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[1] Although most of the presently active intra-oceanic
subduction zones are relatively young and initiated during
the Cenozoic, subduction initiation process remains poorly
understood. Previous models of subduction initiation
assumed excessive weakening of tectonic plate bound-
aries that does not reconcile with laboratory rock strength
measurements. The weakening was assumed to be caused
by fluids present along tectonic fractures; however no self-
consistent solid-fluid model of subduction initiation has been
developed so far. Here we present new numerical hydro-
thermo-mechanical model of spontaneous intra-oceanic sub-
duction initiation where solid rock deformation and fluid
percolation are fully coupled. Based on 2-D numerical
experiments, we demonstrate that although subduction fails
to initiate under fluid-absent conditions, it can naturally start
when porous fluid is present inside oceanic crust and along
the plate boundaries. Fluid percolation is localized along
spontaneously forming faults where high fluid pressure
compensates lithostatic pressure, thus dramatically decreas-
ing friction along the incipient subduction zone. Through
the parametric study, we conclude that the most important
parameter for subduction initiation is the solid matrix per-
meability. Paradoxical at first, lowering the permeability
indeed favors subduction initiation by maintaining high fluid
pressure and thus decreasing friction along active faults.
Citation: Dymkova, D., and T. Gerya (2013), Porous fluid flow
enables oceanic subduction initiation on Earth, Geophys. Res. Lett.,
40, 5671-5676, doi:10.1002/2013GL057798.

1. Introduction

[2] The processes governing subduction initiation,
although poorly understood and still open for debate, are
integral to the plate tectonic regime on Earth [Bercovici,
2003; Gurnis et al., 2004; Nikolaeva et al., 2008]. Nearly
half of all the presently active subduction zones have been
activated during the Cenozoic, mainly in intra-oceanic
environments, indicating that this is a routine process dur-
ing normal plate tectonic evolution [Gurnis et al., 2004].
Intra-oceanic subduction initiation occurs in a variety of
tectonic settings including old fracture zones, transform
faults, extinct spreading centers, and back-arc regions of
active subduction zones [Casey and Dewey, 1984; Gurnis
et al., 2004; Stern, 2004]. In particular, it has been pro-
posed that changes in plate motions and/or lateral buoyancy
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contrasts of contacting lithospheric segments are the
driver(s) for conversion of transform faults and old
oceanic fracture zones into trenches [Casey and Dewey,
1984; Gurnis et al., 2004; Hall et al., 2003; Stern,
2004]. This process was numerically modeled both under
conditions of induced plate convergence [Gurnis et al.,
2004; Hall et al., 2003] and as a spontaneous buoyancy-
driven fracture zone collapse [Gerya et al., 2008; Nikolaeva
et al., 2008; Zhu et al., 2009]. However, numerical results
demonstrated that fracture zones and incipient subduc-
tion zones with a very low coefficient of internal friction
(0-0.05) are prerequisites for a stable self-sustaining
oceanic subduction initiation [Gerya et al., 2008; Hall et al.,
2003]. These extremely low values do not reconcile with
laboratory strength measurements, suggesting much higher
friction coefficients (0.2-0.85) for fractured crustal and
mantle rocks [Brace and Kohlistedt, 1980; Byerlee, 1978;
Escartin et al., 2001]. For dry fractured crystalline rocks in
particular, the friction coefficients are largely independent
of composition and varies from 0.85 at pressures below
200 MPa to 0.60 at higher pressures [Brace and Kohlstedt,
1980; Byerlee, 1978] (Byerlee law). It is notably lower
(0.15-0.45) [Escartin et al., 2001; Moore et al., 1996, 1997;
Reinen et al., 1994] for serpentinized peridotites present
at oceanic transform plate boundaries [Gregg et al., 2007;
Planert et al., 2007; Roland et al., 2010] yet not low enough
to enable self-sustaining subduction initiation. Previous
subduction initiation models assumed extreme weakening
attributed to fluids present along tectonic fractures [Gerya
et al., 2008; Gurnis et al., 2004]. However, the feasibility
of this assumption remains open and has not yet been veri-
fied on the basis of the self-consistent models [Katz, 2010;
Rozhko et al., 2007] coupling solid deformation and fluid
percolation during subduction initiation.

[3] This work documents results from the new high-
resolution 2-D hydro-thermo-mechanical (HTM) numerical
models of spontaneous intra-oceanic subduction initiation
where solid rock deformation and fluid percolation are fully
coupled. In contrast to the previous numerical studies, our
HTM numerical models use high brittle/plastic strength of
rocks, which is consistent with the laboratory data and
directly accounts for the rheological effects of fluids. Self-
sustaining oceanic subduction initiation by gravitational
fracture zone collapse [Stern, 2004] is systematically repro-
duced in our numerical experiments. Critical parameters
controlling the subduction initiation, such as water content in
the oceanic crust and fracture zone, solid matrix permeabil-
ity, brittle/plastic strength of rocks, plate ages and fracture
zone width, are further investigated.

