithosphere to produce new
self-sustaining subduction zones around the plume head, always dip-
ping beneath the plume head, as seen for the present Caribbean.

6.4. Do passive continental margins collapse to form new subduction zones?

We close our historical overview of SI concepts and examples by
discussing whether subduction initiates at passive margins. As noted in
the Introduction, it is commonly assumed that, under certain circum-
stances, passive continental margins like those around the Atlantic
Ocean, Gulf of Mexico, or western Indian Ocean, can transform to be-
come new subduction zones. This is not only a critical aspect of the
Wilson Cycle (as now articulated) but it is also reasonable from the
perspective of lithospheric density and the additional load of thick se-
diments deposited on passive continental margins. However, distribu-
tion of the many new subduction zones that formed in Cenozoic and
younger time does not include any examples that formed at a passive
continental margin (with one possible exception, discussed below). This
suggests that such an SI mode is difficult to accomplish. This difficulty
may reflect the strength of old lithosphere that lies beneath passive
continental margins, as first pointed out by Cloetingh et al. (1989).
Cloetingh et al. (1989) considered in detail the strength problem and
concluded that if a passive margin did not turn into a convergent
margin in the first 20 Ma of its existence, the growing strength of the
lithosphere beneath it made it increasingly unlikely to ever do so.

A number of works report evidence for compression at some passive
continental margins, for example continentward dipping thrust faults
offshore Argentina and Brazil, which Marques et al. (2013) interpret on
the basis of 2D numerical thermomechanical models as representing an
early “Brazilian Stage” SI triggered by a combination of several topo-
graphic loads with thin and warm continental margin lithosphere. This
is characterized by ~10 km deep reverse fault seismicity at the margin,
recent topographic uplift on the continental side, thick continental crust
at the margin, and bulging on the oceanic side due to loading by the
overthrusting continent. Self-sustaining subduction with arc igneous
activity on the overriding plate has not yet developed, although its
future occurrence after some millions years has been predicted by
thermomechanical models (Nikolaeva et al., 2011; Marques et al.,
2013).

Passive margins around the Iberian Peninsula provide three possible
examples of SI at a passive continental margin. Along northern Iberia,
opening of the Bay of Biscay led to shortening and formation of a
marginal trench (Le Pichon and Sibuet, 1971). Alvarez-Marron et al.
(1997) noted that oblique convergence of France and Iberia beginning
in Early Cretaceous time produced the Pyrenees collisional orogen in
the east and forced Bay of Biscay oceanic crust beneath the North
Iberian margin in the west. Offshore multichannel seismic profiling
revealed continentward-dipping thrust faults and an accretionary
prism, and Alvarez-Marron et al. (1997) concluded that about 35 km of
oceanic lithosphere was underthrust northern Iberia in middle Eocene
to early Miocene time. Ruiz et al. (2017) carried out seismic imaging of
lithospheric structure in this region and documented the indentation of
Bay of Biscay crust into the Iberian crust and call this arrested over-
thrusting “subduction”. West of Iberia, on the Galician margin, Boillot
et al. (1978) recognized that Mesozoic extension was followed by Eo-
cene compression, but no evidence of sustainable subduction is found.
We can thus summarize that there is evidence of compression and
overthrusting in N. and W. Iberia, but self-sustaining subduction with
arc igneous activity on the overriding plate never developed. This may
be explained by local continental margin properties (e.g., lithospheric
density and thickness, Moho temperature), which enable overthrusting
but not subduction initiation (Nikolaeva et al., 2010, 2011).

The most interesting example of a passive margin that might have

transformed into a subduction zone is found offshore SW Iberia and NW
Africa, west of the Alboran Sea and the Straits of Gibraltar, in a region
of complex tectonics known as the Gibraltar Arc (Gutscher et al., 2012).
This lies along the complex plate boundary between Africa and Eurasia
that marks the offshore part of the tightest and smallest orocline on
Earth, the Betic-Rif arc, which changes in trend through 180° and has a
radius of curvature of ~100 km (Platt et al., 2013). Evidence that
surface materials were taken 50 km deep or more and returned to the
surface are preserved as metamorphic complexes in Spain and Morocco.
The purported subduction zone is quite narrow, about 200 km from N
to S. There is seismicity down to ~140 km depth but this clusters and
does not clearly define a Wadati-Benioff Zone (Thiebot and Gutscher,
2006). E-W tomographic sections across the region reveal a fast Vp
region that dips steeply eastward to vertical in the upper mantle
(Gutscher et al. 2002); this could be an E-dipping slab of oceanic li-
thosphere.

