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a b s t r a c t
The recycling of oceanic lithosphere back into the Earth's interior through subduction is a central component
of plate tectonics. The process by which new subduction zones initiate, however, remains poorly understood.
Several different mechanisms for subduction initiation have been proposed, including passive margin collapse (aided by sediment loading and/or rheological weakening due to the presence of volatiles) and forced
convergence across a zone of preexisting lithospheric weakness. In this paper we focus on the latter type of
model, which identiﬁes three conditions necessary for subduction initiation: a zone of weakness such as a
fracture zone, an age (and therefore density) offset along the fracture zone, and signiﬁcant normal compressive stress which leads to shortening. We identify regions on the present-day Earth which meet these
conditions and which may correspond to regions of relatively likely subduction initiation in the near future.
Using a digital seaﬂoor age model, we have created a database of oceanic fractures and quantiﬁed the associated age offsets. We have evaluated the state of stress on these lithospheric weak zones using two different
global stress models. We ﬁnd that the conditions needed to initiate subduction via the forced convergence
model are relatively rare on the present-day Earth, and that there is little indication of incipient subduction
at regions identiﬁed as relatively likely for subduction initiation. Using the same technique, we have evaluated the state of stress and seaﬂoor age offset at regions of inferred present-day incipient subduction, and ﬁnd
that most of these regions are not associated with both high far-ﬁeld compressive stresses and large age (and
thus density) offsets. Subduction has likely initiated via forced convergence across preexisting zones of lithospheric weakness in the past, but our results indicate that the conditions needed for this type of subduction
initiation are rare on the present-day Earth.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Subduction, the sinking of oceanic plates into the mantle, is a central component of plate tectonic theory (e.g., Stern, 2002); it drives
plate motion and allows for the formation of mid-ocean ridges.
Once subduction begins, it is self-sustaining as the negative buoyancy
of the older, colder, and denser subducting slab continues to pull the
plate downward, thereby creating an asymmetric mantle downwelling (Gurnis et al., 2004). A self-sustaining subduction zone can also
give rise to new subduction zones through transference or polarity
reversal (Stern, 2004). The process through which new subduction
zones spontaneously initiate, however, remains poorly understood.
In order for oceanic lithosphere to begin to subduct, the considerable
strength of the plate must be overcome by breaking and/or bending it
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(McKenzie, 1977), perhaps taking advantage of preexisting rheologically weak zones. The process through which this occurs remains uncertain, although many models have been suggested (e.g., Baes et al.,
2011; Burov and Cloetingh, 2010; Cloetingh et al., 1984; Kemp and
Stevenson, 1996; Mueller and Phillips, 1991; Regenauer-Lieb et al.,
2001; Solomatov, 2004; Toth and Gurnis, 1998; Ueda et al., 2008).
Yet, at some point, subduction zones must have initiated on an
Earth without active plate tectonics (e.g., Hansen, 2007), and the initiation of new subduction zones has been a common occurrence
throughout Earth's history; for example, ten new subduction zones
of various lengths have initiated in the Paciﬁc domain during the Cretaceous (Gurnis et al., 2004). To highlight one particular example,
there is strong evidence indicating that the Izu–Bonin–Mariana system is a subduction zone that initiated (during the Eocene) independently of any existing subduction zone (Gurnis et al., 2004; Stern,
2004). The process through which subduction initiates, therefore,
remains one of the important outstanding questions in plate tectonic
theory.
Most studies of the subduction initiation process have focused
on using either analog experiments (e.g., Goren et al., 2008; Leroy et
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al., 2004; Mart et al., 2005) or numerical modeling techniques (e.g.,
Gurnis et al., 2004; Hall et al., 2003; Nikolaeva et al., 2011; Toth and
Gurnis, 1998) to model the formation of subduction zones, beginning
with carefully deﬁned initial and boundary conditions, to determine
the combination of conditions that produces self-sustaining subduction. These studies generally seek to model physical processes that include the collapse of passive continental margins, perhaps with the
aid of sediment loading or rheological weakening of the lithosphere,
or the nucleation of a new subduction zone at a preexisting zone of
lithospheric weakness. One example of the latter type of model includes the work of Gurnis et al. (2004), Hall et al. (2003), and Toth
and Gurnis (1998), who invoke forced compression across a weak
zone with a preexisting density difference, such as might be expected
for an oceanic fracture zone. Gurnis et al. (2004) demonstrated that
self-sustaining subduction could, indeed, be produced by such a
mechanism, at least in the context of a two-dimensional numerical
model. It remains unclear, however, how often the conditions needed
to initiate subduction in this way (a preexisting zone of weakness, a
density difference across that zone, and signiﬁcant compression and
shortening) actually occur on the Earth.
Here, we explicitly test the predictions of the Gurnis et al. (2004)
model to determine where on the present-day Earth subduction
might soon initiate (or might be currently initiating) by this process.
We identiﬁed oceanic fracture zones as zones of preexisting weakness
and calculate the difference between the lithospheric ages on either
side of the fracture zone using a digital seaﬂoor age model. We used
two global stress models (Ghosh, 2008; Lithgow-Bertelloni and
Guynn, 2004) in our calculations of the magnitude of normal compressive stress on each fracture. From these calculations, we identiﬁed
locations with signiﬁcant age offsets and relatively high compressive
stress where subduction initiation may be relatively likely on the
present-day Earth. We then examined global earthquake catalogs
for evidence of anomalous seismicity in these regions that might be
consistent with incipient subduction, as intraplate seismicity can
indicate shortening and, perhaps, subduction initiation (e.g., Meuller
and Phillips, 1991; Okal et al., 1986). Finally, we repeated our age offset and stress calculations for ﬁve regions which have been identiﬁed
as likely sites of present-day incipient subduction (the Gorringe Bank,
the Hjort Trench, the Mussau Trench, the Owen Ridge, and a prototrench stretching from western Samoa to the Caroline trench) to evaluate whether subduction is likely initiating in these regions via the
process modeled by Gurnis et al. (2004) or by some other mechanism.
2. Subduction initiation: models and observations
Since the development of plate tectonic theory, many different
models for the initiation of subduction have been proposed and debated. Cloetingh et al. (1984) hypothesized that subduction initiates by
passive margin collapse due to sediment loading, provided that the
oceanic crust is young enough (since strength increases with age in
oceanic lithosphere). The concept of passive margin collapse is consistent with the conceptual framework of the Wilson cycle of supercontinent assembly and dispersal and the opening and closing of ocean
basins. Subsequent numerical modeling work demonstrated that additional external tectonic forces are needed to overcome the strength
of the lithosphere and nucleate subduction, leading to the suggestion
that existing weak zones located within plates are more potentially
suitable for incipient subduction (Cloetingh et al., 1989). However, it
has since been suggested that passive margin collapse may remain a
viable mechanism for subduction initiation (e.g., Nikolaeva et al.,
2010, 2011) if the lithosphere is signiﬁcantly weakened, perhaps by
hydration (e.g., Regenauer-Lieb et al., 2001). In particular, it has
been suggested that the eastern US passive margin may be currently
undergoing hydration due to the dewatering of the Farallon plate at
depth (van der Lee et al., 2008) that may facilitate future subduction
initiation.

