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Abstract

Although the formation of subduction zones plays a central role in plate evolution, the processes and geological
settings that lead to the initiation of subduction are poorly understood. Using a visco-elastoplastic model, we show
that a fracture zone could be converted into a self-sustaining subduction zone after approximately 100 km of
convergence. Modeled initiation is accompanied by rapid extension of the over-riding plate and explains the inferred
catastrophic boninitic volcanism associated with Eocene initiation of the Izu-Bonin-Mariana (IBM) subduction zone.
Using global plate reconstructions, we suggest that IBM nucleation was associated with a change in plate motion
between 55 and 45 Ma. We estimate that the forces resisting IBM subduction initiation were substantially smaller
than available driving forces.
5 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The formation of new subduction zones is a
fundamental, yet poorly understood, process in
the normal evolution of tectonic plates. Processes
that lead to the demise of subduction zones, such
as the subduction of buoyant material (i.e. conti-

nental or young oceanic lithosphere), must ulti-
mately result in the formation of new subduction
zones. Several questions regarding subduction ini-
tiation are unanswered: what are the kinematic
and dynamic relations between plate motions
and the formation of new subduction zones? Do
changes in plate motion precede or follow incipi-
ent subduction? What tectonic settings are most
favorable for the nucleation of new trenches?
What are the short term tectonic and dynamic
consequences of incipient subduction?
In looking for answers to these questions, there

are two stumbling blocks which have inhibited
progress, one theoretical and one empirical. First,
while events such as the opening and closure of

0012-821X / 03 / $ ^ see front matter 5 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0012-821X(03)00242-5

* Corresponding author. Tel./Fax: +1-626-395-3861.
E-mail address: chall@gps.caltech.edu (C.E. Hall).

1 Supplementary data associated with this article can be
found at doi:10.1016/S0012-821X(03)00242-5

EPSL 6676 19-6-03 Cyaan Magenta Geel Zwart

Earth and Planetary Science Letters 212 (2003) 15^30

R

Available online at www.sciencedirect.com

www.elsevier.com/locate/epsl

mailto:chall@gps.caltech.edu
http://www.elsevier.com/locate/epsl


ocean basins [1] suggest that subduction initiation
is common, theoretical models suggest it should
be quite di⁄cult. For plate convergence to pro-
ceed at a subduction zone, the sum of the driving
forces (plate tectonic forces, Fpt, and the slab’s
negative buoyancy, Fs) must exceed the net of
resisting forces (fault friction, Ff , and elastic plate
bending, Fel) [2], i.e. :

F s þ FptsF f þ F el ð1Þ

Subduction becomes ‘self-sustaining’ when Fs
alone is su⁄cient to overcome the resisting forces.

Using this approach, estimates of the force re-
quired to create a new subduction zone typically
exceed the force available from ridge push [3].
Alternatively, assuming weaker faults one con-
cludes that resisting forces are comparable to
those driving plate motions [4]. The second factor
impeding progress is that examples of the forma-
tion of subduction zones in the recent geological
past are poorly exposed, and typically over-
printed. For example, the Macquarie Ridge Com-
plex (MRC) south of New Zealand may represent
Late Miocene to present incipient subduction

Fig. 1. Tectonic setting of the Philippine Sea Plate, with free air gravity from [39]. Key to abbreviations: I = Izu arc, B=Bonin
arc, M=Mariana arc, WPB=West Philippine Basin, KPR=Kyushu-Palau Ridge, CBCS=Central Basin Spreading Center,
DR=Daito Ridge, ODR=Oki-Daito Ridge.
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[5,6]. Some have argued that the northernmost
segment once represented a nascent subduction
zone but that it may have failed to transform
into a self-sustaining system [7].
Although older than MRC, the Izu-Bonin-Ma-

riana (IBM) trench (Fig. 1) overcomes these am-
biguities as a type-locality for deciphering the
causes and consequences of subduction initiation.
First, there is little doubt that IBM is a self-sus-
taining subduction system: it represents deep
mantle penetration of oceanic lithosphere [8]
which is amongst the oldest [9] and potentially
most negatively buoyant currently found. Second,
the IBM trench has a distinct beginning in the
Middle Eocene [10] at 49^48 Ma [11] and a clearly
de¢ned subsequent history [12,13]. Magnetic line-
ations of the West Philippine Basin (WPB) show
that it is mostly composed of oceanic lithosphere
which formed between 60 and 33 Ma at the now
extinct Central Basin Spreading Center (CBSC)
[14,15]. The Kyushu-Palau Ridge (KPR) sepa-
rates older crust of the WPB from younger crust
which formed during initiation and subsequent
back-arc extension and arc volcanism of the
IBM trench. The perpendicular orientation of
the KPR to magnetic lineations formed at the
CBSC suggests that these formed a ridge-trans-
form intersection [16]. Although there are ambi-
guities, conversion of a transform boundary or
fracture zone into an oceanic trench is the sim-
plest explanation for the early history of the IBM
system [17].
Two competing hypotheses have been formu-

lated for the initiation of the IBM subduction
zone. According to the ¢rst, changes in relative
plate motion across transform faults o¡setting
the CBSC forced the formation of a new subduc-
tion zone [18]. According to the second, old oce-
anic lithosphere juxtaposing younger lithosphere
at a fracture zone undergoes spontaneous convec-
tive instability driven by the localized di¡erence in
negative thermal buoyancy [13,19]. Theories for
the origin of the IBM subduction zone often
take into account the putative change in the di-
rection of the Paci¢c Plate with respect to the
Hawaiian hot-spot (i.e. the bend in the Hawai-
ian-Emperor island chain) at 43 Ma; Stern and
Bloomer [13] speci¢cally argue that the self-nucle-