Interpretation of the Gibraltar Arc as marking a subduction zone has
been challenged by Platt et al. (2003), Marques (2010) and Platt et al.
(2013). Platt et al. (2003) argued from Africa-Eurasia relative plate
motions that a N-S plate boundary in this region would be divergent,
not convergent. They outlined several other challenges to the idea that
the Gibraltar arc is above a subduction zone and also re-interpreted
tomographic images as indicating a lithospheric drip (Rayleigh-Taylor
instability), not a subducted slab. Marques (2010) noted that the Gi-
braltar accretionary wedge is dissimilar to that expected from subduc-
tion. Platt et al. (2013) emphasized the complex tectonics of this region
and outlined 4 different ways that the structures of the Betic-Rif-Gi-
braltar arc could have formed: A) lithospheric delamination, B) slab
break-off; C) convective removal of lithosphere; and D) slab rollback
(essentially Gutscher et al. model) Platt et al. (2013) summarized
geodetic data showing that the Alboran region straddles the Africa and
Eurasia plate boundary, which is experiencing 4–6 mm/yr of right-lat-
eral shear.

It should be noted that the aforementioned conclusions were
reached before we knew that there were two kinds of transitional crust
beneath passive margins. Transitional crust is intermediate in nature
between continental and oceanic crust and is difficult to study because
it is submerged underwater beneath thick sediments. It has long been
accepted that such crust is composed of stretched and faulted con-
tinental crust but we now also know that much transitional crust is
produced by igneous activity at the time of continental break-up. The
“Volcanic Rifted Margin” (VRM) paradigm is widely accepted today and
perhaps ~90% of all passive continental margins may be VRMs
(Menzies et al., 2002). The effects of these different types of transitional
crust may exert minor controls on passive margin SI because litho-
spheric strength mostly resides in the cool upper mantle. There is no
evidence that either type of passive margin is more or less likely to
collapse into a subduction zone, neither seems to happen. The comment
of Mueller and Phillips “Simple models of passive margin failure, de-
spite their popularity, cannot be quantitatively substantiated and are
not evident in the geologic record” is as true today as it was when they
said it in 1991 (p. 662).

In spite of the relative scarcity of geologic evidence that passive
margins collapse to form new subduction zones, geodynamicists con-
tinue to consider and model evolution of passive margins in both two
and three dimensions in order to understand their potential for both
spontaneous and induced subduction initiation (e.g., Turcotte et al.,
1977; Faccenna et al., 1999; Regenauer-Lieb et al., 2001; Goren et al.,
2008; Nikolaeva et al., 2010, 2011; Marques et al., 2013, 2014;
Marques and Kaus, 2016). These studies often reveal that additional
processes, such as hydrous plumes and/or rifting (Fig. 7E) are needed to
weaken old continental margins and cause them to collapse (Kemp and
Stevenson, 1996; Regenauer-Lieb et al., 2001; Van der Lee et al., 2008;
Nikolaeva et al., 2010, 2011).

Turcotte et al. (1977) considered the evolution of passive (Atlantic-
type) continental margins by investigating models for the free and
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locked flexure of the adjacent continental and oceanic lithosphere. They
estimated that relatively large (several tens of MPa) lithospheric
bending stresses should persist through the entire history of the mar-
gins. Based on observed gravity anomalies, they argued that the con-
tinental margin fault system must remain active throughout much of
the evolution of the margin. The displacements along the faults should
accommodate both the subsidence of the cooling and thickening
oceanic lithosphere, and the sedimentary loading. It has been in par-
ticular suggested that this loading may be responsible for the seismicity
on the eastern continental margin of the United States. Later,
Regenauer-Lieb et al. (2001) investigated the process of sedimentary
loading numerically and concluded that hydration-induced weakening
of the bending oceanic lithosphere is needed to enable its large-scale

faulting potentially leading to spontaneous subduction initiation.
Nikolaeva et al. (2010) investigated spontaneous SI at a passive

margin numerically by analyzing factors controlling passive margins
stability such as age of the oceanic plate, thickness of the continental
lithosphere and crust, and density contrast between subcontinental and
suboceanic lithospheric mantles. Results of systematic numerical ex-
periments showed that three tectonic regimes can develop (Fig. 15): (1)
stable margin (Fig. 15A), (2) overthrusting (Fig. 15B) and (3) subduc-
tion (Fig. 15C). It has also been demonstrated that whereas transition
from stable margin to the overthrusting regime is mainly controlled by
ductile strength of the lower continental crust, the transition from
overthrusting to subduction regime is governed by the chemical
buoyancy and ductile strength of the subcontinental lithosphere. In