The idea that subduction may initiate at preexisting weak zones has
been studied by several different workers. Korenaga (2007) suggested
that thermal cracking and subsequent serpentinization might produce
localized weakening of the oceanic lithosphere and facilitate spontaneous subduction initiation. Modeling work by Hall et al. (2003) demonstrated that a fracture zone could progress into a self-sustaining
subduction zone, provided that fault zone stresses are below
~20 MPa, that the net convergence rate is sufﬁciently fast to prevent
excessive warming of the slab, that the fault zone is weak, that the coefﬁcient of friction is low, and that the plate is young enough to allow
for decoupling. Several studies have investigated how lateral density
differences in the crust can facilitate subduction initiation (Goren et
al., 2008; Lebrun et al., 2003; Mart et al., 2005; Stern, 2004). The lateral
density difference can be at the boundary between continental and oceanic crust (Goren et al., 2008; Mart et al., 2005) or at a fracture zone or
transform fault separating oceanic lithosphere of different ages (Lebrun
et al., 2003; Stern, 2004) and may reﬂect compositional/petrological differences in the oceanic crust (Niu et al., 2003). Forced convergence
across a weak zone may be provided by far-ﬁeld tectonic stresses (e.g.,
Gurnis et al., 2004) or by mantle upwelling (e.g., Hynes, 2005; Ueda et
al., 2008), and the subsequent transition from forced to self-sustaining
subduction may be aided by non-Newtonian mantle rheology (Billen
and Hirth, 2005).
In addition to modeling studies that attempt to re-create the subduction initiation process in a numerical or analog context, there have
been many studies that have sought to characterize present-day incipient subduction through geological or geophysical indicators. For
example, Meckel et al. (2003) used marine swath bathymetry/reﬂectivity, seismic reﬂection, gravity, magnetic, and teleseismic data to
determine that self-sustaining subduction is not yet occurring at the
Hjort Trench (Australian-Paciﬁc plate boundary). However, anomalously deep earthquakes are present, indicating lithospheric deformation and underthrusting, which suggest subduction initiation (Meckel
et al., 2003). Similarly, in studying the morphostructure of the
Puysegur Ridge and Trench, Collot et al. (1995) found that incipient
subduction is characterized by crustal shortening, ridge formation,
and the development of an incipient trench. In a study of this same
area, trench parallel normal faults and reactivated fracture zones
were found to be characteristic of the region surrounding the incipient subduction zone (Lebrun et al., 2003), consistent with subduction
initiation at a preexisting zone of lithospheric weakness.
In this study, we focus on the “forced convergence” mechanism for
intraoceanic subduction initiation explored by Gurnis et al. (2004), Hall
et al. (2003), and Toth and Gurnis (1998) through two-dimensional
numerical modeling. This scenario invokes a preexisting zone of weakness in the oceanic lithosphere, a contrast across the weak zone in lithospheric age (and therefore density) that is needed to produce an
asymmetric downwelling and to force the denser, more negatively
buoyant plate into the mantle, and a signiﬁcant amount of compression
and shortening in the direction perpendicular to the strike of the weak
zone. Oceanic fracture zones are thought to be a prime candidate for
the nucleation of incipient subduction, because there are lateral density
gradients associated with plate age offsets (Gurnis et al., 2004; Stern
and Bloomer, 1992) and serpentinization may signiﬁcantly weaken
the oceanic lithosphere (e.g., Hilairet et al., 2007; Saleeby, 1984).
Gurnis et al. (2004) performed a suite of numerical models exploring
forced compression of oceanic fracture zones (in addition to former
spreading centers and homogeneous plates) and found that signiﬁcant
shortening (~100–150 km) across a fracture zone can result in a transition from forced to self-sustaining subduction over a period of a few
million years.
3. Data and methods
Digital isochron data from the EarthByte database (Müller et al.,
1997) were used to identify locations of fracture zones with
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associated age offsets in the oceanic crust. A digital map of the seaﬂoor age (Fig. 1) was used to create a database of the endpoints of
short, roughly linear segments of oceanic faults and fracture zones
with an appreciable offset in lithospheric age. This approach produced a dataset of 1499 fault segments and their associated age
offsets; each longer fault or fracture is made up of multiple fault
segments. The complete dataset of 1499 sets of fault endpoints and
age offsets can be found in the online supplementary information
(see Appendix A).
In order to determine the magnitude of normal stresses on each