ation of the IBM arc caused the change in the
Paci¢c Plate. Consequently, according to the
self-nucleation hypothesis, changes in plate mo-
tion should post date initiation of subduction
while according to the forced convergence hy-
pothesis changes in plate motion precede initia-
tion.
A limitation for testing these hypotheses has

been the lack of realistic models for incipient sub-
duction which simultaneously account for elastic
plate £exure, viscous £ow in the underlying man-
tle, and the growth of faults. For example, visco-
elastic models for forced subduction initiation in-
corporated initially dipping faults [4], not vertical
ones typical of fracture zones. Moreover, models
for self-nucleation have assumed viscous rheolo-
gies with inadequate viscosity contrasts across the
lithosphere and mantle [19], and also neglected
the important role of elastic £exure [2]. Recent
work incorporating some of these e¡ects [20] fo-
cused on the development of a lithospheric scale
shear zone in the early stages of subduction ini-
tiation at a continental margin. In contrast, we
focus on hypotheses for incipient intra-oceanic
subduction and have followed the evolution of a
fracture zone to a self-sustaining subduction zone.

2. Modeling the evolution of fracture zones

2.1. Initial and boundary conditions

The models in this study are two dimensional
and track the evolution of a fracture zone in cross
section, where an o¡set in lithospheric age places
a young plate against well-developed thermal lith-
osphere (Fig. 2). The numerical domains are 200^
300 km deep and initially 800^1000 km wide in
most cases (Table 1), with the lithospheric age
o¡set initially centered 300 km from the left
side. The models have variable resolution, with
a maximum of 1 kmU1 km resolution in a 145
km wide by 60 km deep region centered on the
initial location of the age o¡set. Minimum reso-
lution is 2.25 km wideU2 km deep in the lower
(s 60 km deep) left and right corners of the do-
main.
The models’ initial temperature conditions are
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given by the solutions for conductively cooled
halfspaces. The two adjacent halfspaces are line-
arly smoothed over a few nodes at their interface.
The mesh is perturbed near the free surface so
that the initial topography of the plates is set by
isostatic equilibrium. In some models, a weakened
fault zone is initially placed between the two
plates (Table 1).
We employ two sets of mechanical boundary

conditions, depending on whether or not we are
imposing relative motion between our model
plates. In all models, the left and bottom bound-
aries have zero normal velocities and free tangen-
tial velocities, and the top boundary is a free sur-
face. For models with no imposed relative plate
motions, conditions for the right boundary are
identical to the left. For imposed motion cases,
the right boundary has zero vertical velocities
and horizontal velocities are uniform but of op-

posite sign over the top- and bottom-most 50 km,
with a cosine taper in between. This boundary
condition drives a large scale counterclockwise
circulation throughout the right half of the model.
Therefore, we must demonstrate which model
cases develop £ow ¢elds that become dominated
locally by slab buoyancy forces (Fs), and in which
cases £ow ¢elds remain dominated by boundary
conditions.

2.2. Rheology

Domains of viscous, elastic, and plastic defor-
mation are determined self-consistently and vary
spatially and temporally due to the temperature,
stress, and strain rate dependencies of each pro-
cess. When deformation is visco-elastic, the total
deviatoric strain rate is described by Maxwell vis-
co-elasticity [21] :

Fig. 2. Initial and boundary conditions of fracture zone models. Top: map view schematic showing where the cross section of
the model (dashed line) lies with respect to a mid-ocean ridge o¡set. Middle: initial topography across a 40 Myr lithospheric age
o¡set. Bottom: initial thermal conditions and location of the initial weak zone (box), when included.
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_OO dij ¼
1
G
_SSij þ

sij
2R

ð2Þ

where sij is the deviatoric stress tensor, G is the
shear modulus, and R is viscosity (Table 2). The
isotropic (non-deviatoric) deformation is modeled
with a constitutive law using the total stress and
strain tensors:

O ii ¼
c ii

3K
ð3Þ

where K is the bulk modulus (Table 2). Viscous
deformation is incompressible and based on non-
Newtonian temperature-dependent creep of oliv-
ine [22], with viscosity given by:

Table 1
List of numerical experiments, giving numerical grid dimensions, imposed convergence rates, and fault dimensions and plate ages
at the beginning of each experiment

Case Grid Convergence
rate

Age
o¡set

Fault friction Initial fault
dimensions

Stable or sustaining subduction

(widthUdepth, km) (cm yr31) (Myr) (UP) (km)

1 1000U400 0 0^40 0 12U20 Stable 15 Myr
2 1000U400 0 0^40 0 0U0 Stable 7.5 Myr
3 900U600 0 0^40 0 65U20 Stable, plug delaminates
4 800U200 1 0^40 10 0U0 Stable to 5.5 Myr; young plate

buckles
5 800U200 1 0^40 0 5U15 Sustained 140 km
6 800U200 2 0^40 0 5U15 Sustained 115 km
7 800U200 1 0^50 5 5U15 Stable to 165 km
8 800U200 1 0^20 0 5U15 Sustained 160 km
9 800U200 1 0^40 0 5U15 Stable to 170 km
10 1000U300 0 0^120 0 7U50 Stable to 5.5 Myr
11 1000U300 1 0^120 0 7U50 Sustained 125 km
12 800U200 1 0^40 0 0U0 Stable to 140 km
13 1000U300 0 0^40 0 6U32 Stable to 30 Myr
14 1000U300 1 0^20 0 6U14 Sustained 120 km
15 1000U300 2 0^40 0 6U14 Sustained 107 km
16 1000U300 2 0^80 0 6U14 Sustained 100 km
17 1000U300 2 0^40 5 6U14 Stable to 105 km
18 1000U300 2 0^20 0 6U14 Sustained 107 km
19 1000U300 0 0^60 0 6U32 Stable to 20 Myr
20 1000U300 2 10^40 0 6U14 Sustained 109 km
21 1000U300 2 20^40 0 6U14
22 1000U300 2 10^20 0 6U14 Sustained 105 km
23 1000U300 2 0^40 0 5U15 Reference viscosity increased