Fig. 15. Three different geodynamic regimes of passive
continental margin evolution – stable margin (A), over-
thrusting (B) and subduction initiation (C) – formed in
numerical experiments as a function of thickness of the
continental margin and chemical density contrast between
oceanic and continental lithospheres (D) (Nikolaeva et al.,
2010).
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contrast to McKenzie (1977) who investigated compressional brittle
failure of the oceanic lithosphere, numerical models of Nikolaeva et al.
(2010) suggested that passive margin collapse is driven by the ductile
shearing of anomalously thin and warm continental margin lithosphere.
The collapse starts by the buoyant overthrusting of the extending
continental margin over the passively bending and retreating oceanic
plate (Fig. 15C) (Goren et al., 2008; Nikolaeva et al., 2010; Marques
et al., 2013, 2014). This spontaneous passive margin collapse is thus in
contrast with induced subduction initiation investigated by Faccenna
et al. (1999) using analogue models, which suggest underthrusting of
the kinematically driven oceanic plate under the shortening continental
margin. The age of the oceanic lithosphere does not play any significant
role in the passive margin collapse (Nikolaeva et al., 2010), whereas
main controlling factors are the continental Moho temperature and the
chemical buoyancy of continental mantle (Fig. 15D). Experiments of
Nikolaeva et al. (2010) clearly demonstrated that only anomalously
thin and hot (Moho temperature > 660 °C) continental margins could
develop subduction (Fig. 15D) (Nikolaeva et al., 2010). In particular,
the south Brazilian margin characterized by high heat flux, significant
topographic loading and increased seismic activity has been identified
as a potential area for SI whereas other American Atlantic margins
remain stable (Nikolaeva et al., 2011; Marques et al., 2013).

Recently, Marques et al. (2014) investigated spontaneous SI at both
straight and curved passive margins using 3D thermomechanical
models. They found that the dynamics of SI is mainly controlled by the
lateral pressure gradients, arising from density differences between
oceanic and continental crust. The orientation of the pressure gradients
in 3D depends on the margin curvature and in case of a curved margin
can produce a horizontal, along-margin component of crustal and
mantle flow. This flow partitioning can in turn impede the SI by slowing
down slab bending and related increase in the effective slab pull.
Marques et al. (2014) concluded, in particular, that the pronounced
curvature in the southeast Brazilian margin is a likely explanation why
subduction initiation is hampered there.

It might be thus worthwhile to consider that the absence of widely
accepted modern examples of SI at passive margins is telling us about
the high lithospheric strength of these regions, which precludes SI. On
the other hand, numerical studies indicate that subduction initiation
indicators at passive margins should be very different from these for
mature subduction (e.g., Nikolaeva et al., 2010, 2011; Marques et al.,
2013), which may create difficulties in discovering this process in
nature. It should also be noted that an alternative mechanism of passive
margin rejuvenation by STEP (subduction tear edge propagator) fault
formation associated with convergent margins invading an ocean basin
– for example the S. Scotia convergent margin that has recently mi-
grated into the S. Atlantic – has been proposed and modeled numeri-
cally (e.g., Baes et al., 2011; Duarte et al., 2013; Chertova et al., 2014).
Thus, the feasibility of passive margin collapse remains unresolved and
more work is needed to reconcile concepts and modeling results with
observations.

7. Modern approaches and results

7.1. SI in numerical models

Increasing computer processing power and improved understanding
of rock rheology are leading to rapid improvements in our under-
standing of SI. Some examples of advances in geodynamic modeling of
subduction initiation over the past 15 years are shown in Fig. 16. These
examples are not intended to be exhaustive but they do capture im-
portant differences in approach, technique, and topics. The five studies
that we discuss below and show in Fig. 16 explore 2D models of how
induced and spontaneous SI proceed (respectively Hall et al., 2003;
Gerya et al., 2008); 2D models of how magma compositions change as
induced SI proceeds (Leng et al., 2012); 3D models of how mantle
plumes can cause SI (Gerya et al. 2015); and 3D models of how SI

affects and is affected by global mantle circulation and plumes (Crameri
and Tackley, 2016).