fault segment in the database, we used two different global stress
models, by Ghosh (2008) and Lithgow-Bertelloni and Guynn (2004)
(Figs. 2 and 3). The Ghosh (2008) model (see also Ghosh et al.,
2009) was developed by adding the deviatoric stress ﬁeld associated
with horizontal basal tractions arising from density-driven ﬂow in the
mantle computed from viscosity variations in the lithosphere to the
deviatoric stresses generated by lateral variations in gravitational potential energy per unit area. Many different models were tested by
Ghosh (2008) by varying the depth up to which the lateral viscosity
contrasts occurred as well as the type of lateral viscosity variations
in lithosphere and/or asthenosphere. We used the model that best
matches the observed plate motions and predicts deviatoric stresses
that best ﬁt strain rates from the Global Strain Rate Map (GSRM).
This model combines lateral strength variations due to continental
cratons, old oceanic lithosphere, normal continental lithosphere,
and normal oceanic lithosphere with a thick (~ 300 km) but relatively
weak (10 19 Pa·s) and laterally uniform asthenosphere (Ghosh, 2008).
The second stress model we used, model LVC + TD0 of LithgowBertelloni and Guynn (2004), is derived from a ﬁnite element modeling scheme that calculates the lithospheric stresses induced by mantle ﬂow, crustal heterogeneity, and topography. This model combines
the stresses produced by mantle tractions and those produced by
crustal contributions and was found to produce the best match to
the world stress map (WSM) database (e.g., Heidbach et al., 2009)
out of the suite of models developed by Lithgow-Bertelloni and
Guynn (2004). Mantle density heterogeneity used to drive ﬂow and
calculate mantle tractions was derived by considering the history of
subduction; the model included a lower mantle viscosity increase of
an order of magnitude over the upper mantle and a low-viscosity
channel between 100 and 200 km depth with a viscosity reduction
of two orders of magnitude. Crustal contributions to the stress ﬁeld
were calculated taking into account topography, crustal thickness,
and density structure (Lithgow-Bertelloni and Guynn, 2004).
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Both Ghosh (2008) and Lithgow-Bertelloni and Guynn (2004)
compared their lithospheric stress models to the observations of the
stress ﬁeld contained in the WSM, which should increase our conﬁdence in the robustness of each model. Ghosh (2008) also compared
their model predictions to observations of the strain rate tensor near
plate boundaries contained in the Global Strain Rate Map (GSRM) of
Kreemer et al. (2003). Because most of the stress measurements in
the WSM (as well as in the GSRM) are conﬁned to continents and
mid-ocean ridges (due to the difﬁculty of measuring stress on the
ocean ﬂoor), however, a comparison between models and
observations has not been carried out in the regions of the model
that we are utilizing in this study. A comparison of the two models
(Figs. 2 and 3) indicates that the ﬁrst-order features of the two
models are generally similar, although they often differ in regional
details and in a few regions even the ﬁrst-order pattern is different.
For each stress model considered here, we calculated the magnitude of the normal stress on each fracture zone segment using the reσ1 −σ2
2
cos2θ, where σ1 and σ2 are the
lationship σN ¼ σ1 þσ
2 −
2
horizontal principal stresses and θ is the angle between the direction
of maximum stress (σ1) and the strike of the segment. In order to
compare the models directly, we computed both an absolute and a
normalized value of normal stress on each segment; for each of the
two stress models, we identiﬁed the largest value of σN in the global
fracture segment dataset and normalized the calculated stresses by
this value. This produced a normalized normal stress value between
−1 and 1 for each segment for each stress model (Fig. 4), with negative values indicating extensional stress and high positive values indicating relatively high compressive stress and, therefore, relatively
higher likelihood of the eventual shortening needed to initiate subduction. The age offset along each fracture zone segment was calculated using values of seaﬂoor age immediately adjacent to the
fracture on either side (Fig. 5). Gurnis et al. (2004) used an age offset
of 30 Myr for most of their models of forced convergence across a
fracture zone; there are very few fracture zone segments on the
present-day Earth with an age offset of greater than 30 Myr.
4. Results: oceanic fracture zones
The normal stress calculations shown in Fig. 4 indicate that several
regions exist where there are relatively large compressive stresses
oriented normally to zones of weakness in the oceanic lithosphere.
The two stress models used tend to produce similar results for most
regions, although there are some variations in the details of the