U10; stable to 200 km
24 1000U300 2 0^40 0 5U15 Fault cohesion 10 MPa;

sustained 160 km
25 1000U300 2 0^40 0 5U15 Fault cohesion 20 MPa; stable

to 200 km
26 1000U300 2 0^40 2 5U15 Stable to 172 km

Fault friction angle (P) is de¢ned in Section 2.2. Last column lists the convergence needed for self-sustaining subduction, or if
stable, the duration of the numerical experiment.

Table 2
Rheological model parameters

Symbol Description Model value

R0 Reference viscosity 5.0U1019 Pa s
_OO 0 Reference strain rate 10315 s31

N Strain rate exponent 3.5
T0 Reference temperature 1400‡C
H Activation energy 5.4 kJ mol31

R Gas constant 8.31 J mol31

K31

P Friction angle, unstrained 30‡
C Cohesion 44 MPa
Cf Fault cohesion 4 MPa
K Bulk modulus 50 GPa
G Shear modulus 30 GPa
X Poisson’s ratio 0.25

De¢nitions are in Section 2.2.
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R ¼ R 0
_OO 0
_OO d

� �
ð1=nÞ31 exp

H
R

1
T
3
1
T0

� �� �
ð4Þ

where _OO d is the second invariant of the deviatoric
strain rate tensor (Table 2).
The onset of irreversible plastic yielding is de-

termined by expressing a yield potential f in terms
of the major (c1) and minor (c3) principal stresses
[23], leading to:

f ¼ 1
2
ðc 33c 1Þ þ

1
2
ðc 3 þ c 1ÞsinðP Þ3C cosðP Þ ð5Þ

where P is the angle of friction, C is cohesive
strength, and tensional stresses are positive. (For
Mohr-Coulomb plasticity, employed here, the co-
e⁄cient of friction, W, is equal to the tangent of
the friction angle, P.) Deformation remains elastic
for f6 0. Plastic strain rates are determined as the
gradient of a separate £ow potential :

_OO pi ¼ V
Dg
Dc i

ð6Þ

where V is a rate constant. The plastic £ow po-
tential is given by:

g ¼ 1
2
ðc 33c 1Þ þ

1
2
ðc 3 þ c 1Þsinði Þ ð7Þ

where i is the angle of dilatancy. In all of the
cases presented here, we model incompressible
plastic £ow with i set to zero. Plastic strain re-
sults in a linear reduction of cohesion and friction
angle up to a cumulative plastic strain Ops, at
which point faults do not weaken further.
The numerical model is based on the FLAC

(Fast Lagrangian Analysis of Continua) method
[24]. The method’s main strength is that it follows
an explicit formulation in which complex non-lin-
ear rheologies are easily incorporated, and is de-
scribed in detail elsewhere [25,26].

3. Plate boundary evolution at transform
boundaries

3.1. Models with no applied plate motion

We explored the conditions critical for the de-
velopment of self-sustaining subduction (Table 1).
All of our models without imposed convergence
fail to develop a lithospheric-wide instability, sug-
gesting that it is highly unlikely that the entire
lithosphere at a fracture zone will spontaneously

founder. While pressure gradients cause delamina-
tion of the lowest viscosity portions of the ther-
mal boundary layer, they do not supply enough
force to bend the plate, even if the fracture zone is
the location of a deep weak fault. The pressure
gradients that act to de£ect the plate are propor-
tional to lateral temperature gradients at the plate
boundaries. Both gradients are largest at the be-
ginning of the numerical experiments and decay
with time for two reasons: the di¡erence in ther-
mal boundary layer thicknesses creating the pres-
sure gradients becomes smaller as the plates age,

Fig. 3. Evolution of a model fracture zone initially having a
65 km wide weak zone at (a) 0 Myr, (b) 0.2 Myr, and
(c) 0.4 Myr. Black lines mark boundaries of the weakened
material. Initial ages of the plates are 0 and 40 Myr.
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and advection and di¡usion laterally diminish the
gradients. In one study indicating successful self-
nucleation [19], the plates’ viscosities were unrea-
sonably small (V1022 Pa s) and density was com-
positionally, not thermally controlled. Models
with non-di¡using (compositional) buoyancy
forces enhance the likelihood of instability but
will not produce the decay of pressure gradients
with time characteristic of thermal boundary
layers.
No combination of fault rheology or geometry

produced self-sustaining subduction without ap-
plied convergence. For example, if a weak zone
65 km wide (Fig. 3a, Case 3) is present in the
older plate at a fracture zone (as may occur for
two closely spaced, serpentinized fracture zones),
the entire weak section is initially pushed down
and to the right by pressure gradients, and resem-
bles incipient subduction (Fig. 3b). However, the
weak section rapidly delaminates from the surface
without pulling the stronger portions of the lith-
osphere down (Fig. 3c). After delamination of the

Fig. 4. Evolution of a model fracture zone with a 40 Myr age o¡set and imposed convergence of 2 cm yr31 at four instances:
(a) 0.8 Myr, (b) 5.4 Myr, (c) 6.0 Myr, and (d) 6.8 Myr. Each instance shows temperature, instantaneous £ow 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-rid-
ing plate. See also the supplementary online animation; more animations are available at http://www.gps.caltech.edu/Vgurnis/
Movies/movies-more.html.