Hall et al. (2003) used a 2D visco-elastoplastic model (200–300 km
deep, 800–1000 km deep, with variable resolution) using the Fast La-
grangian Analysis of Continua (FLAC) method to show that a fracture
zone could be converted into a self-sustaining subduction zone after
approximately 100 km of convergence. They used a realistic non-linear,
temperature-, pressure- and stress-dependent rheology to model in-
duced SI within first 6.8 million years at a fracture zone with a 40 Myr
age offset and imposed convergence of 2 cm/yr. Their modeling showed
that even in the case of induced SI, the lithosphere would fall rapidly,
drawing in asthenosphere needed to induce forearc spreading
(Fig. 16A–D).2

Gerya et al. (2008) looked at the possibility that an oceanic fracture
zone juxtaposing lithospheres of different age could spontaneously
collapse to form a subduction zone. They constructed a 2D rectangular
grid with 511 × 113 finite-difference points with a non-uniform spa-
cing of 1–30 km (2 × 1 km to 2 × 2 km spacing around the weak zone)
to model what happened in a box ~1000 km wide and ~200 km deep.
Equations of conservation of momentum, mass, and energy were solved
based on finite-differences and marker-in-cell technique; results are
summarized in Fig. 16E–H. 71 numerical experiments systematically
varied the presence or absence of water, rate of fluid migration, plate
ages, size of the initial weak zone, and plastic strength of crustal and
mantle rocks. Gerya et al. (2008) found that spontaneous SI depends on
the size and strength of the initial weak zone; the larger and weaker, the
better for SI. As SI begins, the rocks of the weak zone are sheared along
the top of the sinking plate, creating a weak layer that lubricates plate
movement. Subsequent development depends on the brittle/plastic
strength of the plates and the presence of a weak hydrated layer above
the descending slab. When the plates are strong and no weak hydrated
layer is present atop the slab, subduction ceases after several million
years as the interplate shear zone thins. Gerya et al. (2008) note that
trench rollback occurred in all simulations, consistent with geologic
constraints from IBM and ophiolites. The strong influence of fluid
percolation on transform collapse has been recently confirmed by
Dymkova and Gerya (2013) on the basis of coupled hydro-thermo-
mechanical model of SI accounting for rock deformation enabled by
percolation of fluids at the incipient subduction interface.

We are also beginning to quantitatively explore how magma gen-
eration evolves during SI. Leng et al. (2012) modified the 2D finite-
element approach of Hall et al. (2003) with induced SI to which they
added parameterized melting to determine the magmas produced in
response to different SI modes (Fig. 9I–K). They used simplified major
element compositions (8 major elements and reasonable approximation
for initial mantle phase proportions (in weight percent): olivine 57%,
orthopyroxene 28%, clinopyroxene 13%, and spinel 2%. Each time a
particle moves to a new position, they computed the extent of melting
from the temperature, pressure, water content, and weight percent of
modal clinopyroxene. Leng et al. (2012) found that the foundering of
the subducting slab and water release from the slab govern a succession
from basalts with compositions similar to mid-ocean-ridge basalts
(MORB) to boninites, as seen for the IBM forearc and ophiolites (Fig. 9).
The modeled transition from MORB-like to boninite composition typi-
cally occurs within a few million years. When plate strength is reduced,
the subducting slab tends to segment, with extensive melting occurring
when the slab breaks; most melting occurs close to the trench. When
plate strength increases, subduction initiation becomes continuous
without infant-arc spreading; such a mode leads to a limited, very low
degree of melting occurring during a long interval of plate convergence
before SI starts, although extensive melting near the trench is still
possible when subduction initiation starts after a protracted period of

2 An animation of this sequence can be found at http://web.gps.caltech.edu/~gurnis/
Movies/Science_Captions/subduction_initiation.html
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plate convergence (~10 m.y.). It would be interesting to see a similar
study for magma generation and evolution accompanying spontaneous
SI.