Fig. 1. Map showing digital seaﬂoor age data from the EarthByte database (Müller et al., 1997). Young seaﬂoor is shown in red, with colors progressing toward blue for older seaﬂoor. Fracture zone segments with appreciable age offsets are shown as white lines; the endpoints of these segments along with their associated age offsets can be found in the
online supplementary material.
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Fig. 2. Maps of the (a) Ghosh (2008) and (b) Lithgow-Bertelloni and Guynn (2004) stress models. The local principal horizontal stresses are plotted at 10° intervals as oriented bars;
compressive stresses are plotted in red, while extensional stresses are plotted in blue. Note that the scales are different between the two models; bars are scaled to the maximum
global stress value in each model (see Fig. 3).

calculated stress values. Both models indicate that fracture zone
segments are currently subjected to relatively large compressive normal stresses in several regions, including parts of the northern Paciﬁc
Ocean, the eastern Indian Ocean, and the Southern Ocean between
Australia and Antarctica (Fig. 4). Additionally, the Ghosh (2008)
stress model predicts relatively high values of normal compressive
stress for fault segments located off the eastern coast of South America, southwest of the southern tip of South America, and off the west
coast of central Africa. The Lithgow-Bertelloni and Guynn (2004)
stress model predicts relatively high compressive stresses for a region
of the northern Atlantic around the mid-Atlantic Ridge and the western Indian Ocean.
The calculated age offsets show considerably more variation
among adjacent fracture zone segments than the normal stress values
(Fig. 5). However, we were able to identify ten regions associated with
fracture zone segments that exhibit age offsets of 30 Myr or more,
which is equal to the age offset value used in many of the Gurnis et
al. (2004) models (see, e.g., Fig. 12 of Gurnis et al.). These regions include off the southern coast of Africa, the eastern Indian Ocean, the
northern Paciﬁc Ocean, the southern Paciﬁc Ocean, off the southeastern and northeastern coasts of South America, off the southeastern
coast of West Africa, off the coasts of Spain and Portugal, and in the
northern Atlantic Ocean. We have qualitatively compared the normal