EPSL 6676 19-6-03 Cyaan Magenta Geel Zwart

C.E. Hall et al. / Earth and Planetary Science Letters 212 (2003) 15^30 21

http://www.gps.caltech.edu/<?up><?tf=
http://www.gps.caltech.edu/<?up><?tf=


weak plug, the model resembles the initial condi-
tions of cases with thinner weak zones, none of
which evolved towards subduction.

3.2. Models with applied compression

Subduction can occur if the fracture zone is
moderately compressed and generally becomes
self-sustaining after approximately 100 km of con-
vergence. Our models show that the transition
from forced to self-sustaining subduction results
in an abrupt change in plate motions. During the
initial stages of convergence (6 100 km) the older
plate slowly thrusts under the younger, but as slab
buoyancy becomes the dominant force the slab
begins to fall vertically into the mantle at a high
velocity (three to four times the far-¢eld velocity
imposed at the right boundary). During vertical
descent of the old plate, a wide region of surface
extension forms as the trench rapidly migrates
oceanward. To illustrate this transition, we de-
scribe a typical case (#6, Table 1) in which sub-
duction becomes self-sustaining afterV115 km of
convergence for an o¡set in lithospheric age of 40
Myr and an imposed convergence rate of 2 cm
yr31 (Fig. 4, supplementary online animation).
Our models generally require less net convergence
(110^140 km) for self-sustained subduction than
predicted analytically (130^180 km) [2], most
likely due to the analytical estimate’s use of an
excessively large elastic plate thickness [3].
The force required to converge at a constant

velocity increases during the ¢rst 15 km of con-
vergence (Fig. 5). This increase in resistance arises
since work is needed to bend the plate as it enters
the trench, with a commensurate £exural bulge on
the old plate (Fig. 4a,b). After 15 km of conver-
gence the fault extends to a depth ofV25 km and
the compressive force reaches a maximum of
1.0U1012 N m31. Subsequently, the necessary ex-
ternal force continuously decays as slab buoyancy
increasingly accounts for a larger portion of the
driving force.
With further convergence, negative buoyancy

of the subducting slab eventually surpasses the
elastic bending resistance of the plate. Subduction
becomes self-sustaining afterV115 km of conver-
gence and the motion of the older plate abruptly

changes from horizontal to vertical, as seen in the
instantaneous £ow lines (Fig. 4c,d). At the trench,
the slab’s vertical velocity greatly exceeds its hor-
izontal convergence velocity, causing the surface
location of the trench to move in the direction
opposite to the imposed far-¢eld convergence
(trench rollback). As trench rollback occurs, the
young over-riding plate rapidly thins by extension
and hot mantle in¢ltrates the region above the
slab as its dip becomes steeper.
Extension of the over-riding plate at the onset

of subduction is discontinuous, not di¡use, and
the surface velocities are plate-like on the over-
riding side (Fig. 4c,d). The trench recedes V140
km during the ¢rst 1.4 Myr of self-sustained sub-
duction, an average extension rate of 10 cm yr31.
The rollback rate accelerates continuously during
this time, so that instantaneous rollback rates at
the termination of the model exceed the million
year average (Fig. 4d).

3.3. Critical aspects for initiating subduction

We found that the creation of self-sustaining
subduction zones occurs under restricted condi-
tions. The evolution of the required external force
as a function of net convergence is largely inde-
pendent of convergence rate (Fig. 5c), implying
that the force balance is dominated by the state
of elastic £exure of the plate, and that rate-depen-
dent (viscous) resistance to lithospheric motion is
negligible. For convergence at 1 cm yr31, the re-
sistance is actually slightly larger than that of the
reference case of 2 cm yr31 because the transition
from viscous, strain rate-dependent creep to elas-
tic deformation occurs at a higher temperature for
lower strain rates. Therefore, reducing velocity
(i.e. strain rate) results in a minor increase of
the elastic thickness, so that the elastic bending
resistance is increased. The counterintuitive de-
crease in force as velocity increases is a result of
velocity boundary conditions; for example, if
forces were imposed as boundary conditions,
then larger velocities would result from increas-
ing force [4]. Self-sustaining subduction is not
achieved until the net convergence surpasses 135
km for this slower convergence rate because con-
duction of heat has more time to warm the slab.
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Fig. 5. Tectonic force required to maintain a constant convergence rate as a function of total convergence. Except where noted,
applied convergence rate is 2 cm yr31, C=4 MPa, W=0, and other rheological parameters are as in Table 2. (a) In£uence of sub-
ducting plate age. (b) In£uence of over-riding plate age. (c) Force evolution for convergence rates of either 1 or 2 cm yr31, with
over-riding and subducting plate ages initially zero and 40 Myr. (d) In£uence of plate and fault rheology. Case labeled ‘RU10’
has increased reference viscosity by a factor of 10.
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For older plates, the buoyancy force available
to drive subduction initiation is larger but elastic
resistance is also greater. These e¡ects nearly can-
cel, so that plates with ages of 20^80 Myr all
reach comparable states of extension in the
over-riding plate at nearly equal amounts of con-
vergence. Furthermore, since the maximum re-
quired tectonic force increases with age of the
subducting plate (Fig. 5a), an extremely old sub-
ducting plate may be more detrimental than ben-
e¢cial for nucleating subduction.
The maximum resistance is more sensitive to