Gerya et al. (2015) conducted 3D numerical experiments of plume-
induced SI (Fig. 16L–P). These numerical experiments took advantage
of improved computing power and software development, which al-
lowed design of a high-resolution tectono-magmatic plume-lithosphere
interaction model that accounts for interaction between the plume and
the oceanic lithosphere. The experimental design offers high numerical
resolution (~3 × 3× 2 km) based on optimized staggered grid/par-
ticle-in cell method. The tectono-magmatic interaction of the plume

with the lithosphere was parameterized by monitoring melt extraction
and upward transport from the plume, rheological weakening of the
lithosphere subjected to melt percolation and crustal growth by both
plutonic and volcanic additions. These experiments showed that melt-
induced weakening of the lithosphere above the plume is critical for SI,
which requires up to 100 times reduction of the effective brittle/plastic
strength of the lithosphere penetrated by melts. Plume penetration and
oceanic plateau growth induce significant lateral density contrasts at
the plateau margins where lithosphere thickens by lateral convective
flow removing weakened mantle rocks from the area atop the plume
toward the plume margins. The instability reflects the juxtaposition of

(caption on next page)
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old, cold, dense (gravitationally unstable) oceanic lithosphere and
young, warm, buoyant thinned lithosphere of the oceanic plateau,
creating even greater gravitational instability that that triggering sub-
duction along oceanic transform boundaries. Gerya et al. (2015) iden-
tified five stages of lithospheric collapse around the plume head leading
to self-sustaining subduction; these can be subdivided into: (1) oceanic
plateau formation by plume-induced magmatism (Fig. 16L); (2) for-
mation of an incipient trench and a descending nearly-circular slab at
the plateau margins (Fig. 16M). The oceanic plateau begins to collapse
and flows radially outward over the surrounding colder oceanic plate,
which gradually bends down and penetrates into the mantle thus
forming an incipient nearly circular oceanic slab, while the plume head
forms an embryonic hot mantle wedge atop the surrounding slab; (3)
Slab descent is increasingly resisted by the ring confinement at the base
of the encircling slab until it tears during deepening and rolling back
under its own weight (Fig. 16N); (4) Slab tearing introduces asymmetry
into the initially nearly-circular subduction system, splitting it into
several independently retreating segments with different strikes and dip
angles. This leads to the formation of several self-sustained subduction
zones, each of which retreats from the expanding and flattening plume
head (Fig. 16O). This is the stage when subduction becomes self-sus-
taining; and (5) cooling of the new plate formed between the retreating
subduction zones and initiation of spreading centers and transform
boundaries within this plate (Fig. 16P). Gerya et al. (2015) concluded
that the critical parameter affecting feasibility of PISI is the intensity of
magmatic weakening of lithosphere above the plume head, which
controls the ability of the plume to penetrate the oceanic lithosphere
and thus create the initial gravitational instability. Large, long-lived
plume heads supplying hot mantle material to the bottom of the old,
dense oceanic lithosphere favored PISI, small, short-lived, cool plumes
did not favor PISI.

The above 4 numerical experiments looked only at a region that was
a thousand kilometers wide and a few hundred kilometers deep.
Crameri and Tackley (2016) looked at the effects of SI on global mantle
circulation associated with breaking a stagnant lid — (Fig. 16Q). They
carried out 2D and 3D numerical experiments using dynamically self-
consistent, time-dependent numerical modeling of mantle convection
with free upper surface condition. These experiments showed that
mantle plumes impinging on the base of the plate weaken and thin it, at
the same time producing topography on the lithosphere-asthenosphere
boundary, which are critical for SI. Crameri and Tackley (2016) also
found that plume-lithosphere interactions resulted in periodic global
resurfacing and replacement of old lithosphere with new lithosphere, so
that stagnant-lid silicate planets like Venus are likely to have short
episodes of global overturn with multiple short-lived subduction zones
rather than modern style terrestrial plate tectonics with long-lived
subduction and a mosaic of plates (Bercovici and Ricard, 2014).

7.2. SI in laboratory experiments

Important new insights into rheological controls of SI processes are
provided by laboratory experiments investigating rheological proper-
ties of hydrated crustal and mantle rocks (Escartín et al., 2001; Hilairet
et al., 2007; Collettini et al., 2009; Carpenter et al., 2011; Amiguet
et al., 2012; Hirauchi et al., 2016). These experiments demonstrated
that localized weakening of the oceanic lithosphere in both brittle and
ductile domain could be related to deformation-assisted hydration
processes, which thus prepare favorable conditions for SI.