stress maps in Fig. 4 and the age offset map in Fig. 5, to identify regions
that are associated with both large age offsets and signiﬁcant compressive normal stresses. Of the regions for which both stress models
predict signiﬁcant compressive normal stresses, the eastern Indian
Ocean and the northern Paciﬁc both exhibit large age offsets, but the
region between Australia and Antarctica does not. Of the regions
with the most striking age offsets, several are associated with generally modest normal stresses, such as the southern Paciﬁc (Fig. 4), and
others exhibit large compressive stresses for one stress model but
not the other, such as the northern Atlantic.
Fig. 6A shows a map of the regions that we have identiﬁed as relatively likely sites for ongoing or (near) future subduction initiation.
Of the sites shown on Fig. 6A, we show more detailed analysis in
Fig. 6B–D for three regions. One of these, the eastern Indian Ocean, is
perhaps the most likely site for subduction initiation via forced compression, as both stress models predict large compressive normal stresses
and there are large age offsets. The northern Paciﬁc is also highlighted,
because large portions of the fractures here have large age offsets and
both models predict compressive normal stresses, although for the
Ghosh (2008) model these stresses are fairly modest. We also show a region of the south Central Paciﬁc which has large age offsets. Although
the compressive normal stress predicted by the Lithgow-Bertelloni and
Guynn (2004) model is relatively modest and the resolved normal stress
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Fig. 3. Maps showing the maximum compressive horizontal stresses in the global stress models of (A) Ghosh (2008) and (B) Lithgow-Bertelloni and Guynn (2004). Background
colors show the local value of maximum compressive stress, from most compressive (red) to least compressive (blue); in some cases the maximum compressive stress is actually
extensional. Bars show the local orientation of the maximum compressive stress.

for the Ghosh (2008) model is actually extensional, there is signiﬁcant
intraplate seismicity in this region, as discussed below. Given the significant compression normal to the strike of the fracture zone the regions
shown in Fig. 6 are predicted to undergo, they might, given enough
time and sufﬁcient weakening of the fracture interface (perhaps due to
serpentinization), yield sufﬁcient shortening to initiate subduction. All
of these regions exhibit both a signiﬁcant contrast in age (and therefore
density) of the oceanic lithosphere as well as large compressive normal
stresses for at least one stress model.
To evaluate further the possibility of ongoing (or near-future) subduction initiation in the most likely regions, we analyzed the seismicity in each region by searching the Global CMT and USGS earthquake
catalogs for earthquake hypocenter locations and (where applicable)
moment tensors, which are shown in Fig. 6. All three regions of relatively likely subduction initiation shown in Fig. 6B–D are associated
with some intraplate seismicity, but it is unclear whether this seismicity
might be associated with reverse faulting and shortening in the lithosphere, as there are very few constraints on earthquake mechanisms.
In the Indian Ocean region, there are a few well-constrained focal mechanism solutions (Fig. 6E), but only one is clearly consistent with thrust

faulting along a fault plane oriented N–S, as might be predicted if subduction is initiating along a N–S directed weak zone. We note, additionally, that the region that we identify as a zone of relatively likely future
subduction initiation in the Indian Ocean is not co-located with the region of the central Indian Ocean lithosphere that has inferred to be undergoing buckling due to compression and shortening (e.g., Bull and
Scrutton, 1992; Chamot-Rooke et al., 1993; Gerbault, 2000; Krishna et
al., 2001). Of the three regions shown in Fig. 6, it is notable that the
south central Paciﬁc Ocean (Fig. 6C) is associated with very abundant
intraplate seismicity and which may be undergoing signiﬁcant intraplate deformation. However, the compressive normal stress predicted
by the Lithgow-Bertelloni and Guynn (2004) model is quite modest
and the normal stress predicted by the Ghosh (2008) model is actually
extensional, so it is somewhat puzzling that this region is associated
with such abundant seismicity.
5. Results: incipient subduction zones
The calculations described above identify several regions of relatively likely intraoceanic subduction initiation given the conditions
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Fig. 4. Maps of fracture zone locations with the magnitude of the normal stress on each segment indicated by color, using the Ghosh (2008) (A) and Lithgow-Bertelloni and Guynn
(2004) (B) stress models. The color scale goes from blue (most extensional) to red (most compressive) and represent both absolute and normalized (with values between − 1 and
1) stress values (see color bar at right).

that are prescribed in numerical models of forced convergence across
a fracture zone (Gurnis et al., 2004). It is instructive to compare these
regions with regions that have been identiﬁed as incipient subduction

zones on the present-day Earth. We have repeated our calculations of
stress state and age offset for ﬁve inferred incipient subduction zones,
namely the Gorringe Bank, the Hjort Trench, the Mussau Trench, the

Fig. 5. Map of fracture zone locations with the magnitude of age offsets at each segment shown in color. The color scale saturates at an age offset of 15 Myr, so the color scale goes
from blue (small age offset) to red (offset of 15 Myr or more).
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Owen Ridge, and the Samoa–Caroline proto-trench (Fig. 7). Several of
these are inferred to have nucleated off a fracture zone segment; Gurnis et al. (2004) classiﬁes the Mussau Trench, Gorringe Bank, and
Owen Ridge as “potential incipient boundaries,” while the Hjort
trench is inferred to be undergoing a transition from forced to selfsustaining subduction. The Gorringe Bank is seaﬂoor morphological
feature in the Atlantic Ocean off the coast of Portugal (e.g., Borges et
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al., 2001) and is associated with signiﬁcant seismicity, but it is not
parallel to the fracture zone segments identiﬁed in this study
(Figs. 4 and 7); its origin remains controversial. The Hjort Trench is
located to the south of New Zealand (e.g., Lebrun et al., 2003) and is
thought to be undergoing incipient subduction, although the age of
initiation is poorly known (Gurnis et al., 2004). It is characterized
by transpressive deformation, short wavelength geoid anomalies,