the age of the over-riding plate (Fig. 5b). For
given initial fault dimensions, plates are initially
coupled to greater depths as the starting age of
the over-riding plate increases, and the fault is
therefore able to support large stresses to greater
depths. Once a fault develops to su⁄cient depths
to decouple the plates, typically within the ¢rst 10
km of convergence, the over-riding plate’s age has
little in£uence on the evolution of forces (Fig. 5b).
After V40 km of convergence, there is a slight
reduction in the required tectonic force because
the downgoing plate is kept cooler when subduc-
tion occurs beneath a colder over-riding plate.
The rheological properties of the plates and the

fault zone can strongly in£uence the character of
early subduction. For example, increasing the
reference viscosity R0 by a factor of 10 (Fig. 5d)
e¡ectively increases the elastic thickness of the
downgoing plate, so that the necessary tectonic
force is higher and the extensional rollback phase
is not reached in the ¢rst 200 km of convergence.
Increasing either the cohesion or coe⁄cient of
friction of the fault zone deters subduction initia-
tion. The average stress supported by a fault zone
of depth zf is :

cWC þ 1
2
Wgbzf ð8Þ

neglecting geometrical e¡ects for non-vertical
faults. Even for coe⁄cients of friction much less
than that inferred for any real rock (e.g. W=0.035,
Fig. 5d), the fault zone supports average stresses
exceeding 30 MPa over a depth of 50 km, and
subduction is far from self-sustained. Our models
suggest that self-sustained subduction requires
that average fault zone stresses are below V20
MPa. An average fault zone stress in the range

of a few tens of MPa agrees with estimates from
force balances in back-arc basins (10^30 MPa
[27]) and inferences of the amount of frictional
heating required to match heat £ow pro¢les (10^
60 MPa [28]). Since even weak rocks such as ser-
pentine (WW0.4 [29]) would support fault-aver-
aged stresses exceeding 290 MPa, these low in-
ferred stress levels would require that e¡ective
fault pressures are reduced by high pore pressure
£uids.
A weak fault zone as an initial condition is also

crucial for nucleating subduction. Without a weak
fault (cases 4 and 12), initial convergence across a
fracture zone is readily transmitted to the younger
plate. In this situation, convergence is accommo-
dated ¢rst by buckling the younger plate until a
fault is formed. This fault, however, has an initial
dip where the younger plate is underthrusted, a
situation unfavorable for prolonged subduction.
Much more convergence will be needed for sys-
tems without an initial weak zone to evolve to
self-sustaining subduction.

4. Synthesizing geodynamic and geologic
constraints

4.1. Extension and volcanism in nascent subduction
zones

Our results can be compared with the regional
evolution of incipient IBM subduction. The geo-
logical evolution of IBM during its infancy, a 10^
15 Myr interval from V50 to V35 Ma, was dis-
tinctly di¡erent from both its subsequent evolu-
tion and that of other ancient and modern arcs
[13]. The early arc was dominated by boninitic
volcanism, which requires a high degree of partial
melting of a clinopyroxene-poor source that is
depleted in basaltic components but enriched in
volatiles, presumably with an abnormally high
geothermal gradient [13,17]. When the Mariana
fore-arc was palinspastically restored with the
KPR (Fig. 1), Stern and Bloomer [13] found
that initial volcanism was exceptionally broad
(V200 km) compared to present arcs (V50 km
in width), magma production rates were substan-
tially higher than found in fully developed arcs
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(with rates in the early IBM comparable to mid-
ocean ridges), and the tectonic environment was
strongly extensional. This extensional signature is
apparently at odds with previous ideas in which
incipient subduction is favored in compressional
settings [2,18]. However, our models, which devel-
op zones of localized extension even though they
are regionally compressive, provide a compelling
match to IBM evolution, and would allow large
amounts of mantle to melt over a wide extension-
al zone.
The models have a wide zone of extended lith-

osphere directly above the shallow dipping slab in
which hot mantle is brought directly in contact
with the top of the slab at shallow depths (Fig.

4d). Geotherms (Fig. 6) directly above the slab
are likely to be extremely steep in comparison to
those of fully developed subduction zones or
those expected in modern intra-oceanic subduc-
tion zones undergoing back-arc extension. Be-
cause the slab is shallow dipping while falling ver-
tically (Fig. 4d), these nascent subduction zones
are di¡erent from present subduction zones, such
as Tonga and the Marianas, where back-arc
spreading centers lie above more steeply dipping
slabs. Since the slab is expected to dehydrate at
shallow depths [13,17], the dehydration in these
models would release water into hot upwelling
mantle, allowing extreme amounts of partial melt-
ing. The combination of rapid upwelling to shal-

Fig. 6. Vertical geotherms for the model shown in Fig. 4d. Inset shows temperature ¢eld at 6.8 Myr, with a contour interval of
200‡C up to 1000‡C. Vertical lines on the inset mark location of geotherms.

EPSL 6676 19-6-03 Cyaan Magenta Geel Zwart

C.E. Hall et al. / Earth and Planetary Science Letters 212 (2003) 15^30 25



low depths and an in£ux of volatiles would pre-
sumably favor abundant boninite production. Ad-
ditional melting-related buoyancy from melt re-
tention or iron depletion in the residual mantle
could further enhance melt production rates dur-
ing this phase of rapid extension [30].