In particular, Escartín et al. (2001) investigated deformation of
peridotite with 10–15% lizardite and chrysotile serpentine to determine
the influence of serpentine content on the rock strength and the style of
deformation. It has been demonstrated that the brittle strength of even
slightly serpentinized peridotites is dramatically lowered, becoming
comparable to that of pure serpentinite (friction coeffi-
cient = 0.15–0.45, Reinen, 2000; Reinen et al., 1994; Moore et al.,
1996; Escartín et al., 1997). It has been shown that an abrupt transition
from a “strong,” peridotite rheology to a “weak,” serpentinite rheology
occurs at low degrees of serpentinization (10%–15% or less). It has also
been suggested that weak serpentinized zones in the cooling oceanic
lithosphere may form by deep water penetration associated with
normal faulting at mid-ocean ridges (e.g., Escartín et al., 2001), thermal
cracking of the lithosphere (Korenaga, 2007), and plate bending (Iyer
et al., 2012).

Another important experiment investigated high-pressure (ductile)
creep of serpentine and related it to the initiation of subduction
(Hilairet et al., 2007). Low strength and viscosity of serpentine may
strongly influence subduction-zone dynamics at all time scales, but
until this work its role was not quantified experimentally. Deformation
experiments on the serpentine antigorite at 1–4 GPa and 200–500 °C
showed that the viscosity of serpentine is much lower than that of the
major mantle-forming minerals. Moreover, due to the very low acti-
vation energy (ca. 10 kJ/mol), this low viscosity remains almost in-
dependent of temperature and can efficiently lower ductile strength of
mantle lithosphere along hydrated faults. Such deeply penetrating hy-
drated structures can thus serve as favorable sites for future SI episodes.
Later, Amiguet et al. (2012) explored the rheological behavior of
polycrystalline lizardite, a serpentine group phyllosilicate that forms in
oceanic and subduction contexts. High-pressure deformation experi-
ments were carried out at 1–8 GPa and 150–400 °C. Experimental re-
sults and first-principles calculations confirmed easy gliding on lizardite
basal planes and show that the flow stress of phyllosilicate is in the
range of the critical value of 20–200 MPa down to depths of about
200 km. It has been concluded therefore that lithospheric weaknesses
due to the presence of foliated serpentine or chlorite-bearing rocks are
important for subduction initiation.

Hirauchi et al. (2016) showed experimentally that shear-enhanced

Fig. 16. Some examples of advances in geodynamic modeling of subduction initiation, 2003–2016. A–D) 2D Model of Hall et al. (2003) for induced initiation of subduction at a fracture
zone with a 40 Myr age offset and imposed convergence of 2 cm/year at four instances: A) 0.8 million years, B) 5.4 million years, C) 6.0 million years, and D) 6.8 million years. Each
instance shows thermal structure, instantaneous flow lines (white), and current (solid) and initial (dashed) topography. The red ‘x’ shows the uplift and subsidence experienced by one
unit of surface rocks. Panels C and D also show the horizontal component of surface velocity during the rapid extensional phase in the over-riding plate. E–I) Examples of numerical 2D
models for spontaneous initiation of subduction at an oceanic fracture zone (Gerya et al., 2008). Note the much wider region affected by slab sinking in F than shown in Fig. 3D or 4C.
Downdip motion begins in G, after only 1.5 million years of slab sinking. A mature subduction zone is established after ~5 Ma (H). I–K) Summary of petrogenetic modeling of magmas
generated during forced SI (convergence of 4 cm/year; case A01) by Leng et al. (2012). Note that there will not be forearc extension, asthenospheric upwelling, or forearc spreading. I)
Major element compositions and Mg# (=100 ×Mg / (Mg + Fe)) along with trace element patterns for 4 different types of SI-related magmas generated by progressive depletion and
hydration of mantle source. J) Temperature, velocity, and melting extent contours at 4.6 M.y. K) the same model 5.7 M.y. after SI. Temperature scale and colors indicating compositional
groups shown at the bottom. L–P) Dynamics of plume-induced subduction initiation under present-day mantle temperature conditions, from Gerya et al. (2015). Left side shows
topography, right side shows subsurface structure. The plume head is implied, not shown for clarity. L) Oceanic plateau development (at 0.07 M.y. from the beginning of the experiment);
M) formation of an incipient trench and a nearly circular slab (at 0.56 M.y.); N) tearing of the circular slab (at 3.79 M.y.); O) formation of retreating subduction zones (at 9.43 M.y.); and
P), development of spreading ridges and transform boundaries (at 25.63 M.y.). Left and right columns show topography and subducted lithosphere morphology with projected slab
surface temperature, respectively. Dashed lines indicate positions of the 2D cross-sections (color code is at the bottom of the figure). Q) Panels showing time snapshots of SI by global
mantle flow. Temporal evolution of subduction initiation in a global, 3-D spherical experiment (g l o b a l4) showing the cold plates by viscosity isosurfaces (grey) and mantle plumes by a
temperature isosurface (red). Individual snapshots highlight the different phases characterised by a. From onset of hot mantle plumes, b local lithospheric thinning, c–d development of
strong LAB-topography through shallow horizontal mantle flow and an additional plume pulse, e–f plate failure, and finally g–h buoyancy-driven subduction (Crameri and Tackley,
2016). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hydration reactions contribute to generating and maintaining weak
mantle shear zones at mid-lithospheric depths, where the largest
strength of the oceanic lithosphere resides (e.g., Bercovici and Ricard,
2014). Their high-pressure friction experiments at 1 GPa and 500 °C on
peridotite gouge revealed that in the presence of water, increasing
strain and reactions lead to an order-of-magnitude reduction in
strength. It has been shown that the rate of deformation is controlled by
pressure-solution-accommodated frictional sliding on weak hydrous
phyllosilicate (talc), providing a mechanism for reducing strength at the
brittle-plastic transition. Based on these experiments, Hirauchi et al.
(2016) suggested that infiltration of seawater into long transform faults
with low slip rates is an important controlling factor for SI and plate
tectonics as suggested in many conceptual and numerical models (e.g.,
Stern, 2004; Gerya, 2011 and references therein).