A

B

Fig. 6. Regional maps of those areas that are identiﬁed as most likely for subduction initiation (either ongoing or in the near future); these regions are associated with both significant compressional normal stress along fracture zone segments and with an age offset of ~15 Myr or more. (A) Global map showing the location of each region. The three regions
which we identify as most likely sites for subduction initiation are marked with yellow boxes. Also marked are additional regions with particularly high normal compressive stresses in the Ghosh model (red dots) or the Lithgow-Bertelloni and Guynn model (pink dots), or that have large age offsets (blue dots). (B–D) Regional maps of the three regions we
have identiﬁed as most likely to undergo subduction initiation via forced compression in the near future. Background colors show bathymetry; the location of fracture zone segments is shown as black lines. Earthquake hypocenter locations from the ISC catalog are plotted as pink dots. Available focal mechanisms from the global CMT catalog are
shown in red and white. The orientation and magnitude of the representative regional maximum compressive stress from the Ghosh (2008) (large black arrows) and Lithgow-Bertelloni
and Guynn (2004) models (large red arrows) are shown, along with the resolved average compressive normal stress for each model on the fracture segments shown. (Note that these are
average regional values and do not reﬂect variation along individual segments.)
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Fig. 6 (continued).

Author's personal copy
M.D. Johnston et al. / Tectonophysics 512 (2011) 47–59

and paired ridge/trench topography (Ruff and Cazenave, 1985; Ruff et
al., 1989). The Mussau Trench is located on the eastern boundary of
the Caroline Plate and is viewed as a juvenile (b1 Myr old) subduction zone (Gurnis et al., 2004; Hegarty et al., 1982). The Owen Ridge
is located in the Arabian Sea, off the coasts of Yemen and Oman,
and has been suggested to be an incipient subduction zone associated
with a preexisting fracture (Gurnis et al., 2004). The Samoa–Caroline
proto-trench extends from Samoa to the Caroline Islands and is associated with signiﬁcant intraplate deformation. Okal et al. (1986) speculated that the region represents an incipient plate boundary and that
present-day subduction along the Vanuatu and Solomon trenches to
the south may be in the process of being transferred to the Samoa–
Caroline proto-trench.
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We ﬁnd that none of these inferred incipient subduction zones is
associated with a signiﬁcant offset in lithospheric age; the largest
age offset is ~ 0.2 Myr at the Hjort Trench, which is much smaller
than the age offsets of 30+ Myr observed elsewhere on the presentday Earth (Fig. 5). We also ﬁnd that the proto-trenches associated
with the supposed incipient subduction zones are not always associated with unusually large compressive normal stresses relative to our
global database of fracture zone segments (Fig. 4). Calculations using
both stress models indicate that these sites are generally undergoing
some degree of compressive normal stress (Fig. 7), but it is often
small compared to the largest stresses in the global database. For example, calculations with the Ghosh (2008) stress model indicate
moderately high normal compressive stress at the Gorringe Bank

A

B

Fig. 7. Regional maps of those areas that have been identiﬁed as sites of likely ongoing incipient subduction by previous workers. (A) Global map showing locations of each incipient
subduction zone. (B–F) Regional maps for the Gorringe Bank, Hjort Trench, Mussau Trench, Owen Ridge, and the Samoa–Caroline proto-trench — incipient trench locations are
shown with pink lines. The orientation and magnitude of the average regional maximum compressive stress from the Ghosh (2008) (large black arrows) and Lithgow-Bertelloni
and Guynn (2004) (large red arrows) models are shown, along with the resolved compressive normal stress for each model on the proto-trench. (Note that these are average regional values and do not reﬂect variation along individual segments.)
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Fig. 7 (continued).

and Mussau Trench, but relatively low compressive stresses at the
Owen Ridge and Samoa–Caroline proto-trench, with extension at
the Hjort Trench. The Lithgow-Bertelloni and Guynn (2004) model
suggests a high degree of compressive stress at the Hjort and Mussau
Trenches, moderately high compressive stresses at Gorringe Bank,
and extension at Owen and Samoa–Caroline. There is, surprisingly,
no correlation between the regions identiﬁed as potential incipient
subduction boundaries by Gurnis et al. (2004) and sites identiﬁed
by our analysis as relatively likely for subduction initiation according
to the dual criteria of large compressive stresses and large age offsets
at oceanic fracture zone segments.