4.2. Vertical plate motions

The over-riding plates of the WPB underwent
rapid vertical motions simultaneous with the ini-
tiation of IBM subduction. On the WPB, north of
the CBSC, a set of arcs (Daito Ridge and Oki
Daito Ridge, Fig. 1) are found which were active
in the Mesozoic but subsequently subsided to
deep water by the Paleocene [31]. However, cob-

bles in an Eocene conglomerate recovered from a
deep drill hole adjacent to the now £at-topped
Daito Ridge show rapid uplift in the Eocene
[31], synchronous with the initiation of subduc-
tion. Daito Ridge subsequently subsided to a
depth of 1.5 km from the Eocene to Quaternary
[32]. Rapid Eocene uplift and subsidence were as-
sociated with volcanism [33], presumably from the
adjacent KPR. Rapid uplift is expected where old-
er plates are underthrusted, such as the rapid up-
lift synchronous with subduction initiation on the
northern MRC [6]. Away from the spreading cen-
ter, our models (cases 20 and 22) show that a 10
Myr old over-riding plate would buckle during
underthrusting and give rise to uplift on the order
of 1 km. In contrast, our models suggest that for

Fig. 7. Paleo-age grids of the Paci¢c^Eurasia^Philippine plate region based on a global isochron data-set and plate circuit clo-
sure. Red lines indicate subduction zones, purple lines indicate spreading ridges, black lines are strike-slip boundaries. White dot-
ted lines mark the trace of PAC^IZA fracture zones. Blue patches represent the Izu-Bonin and KPRs while light gray patches
represent the Oki-Daito Complex. Black, red, and pink arrows are the convergence vectors between Paci¢c and Eurasia at 55,
45, and 35 Ma, respectively. Abbreviations: ANT=Antarctic Plate, AUS=Australian Plate, CBSC=Central Basin Spreading
Centre, EUR=Eurasian Plate, IZA= Izanagi Plate, OD=Oki-Daito Complex, PAC=Paci¢c Plate, PH=Philippine Plate.
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underthrusting beneath younger lithosphere near
the active spreading center, little uplift would be
expected.

4.3. Reconstructing the origin of the IBM
subduction zone

Our models for transforming a fracture zone
into a self-sustaining subduction zone require ap-
proximately 100 km of compression before the
slab begins its rapid vertical descent. As indicated
by volcanic ages [11], rapid subduction may have
begun in IBM as early as 49 Ma, and possibly is a
driving mechanism for the change in Paci¢c Plate
motion. However, the bend in the Hawaiian-Em-

peror hot-spot track may re£ect changes in the
motion of the hot-spot and not a change in abso-
lute plate motion [34]. Moreover, the WPB and
IBM have undergone substantial clockwise rota-
tion since the Eocene [35]. Due to these complex-
ities, we have used a new set of reconstructions
based on a global plate circuit [36] incorporating
a ¢xed Atlantic hot-spot reference frame together
with a revised interpretation for WPB opening
[37] to determine if any changes in Paci¢c Plate
motions could have forced convergence across the
Eocene IBM margin.
The reconstructions show that in the Eocene,

the orientation of the proto-IBM boundary is par-
allel to the orientation of predicted Izanagi

Fig. 8. Ages of over-riding and downgoing plates, and the maximum resistance to convergence along the transform boundary
that becomes the IBM subduction zone in the reconstructions. Vectors give plate motions relative to the lower right plate. On
the over-riding plate, dashed vector is for pre-55 Ma motion and the solid vector is for motions between 55 and 45 Ma. The
large discontinuity in sea£oor age near the spreading center is due to an inferred ridge jump that had occurred just prior to 55
Ma.
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(IZA)^Paci¢c (PAC) fracture zones (Fig. 7). From
this geometry, the Paci¢c Plate’s rate and direc-
tion of motion changed substantially from near
parallel to fracture zones at 55 Ma to obliquely
convergent between 55 Ma and 45 Ma. An upper
limit of V2^3 cm yr31 convergence rate across
the IZA^PAC fracture zone is found by assuming
IZA remained ¢xed with respect to EUR, such
that 100 km of convergence could have occurred
within V5 Myr. Our models suggest that this
fracture zone could therefore have been forced
to the stage of rapid rollback and self-sustaining
subduction.
The force required to create this new plate

boundary can be estimated using the boundary
evolution models and the paleogeographic recon-
structions. From the paleogeographic reconstruc-
tion at 55 Ma (Fig. 7), we determine the ages of
plates on both sides of the transforms and frac-
ture zones bounding the Paci¢c and IZA. Using
the force evolution curves in Fig. 5a,b (plus other
cases), we derive an empirical relation for the
maximum resisting force for converging plates of
di¡erent ages.
We estimate that the integrated resisting force

along 2500 km of the nascent IBM trench was
V2U1019 N (Fig. 8). The driving forces on the
Paci¢c Plate at 55 Ma are unknown; however, the
plate was relatively fast-moving (V6 cm yr31

with respect to EUR) and was connected to
both a long-lived subduction zone in the west
and an extensive ridge system in the east (Fig.
7). Present day driving forces are estimated to
total 1.9U1021 N [38]. If the Paci¢c Plate had
10% of this force available at 55 Ma, then resist-
ing forces along the incipient trench would only
be 10% of the driving force. Consequently,
changes in plate motion appear capable of provid-
ing the force required to nucleate a new subduc-
tion zone even if only a small amount of the
available tectonic forces can be applied at a frac-
ture zone of su⁄cient o¡set.

5. Conclusions

We have shown that oceanic fracture zones can
be transformed into a self-sustaining subduction

zone after at least V100 km of convergence.
Forces required to drive convergence never exceed
expected driving forces (6 4U1012 N m31), so
long as convergence is accommodated along a
weak (supporting at most V10 MPa average
stress) fault zone. As the forces governing slab
dynamics evolve and subduction transitions to-
ward a self-sustaining state, vertical descent of
the slab increases rapidly. This in turn leads to
rapid trench rollback and extension in the over-
riding plate. The models show the ¢rst self-con-
sistent development of zones of rapid, localized
extension within areas that are undergoing region-
al compression, and therefore help to overcome
the paradox between early extensional geological
signatures preserved in fore-arc basements and the
need for convergence to start subduction.