Important experimental studies have also been conducted for un-
derstanding weak brittle-frictional properties of natural fault rocks
(Collettini et al., 2009; Carpenter et al., 2011). Collettini et al. (2009)
reported on the frictional strength of intact natural crustal fault rocks
sheared in their in situ geometry. It has been found that samples with
well-developed foliation are significantly weakened (friction coeffi-
cient = 0.25–0.31) compared to their powdered equivalents (friction
coefficient = 0.43–0.55). Micro- and nanostructural studies showed
that frictional sliding in these foliated rocks occurs along very fine-
grained foliations composed of phyllosilicates (talc and smectite). Si-
milar to the results of Escartín et al. (2001), Collettini et al. (2009)
found that significant fault weakening occurred with a small percentage
of weak minerals suggesting that low friction results from slip on a
network of weak phyllosilicate-rich surfaces that define the rock fabric.
Furthermore, Carpenter et al. (2011) showed that smectite-bearing fault
rocks exhibit stable sliding friction behavior and show no frictional
healing after rupture. Thus, mineralogically-controlled fault weakness
are likely to be maintained in both space and time. Collettini et al.
(2009) also noted that the abundance of foliated rocks along mature
faults in different tectonic settings and from many different protoliths
suggests that this mechanism could explain fault weakening in the
brittle crust. This may lead to tectonic inheritance repeatedly proposed
for SI (e.g., Bercovici and Ricard, 2014 and references therein).

8. The future

It is hard to predict where the rapidly-evolving field of SI will be
over the next decade or two. It is likely that field studies and compu-
tational studies will increasingly inform each other and advance to-
gether, as was the case for the PISI breakthrough. A few lines of inquiry
where significant progress is likely are outlined below.

8.1. Field and petrologic studies

Focused field studies about the timing and products of SI are
needed. Certainly more studies of oceanic forearcs like IBM are called
for, along with scientific drilling to recover intact sequences of SI
products. It may be easier to carry these studies out on land, focusing on
regions where a long ophiolite belt parallels a volcanic or plutonic
magmatic arc. All ophiolites may not form during SI, but relatively
intact ophiolite belts paralleling magmatic arcs are likely to represent
fossil convergent margins, with the ophiolite belt marking forearc crust
that formed when subduction began and the magmatic arc marking the
locus of igneous activity that was established once true subduction
began. Long (~1000 km) exposures of these belts are especially im-
portant to study; these can be found in California, Cuba, Iran-Anatolia,
and S. Lhasa terrane, Tibet, and the Balkans. Focused geochronological
studies promise to illuminate the rates at which SI proceeds at one lo-
cation and the rates at which SI propagates along strike of the litho-
spheric weakness Another aspect of SI that could profitably be ad-
dressed from ophiolite studies is what is the distribution of MORB-like
and arc-like (including boninitic) sequences in ophiolites? Are these

mostly a vertical sequence (as argued by Whattam and Stern, 2011) or
are there important lateral differences in distribution of these se-
quences? What do these distributions in space and time reveal about SI?