6. Discussion
Our approach toward evaluating the subduction initiation potential
on fracture zone segments involves estimates of the state of stress,
which is only an indirect indicator of the potential for compressive
strain. The rheology of fracture zone segments is not well known, although if they are, as a rule, extensively serpentinized, then presumably they are weak enough to localize signiﬁcant strain (e.g., Hilairet
et al., 2007). From a modeling perspective, however, the amount of
compressive stress necessary to produce the amounts of shortening
(~100–150 km) needed to produce self-sustaining subduction in the
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Fig. 7 (continued).

Gurnis et al. (2004) models is not well constrained. In the absence of
precise rheological constraints, it is difﬁcult to place a lower bound
on the amount of compressive normal stress that may produce signiﬁcant shortening, but we can infer that fracture zones with higher normal compressive stresses are relatively more likely to undergo
shortening and are the most likely sites for future subduction initiation.
Our approach also does not explicitly take into account either the timescale needed to initiate subduction via forced convergence or the timescale over which far-ﬁeld lithospheric stresses are likely to change. The
models of Gurnis et al. (2004) suggest that ~6 Myr is needed for a
newly initiated subduction zone to accomplish the transition to selfsustaining subduction, while the lithospheric stress models used in
our calculations only represent the present-day stress ﬁeld.
It is also important to keep in mind that our estimates of the stress
state on each fracture segment are derived from lithospheric stress
models, which may have signiﬁcant limitations. We are using global
stress models for region-speciﬁc calculations, and this is a potentially severe limitation of our study. The global stress models used here make
predictions that are generally consistent with observations of stress

contained in the World Stress Map (Ghosh, 2008; Lithgow-Bertelloni
and Guynn, 2004), but the paucity of stress observations in ocean basins
means that the models have not been validated in these regions. While
the two models used here are, to ﬁrst order, similar, they do differ in
their details in many regions, and our estimates for normal stresses differ as well. For example, the Lithgow-Bertelloni and Guynn (2004)
model predicts modest compressional stresses on fracture zones in the
northern Atlantic, while the Ghosh (2008) model predicts a neutral or
mildly extensional normal stress regime here (Figs. 2 and 4).
Keeping these limitations on our study in mind, we can consider
the implications of our analysis for the forced compression model
for subduction initiation. We have identiﬁed a few regions of relatively high likelihood for present or (near) future subduction initiation
that are associated with both high compressive normal stresses and
large age (and therefore density) offsets. Our analysis has, however,
demonstrated that the conditions that are needed to induce incipient
subduction via the forced compression model of Gurnis et al. (2004)
are relatively rare on the present-day Earth. There are few fracture
zone segments that support an age offset of 30 Myr or more (Fig. 5)
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and very few segments that are associated with both a large age offset
and relatively high compressive normal stresses. In the regions we
have identiﬁed as associated with relatively high subduction initiation likelihood, evidence for actual intraplate compression and shortening is ambiguous. All three regions shown in Fig. 6B–D are
associated with some intraplate seismicity, which may indicate deformation associated with shortening, but the limited number of wellresolved focal mechanisms hampers our ability to determine whether
the Ghosh (2008) and Lithgow-Bertelloni and Guynn (2004) stress
models accurately represent the stress ﬁeld, and whether these
regions are, in fact, undergoing reverse faulting that might indicate
shortening. It is also notable that of the three regions shown in
Fig. 6B–D, the region with the most abundant intraplate seismicity,
the south central Paciﬁc, actually exhibits relatively modest compressive stress for the Lithgow-Bertelloni and Guynn (2004) model and is
in extension for the Ghosh (2008) model. Additionally, our analysis of
ﬁve inferred incipient subduction zones indicates that these regions
do not generally meet the two criteria that we have been evaluating.
None of the ﬁve regions of inferred incipient subduction is associated
with an age offset of larger than 0.2 Myr, and we also ﬁnd that the
models for far-ﬁeld stresses in this region do not generally predict
particularly large compressive normal stresses, at least in the context
of our global database of fracture zone segment stress states.
What are the implications of our observations for models of subduction initiation? First, we note that taken at face value, our results
imply that if the ﬁve regions shown in Fig. 7 are, indeed, associated
with incipient subduction, subduction may be initiating via a process
other than the forced convergence modeled by Gurnis et al. (2004).
Alternatively, it is possible that shortening and underthrusting
which leads to self-sustaining subduction can be produced even in
the absence of a large density offset and with relatively low normal
compressive stresses. If this were the case, however, then we would
expect intraoceanic subduction initiation to be a very common process on the present-day Earth, as many fracture zone segments are
under compressive stresses larger than those experienced by the regions of inferred incipient subduction (Figs. 4 and 6). A third possibility is that the stress models of Ghosh (2008) and Lithgow-Bertelloni
and Guynn (2004) do not accurately represent the far-ﬁeld stresses
in these regions, or that the stress regimes have changed over relatively short timescales. The suite of forward models carried out by
Gurnis et al. (2004) suggests that ~ 6 Myr is required to accomplish
the transition from forced to self-sustaining convergence and complete the subduction initiation process. If the state of stress in incipient subduction regions has changed relatively rapidly, due to largescale plate motion reorganization or some other process, then we
can reconcile our estimates of relatively low compressive stresses
with the idea that subduction is initiating via forced compression. If
these regions are no longer being subjected to signiﬁcant
compression, however, then these incipient subduction zones may
never accomplish the transition to self-sustaining subduction, and
subduction initiation may be in the process of stalling.
Our inference that regions of present-day subduction initiation
may be undergoing a process other than forced convergence across
large-offset fracture zones and our observation that the conditions
needed to produce this mode of incipient subduction are rare on the
present-day Earth do not necessarily mean that this process is not a
viable model for the initiation of subduction in general. There is
some geological evidence that subduction zones have nucleated off
large-offset fracture zones in the past (e.g., Choi et al., 2008; Pearce
et al., 1992), although for some present-day subduction zones the
pre-subduction tectonic regime is under debate. [For example, the
Marianas subduction zone has often been inferred to have nucleated
off a fracture zone (e.g., Gurnis et al., 2004; Hall et al., 2003; Pearce et
al., 1992), but there has been some debate as to whether the prototrench actually cut across preexisting tectonic structures (Taylor and
Goodliffe, 2004).] The conditions needed to produce subduction