Acknowledgements

We thank Y. Podladchikov and A. Poliakov for
sharing their PARAZOV program. Reviews by D.
Blackman, R. Stern, and S. Zhong greatly clari-
¢ed the manuscript. This work was supported by
NSF Grants EAR-0003558 and EAR-0107137,
and is Contribution No. 8944 of the Seismological
Laboratory.[SK]

References

[1] J.T. Wilson, Did the Atlantic close and then re-open?,
Nature 211 (1966) 676^681.

[2] D.P. McKenzie, The initiation of trenches: A ¢nite am-
plitude instability, in: M. Talwani, W.C. Pitman (Eds.),
Island Arcs, Deep Sea Trenches, and Back-Arc Basins,
Maurice Ewing Series 1, Am. Geophys. Union, Washing-
ton, DC, 1977, pp. 57^61.

[3] S. Mueller, R.J. Phillips, On the initiation of subduction,
J. Geophys. Res. 96 (1991) 651^665.

[4] J. Toth, M. Gurnis, Dynamics of subduction initiation at
pre-existing fault zones, J. Geophys. Res. 103 (1998)
18053^18067.

[5] J.-Y. Collot, G. Lamerche, R.A. Wood, J. Delteil, M.
Sosson, J.-F. Lebrun, M.F. Co⁄n, Morphostructure of
an incipient subduction zone along a transform plate
boundary: Puysegur ridge and trench, Geology 23
(1995) 519^522.

[6] M.A. House, M. Gurnis, P.J.J. Kamp, R. Sutherland,
Uplift in the Fiordland region. New Zealand: Implica-

EPSL 6676 19-6-03 Cyaan Magenta Geel Zwart

C.E. Hall et al. / Earth and Planetary Science Letters 212 (2003) 15^3028



tions for incipient subduction, Science 297 (2002) 2038^
2041.

[7] J.-F. Lebrun, G.D. Karner, J.-Y. Collot, Fracture zone
subduction and reactivation across the Puysegur ridge/
trench system, southern New Zealand, J. Geophys. Res.
103 (1998) 7293^7313.

[8] B. Isacks, P. Molnar, Distribution of stresses in the de-
scending lithosphere from a global survey of focal-mech-
anism solutions of mantle earthquakes, Rev. Geophys.
Space Phys. 9 (1971) 103^174.

[9] R.D. Mu«ller, U.R. Roest, J.-Y. Royer, L.M. Gahagan,
J.G. Sclater, Digital isochrons of the world’s ocean £oor,
J. Geophys. Res. 102 (1997) 3211^3214.

[10] S.H. Bloomer, B. Taylor, C.J. MacLeod, R.J. Stern, P.
Fryer, J.W. Hawkins, L. Johnson, Early arc volcanism
and the ophiolite problem: A perspective from drilling
in the western Paci¢c, in: J. Natland (Ed.), Active Mar-
gins and Marginal Basins of the Western Paci¢c, Geo-
physical Monograph Series 88, Am. Geophys. Union,
Washington, DC, 1995, pp. 1^30.

[11] M.A. Cosca, R.J. Arculus, J.A. Pearce, J.G. Mitchell,
40Ar/39Ar and K-Ar geochronological age constraints
for the inception and early evolution of the Izu-Bonin-
Mariana arc system, Island Arc 7 (1998) 579^595.

[12] D.M. Hussong, S. Uyeda, Tectonic processes and the
history of the Mariana arc: A synthesis of the results
of Deep Sea Drilling Project Leg 60, in: S. Uyeda
(Ed.), Init. Rep. Deep Sea Drill. Proj. 60, U.S. Govern-
ment Printing O⁄ce, Washington, DC, 1981, pp. 909^
929.

[13] R.J. Stern, S.H. Bloomer, Subduction zone infancy: Ex-
amples from the Eocene Izu-Bonin-Mariana and Jurassic
California arcs, Geol. Soc. Am. Bull. 104 (1992) 1621^
1636.

[14] T.W.C. Hilde, C.-S. Lee, Origin and evolution of the west
Philippine Basin: A new interpretation, Tectonophsyics
102 (1984) 85^104.

[15] C.L. Mrozowski, S.D. Lewis, D.E. Hayes, Complexities in
the tectonic evolution of the West Philippine Basin, Tec-
tonophysics 82 (1982) 1^24.

[16] S. Uyeda, Z. Ben-Avraham, Origin and development of
the Philippine Sea, Nat. Phys. Sci. 240 (1972) 176^178.

[17] J.A. Pearce, S.R. van der Laan, R.J. Arculus, B.J. Mur-
ton, T. Ishii, D.W. Peate, I.J. Parkinson, Boninite and
harzburgite from Leg 125 (Bonin-Mariana Forearc): A
case study of magma genesis during the initial stages of
subduction, in: L.B. Stokking (Ed.), Proc. Ocean Drill.
Prog., Sci. Results, 125, 1992, pp. 623^659.

[18] J.F. Casey, J.F. Dewey, Initiation of subduction zones
along transform and accreting plate boundaries, triple
junction evolution, and forearc spreading centres ^ impli-
cations for ophiolitic geology and obduction, in: A.W.
Shelton (Ed.), Ophiolites and Oceanic Lithosphere, Spec.
Publ. 13, Geol. Soc. Am., 1984, pp. 269^290.

[19] Y. Tomoda, H. Fujimoto, T. Matsumoto, Thickness
anomalies of the lithosphere, driving force of subduction
and accretion tectonics, in: N. Nasu (Ed.), Formation of

Active Ocean Margins, Terra Publishing Co., Tokyo,
1985, pp. 43^58.