It would also be useful to address the passive margin collapse hy-
pothesis via field studies. A concerted effort to find and document
Cenozoic examples of this process – and to understand why passive
continental margins do not produce sustainable subduction zones –
would provide valuable constraints on geodynamic models.

8.2. Geodynamic modeling

Increased computational power is allowing numerical experiments
to move from 2D to 3D modeling. Advances in 3D modeling are clearly
going to drive SI science in the future, but there remain several areas
where 2D studies can shed significant light. These include for example:
1) SI and magmagenesis; 2) SI and fluids; 3) why is polarity reversal
easy and transference difficult? 4) what causes the transition between
slab sinking and true subduction? and 5) why don't passive continental
margins collapse into sustainable subduction zones?

For SI and magmagenesis, there is much to be learned. What are the
links between SI and magmagenesis? Spontaneous SI requires a rapid
reorganization of asthenospheric flow, from upwelling above the
sinking slab at first to downwelling adjacent to the slab when true
subduction begins. What if any link is there between the changing
asthenospheric flow and changing magma compositions? Can we infer
whether SI was induced or spontaneous from the distribution and
composition of igneous rocks? For example, spontaneous SI will lead to
forearc spreading such as for IBM but induced SI may not result in any
igneous activity until the slab reaches ~100 km, as is seen for
Puysegur.

In the case of spontaneous SI, we don't yet understand what causes
the slab to transition from sinking to sliding down-dip to start true
subduction. Is it because the sinking slab encounters more resistance
from the underlying mantle? Does this resistance reflect just the pro-
gressively greater volumes of mantle that must move out of the way, or
does it also reflect increasing viscosity of the mantle with depth into the
asthenosphere and into the deeper parts of the upper mantle? What
about changes in the slab itself, does the conversion of crust to dense
eclogite play a significant role?

The conversion of passive continental margins into subduction
zones is deeply embedded in the geoscientific subconscious, in spite of a
lack of evidence that it happens. Why do these margins have so much
strength? It may be more useful for the geodynamic community to
examine in detail why passive margins are not sites of SI than to model
how this might happen.

The increasing ability of geodynamic modelers to use realistic ex-
perimentally calibrated rheologies and forces to model SI in 3D is very
exciting. This will allow us to investigate how SI starts at a single point
along a lithospheric weakness and then propagates along that singu-
larity. It will allow us to examine what if any limits there are to along-
strike flexure of sinking lithosphere due to propagation of SI along a
lithospheric weakness. Advances in 3D modeling will allow us to in-
vestigate likely modes of seafloor spreading in the forearc, and how
magma compositions change along strike as SI propagates along the
weakness. It will also allow us to examine how mantle flows above and
below descending lithosphere as the latter changes along strike from
sinking to subducting.

9. Conclusions

There are no firm conclusions to this progress report, but there are
some preliminary ones. We are making good progress towards under-
standing how new subduction zones form by combining field studies to
identify candidates and reconstruct their timing and magmatic evolu-
tion and undertaking numerical modeling (informed by rheological
constraints) to test hypotheses. Even though we are in a computational
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transition between 2D and 3D numerical modeling, we have good ex-
amples of 3 modes of subduction initiation, one type by induced nu-
cleation of a subduction zone (polarity reversal) and two types of
spontaneous nucleation of a subduction zone (transform collapse and
plumehead margin collapse). Subduction initiation, either induced or
spontaneous, requires a long and deep lithospheric weakness to exploit,
perhaps to allow water infiltration and formation of serpentine minerals
deep in the lithosphere. Two proposed types of subduction initiation are
not well supported by natural observations: transference and passive
margin collapse. Even though we have no convincing examples of
passive margin collapse, this is might happen along a shear margin.
These two “non-examples” must reflect the great strength of normal
lithosphere. Further work is needed to expand on and understand the
implications of these observations, but for the time being geoscientists
doing tectonic or paleogeographic reconstructions should make an ef-
fort to honor these constraints.
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