initiation along a large-offset fracture zone do, however, appear to be
fairly rare on the present-day Earth. Looking at the history of subduction initiation throughout the Cretaceous, this observation is perhaps
unsurprising. At least ﬁve subduction zones have made the transition
from forced to self-sustaining subduction during the Cretaceous (Gurnis
et al., 2004), but there are long intervals of time over this period during
which no subduction zones successfully initiated (e.g., between the initiation of South Scotia subduction at 45 Myr and that of the Manila subduction zone at 23 Myr). This punctuated nature of subduction initiation
over the past ~65 Myr is consistent with the idea that the conditions
needed to produce intraoceanic subduction initiation are relatively
rare, and that while we observe several incipient subduction margins
on the present day Earth, it is possible that few or none of them will actually develop into full-ﬂedged self-sustaining subduction zones.
Our observations can be reconciled with the forced compression
model in light of the intermittent history of subduction initiation during the Cretaceous (Gurnis et al., 2004). Another possibility, however,
is that the forced compression model for subduction initiation does
not describe the subduction initiation process well in general. The
fact that fracture zones on the present-day Earth are generally parallel to plate motion (Fig. 1), while most subduction zones are approximately perpendicular to plate motion, tends to argue against the idea
that most subduction zones initiate via forced compression across a
fracture zone. Our ﬁnding that the conditions needed to initiate subduction via this mechanism are rare on the present-day Earth and
that many of the known regions of incipient subduction do not
seem to meet the criteria of the forced compression model may
argue against the viability of this model for subduction initiation.
7. Summary
We have compiled a database of oceanic fracture zone segment
endpoints and evaluated the age offsets and state of stress along
each segment using two different global models for lithospheric stress.
We then assessed these results in the context of intraoceanic subduction zone initiation models, which invoke compression and shortening across fracture zones, that act as preexisting zones of weakness
and that involve a contrast in age (and therefore density) across the
weak zone. We ﬁnd that the conditions required for subduction initiation via the forced convergence model are relatively rare on the
present-day Earth, but we have highlighted three regions where
present-day or near-future subduction initiation is most likely: the
northern Paciﬁc Ocean, the southern central Paciﬁc Ocean, and the
eastern Indian Ocean. We also evaluated the age offsets and state of
stress at sites of inferred incipient subduction on the present-day
Earth, and ﬁnd that these regions are not generally associated with
large age offsets or particularly large compressive normal stresses.
These observations suggest that regions of present-day subduction
initiation may be undergoing a process other than forced convergence
across large-offset fracture zones. Our analysis suggests that the
conditions needed to produce incipient subduction via forced convergence across a preexisting weak zone in the oceanic lithosphere are
rare on the present-day Earth, which is generally consistent with the
punctuated nature of subduction initiation over the past ~ 65 Myr.
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