[20] K. Regenauer-Lieb, D.A. Yuen, J. Branlund, The initia-
tion of subduction: Criticality by addition of water?, Sci-
ence 294 (2001) 578^580.

[21] A.N.B. Poliakov, P.A. Cundall, Y.Y. Podladchikov, V.A.
Lyakhovsky, An explicit inertial method for the simula-
tion of viscoelastic £ow: an evaluation of elastic e¡ects on
diapiric £ow in two- and three-layers models, in: D.B.
Stone, S.K. Runcorn (Eds.), Flow and Creep in the Solar
System: Observations, Modeling, and Theory, Kluwer
Academic Publishers, 1993, pp. 175^195.

[22] S.-I. Karato, P. Wu, Rheology of the upper mantle: A
synthesis, Science 260 (1993) 771^778.

[23] A.N.B. Poliakov, H.J. Herrmann, Self-organized critical-
ity of plastic shear bands in rocks, Geophys. Res. Lett. 21
(1994) 2143^2146.

[24] P.A. Cundall, Numerical experiments on localization in
frictional materials, Ing. Arch. 58 (1989) 148^159.

[25] A.N.B. Poliakov, Y. Podladchikov, C. Talbot, Initiation
of salt diapirs with frictional overburdens: numerical ex-
periments, Tectonophysics 228 (1993) 199^210.

[26] L.L. Lavier, W.R. Buck, Half graben versus large-o¡set
low-angle normal fault: Importance of keeping cool dur-
ing normal faulting, J. Geophys. Res 107(B6), 2002,
doi:10.1029/2001JB00513.

[27] P. Bird, Stress and temperature in subduction shear
zones: Tonga and Mariana, Geophys. J. R. Astron.
Soc. 55 (1978) 411^434.

[28] S.M. Peacock, Thermal structure and metamorphic evo-
lution of subducting slabs, in: J.M. Eiler, G. Abers (Eds.),
The Subduction Factory, AGU Geophysical Monograph,
American Geophysical Union, Washington, DC, 2003.

[29] J. Escartin, G. Hirth, B. Evans, Nondilatant brittle defor-
mation of serpentinites: Implications of Mohr-Coulomb
theory and the strength of faults, J. Geophys. Res. 102
(1997) 2897^2913.

[30] M.J. Raddick, E.M. Parmentier, D.S. Scheirer, Buoyant
decompression melting: A possible mechanism for intra-
plate volcanism, J. Geophys. Res. 107(B10), 2228, 2002,
doi:10.1029/2001JB000617.

[31] W. Mills, Analysis of conglomerates and associated sedi-
mentary rocks of the Daito Ridge, Deep Sea Drilling
Project Site 445, in: Init. Rep. Deep Sea Drill. Proj. 58,
1980.

[32] A. Mizuno, Y. Okuda, S. Niagumo, H. Kagami, N. Nasu,
Subsidence of the Daito Ridge and associated basins,
North Philippine Sea, in: P.W. Dickerson (Ed.), Geophys-
ical and Geological Investigations of Continental Mar-
gins, AAPG Memoir 29, American Association of Petro-
leum Geologists, Tulsa, OK, 1979.

[33] H. Chamley, Clay sedimentation and paleoenvironment in
the area of Daito Ridge (Northwest Philippine Sea) since
the Early Eocene, in: Init. Rep. Deep Sea Drill. Proj. 58,
1980.

[34] J.A. Tarduno, R.D. Cottrell, Paleomagnetic evidence for
motion of the Hawaiian hotspot during formation of the

EPSL 6676 19-6-03 Cyaan Magenta Geel Zwart

C.E. Hall et al. / Earth and Planetary Science Letters 212 (2003) 15^30 29



Emperor seamounts, Earth Planet. Sci. Lett. 153 (1997)
171^180.

[35] R. Hall, J.R. Ali, C.D. Anderson, S.J. Baker, Origin and
motion history of the Philippine Sea Plate, Tectono-
phsyics 251 (1995) 229^250.

[36] R.D. Mu«ller, J.-Y. Royer, L.A. Lawver, Revised plate
motions relative to the hotspots from combined Atlantic
and Indian hotspot tracks, Geology 21 (1993) 275^278.

[37] D. Mueller, C. Gaina, W.R. Roest, S. Clark, M. Sdrolias,

The evolution of global oceanic crust from Jurassic to
present day: A global data integration, EOS Trans.
AGU 83(47), Fall Meet. Suppl., Abstract OS61C-08,
2002.

[38] C.P. Conrad, C. Lithgow-Bertelloni, How mantle slabs
drive plate tectonics, Science 298 (2002) 207^209.

[39] D.T. Sandwell, W.H.F. Smith, Marine gravity anomaly
from ERS-1, Geosat and satellite altimetry, J. Geophys.
Res. 102 (1997) 10039^10045.

EPSL 6676 19-6-03 Cyaan Magenta Geel Zwart

C.E. Hall et al. / Earth and Planetary Science Letters 212 (2003) 15^3030


	Catastrophic initiation of subduction following forced convergence across fracture zones
	Introduction
	Modeling the evolution of fracture zones
	Initial and boundary conditions
	Rheology

	Plate boundary evolution at transform boundaries
	Models with no applied plate motion
	Models with applied compression
	Critical aspects for initiating subduction

	Synthesizing geodynamic and geologic constraints
	Extension and volcanism in nascent subduction zones
	Vertical plate motions
	Reconstructing the origin of the IBM subduction zone

	Conclusions
	Acknowledgements
	References