2. Method

[4] The computational domain is 600 km by 250 km
in length and depth, respectively, and has a regular grid
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Figure 1. Initial model setup and evolution of subduction initiation for two reference cases: with and without fluid. Black
triangle defines the position of trench. Model parameters: porosity of the upper crust and transform fault 1.0%, transform
fault width 50 km, y = 0.4, ages of the slab and overriding plate 100 and 20 Ma, respectively, reference permeability
Ko =102 m?. (a) Initial model setup, lithological map. (b—e) Evolutionary scenario of the model with fluid. (f) Topography

development. (g) Evolution of the “dry” model.

resolution of 1 km x 1 km. A tectonic setup represent-
ing two oceanic plates of contrasting ages juxtaposed by
a transform fault [Hall et al., 2003; Gurnis et al., 2004]
(Figure la), which has a rectangular shape of 10-50 km
width and reaches depths equivalent to the 1300 K isotherm
of the young plate, is used. The fault zone is placed at
a distance of 90-130 km (length of the overriding plate)
from the right boundary. The initial thermal structure corre-
sponds to cooling ages of the plates [Turcotte and Schubert,
2002]. Upper crust and transform fault materials remain
of realistic rheological strength (internal friction coefficient
0.2 — 0.6) and are introduced as porous media filled with
fluid at porosity levels of 0.5 — 3.0%; thus, the fault zone
is being considered as deeply hydrated [Korenaga, 2007].
The plate surface is covered with a low-viscosity sea water
layer to simulate a free surface [Schmeling et al., 2008;
Crameri et al., 2012]. No imposed convergence is applied
to the system which is solely driven by the lateral buoyancy
contrast of contacting plates with contrasting cooling ages
[Stern, 2004].

[s] The system of equations for the coupled solid-fluid
flow is based on existing approaches [Bercovici et al., 2001;
Domenico and Schwartz, 1990; McKenzie, 1984; Morency
et al., 2007; Rozhko et al., 2007; Stevenson and Scott, 1991]
(see supporting information) and is reformulated for easier
implementation with the finite difference method applied on
a fully staggered grid. Fluid filtration through the porous
material (Darcy’s law) and deformation of the bulk porous
fluid-filled matrix are coupled by means of total (bulk)
pressure which is defined as [e.g., Morency et al., 2007]

()

where p,r is a solid and fluid pressure respectively and ¢
is matrix porosity. For obtaining the porosity evolution we

pi=(-)ps+to-pp

solve the viscous compaction equation [Bercovici, 2003;
Connolly and Podladchikov, 1998]:

DIn(1-¢) _pi—pr
Dt Moulk

@

where npyx = /@ is bulk viscosity and 7 is shear viscosity
of a porous fluid-filled matrix and D/Dt is Lagrangian time
derivative.

[6] Crustal and mantle rocks have nonlinear viscoplas-
tic rheology (see supporting information), and brittle/plastic
deformation is implemented with Drucker-Prager yield cri-
terion where the fluid pressure effect is directly taken into
consideration [Ranalli, 1995; Rozhko et al., 2007]:

ovield = C+ v (i —py), 3
where C is residual strength at zero pressure, y is inter-
nal friction coefficient and ov;qq is a deviatoric stress
limit at which brittle/plastic yielding occurs. According
to this equation, fluid pressure plays a critical role, sig-
nificantly reducing brittle/plastic strength of the yielding
porous material.

[7]1 Evolution of flow instabilities during viscous com-
paction is facilitated by a nonlinear porosity-permeability
relationship [Barcilon and Richter, 1986]. Theoretically,
functions of permeability depending on porosity can vary
from quadratic to cubic [Gueguen and Dienes, 1989], while
the value suggested for natural pore distribution is around
three [Connolly and Podladchikov, 2000; Morency et al.,
2007; Zhu et al., 1995]:

K =Ko - (¢/90)’, “

where K is the reference permeability value for ¢y = 1.0%.
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Figure 2. Development of thrusting zones during subduction initiation, detalization of Figure 1d. (a) Viscosity diagram
shows that thrusting zones are low-viscosity zones atop the slab. (b) Strain rate diagram shows that the amount of deforma-
tion is the highest in the low-viscosity zones. (¢) Darcy velocity diagram shows the fluid filtration along the thrusting zones.
(d) Temperature diagram shows hot mantle upwelling to the region above the slab.

3. Results

[8] In the series of 87 experiments, we have systemati-
cally varied width of the transform fault and model param-
eters such as cooling ages of the plates, porosity, reference
permeability, and friction coefficient (y) of hydrated rocks
(upper oceanic crust and transform fault). Two reference
models, “wet” (Figures 1b—1f) and “dry” (Figure 1g), are
compared in Figure 1. In the “wet” model, solid-fluid cou-
pling is taken into account, whereas in the “dry” model,
influence of fluid pressure on the brittle/plastic strength of
rocks is neglected. All other parameters for these two models
are identical. “Wet” model shows spontaneous development
of retreating subduction (Figures 1b—le), whereas a stag-
nant lid regime develops in the “dry” model (Figure 1g),
thus implying critical significance of fluid-induced rheolog-
ical weakening for oceanic subduction initiation. According
to the “wet” model, subduction starts gradually within circa
10 Myr as the negative buoyancy of the downward bend-
ing older plate is building up with time [Gurnis et al.,
2004] (Figure S1 in the supporting information). During
this period, thrusting zones (faults) of low-viscosity, high-
porosity, and elevated fluid pressure are created atop the
older plate (Figure 2), along which deformation (Figure 2b)
and fluid flow (Figure 2c) are localized. Once the trench is
formed by 3.69 Ma, it keeps deepening, but its position is rel-
atively stable till 9.91 Ma, when the older plate starts rapidly
sinking (Figure 1c¢), thus forming a pronounced subducting
slab. As hot low-viscosity asthenosphere reaches the region
above the slab (Figure lc and Figure 2d), the downward
bending of the slab notably accelerates. The main thrusting

zone formed atop of the slab maintains decoupling between
the plates and the lubrication of the slab descending. This
stage is accompanied by rapid trench rollback continuously
accelerating with an average velocity of 16.3 cm/yr. As a
result, the model evolves into a self-sustaining subduction
(Figure le).

[o] Topography that is being developed (Figure 1f) has
realistic trench depths of ~ 3—4 km, a pronounced fore-
bulge and undergoes through several development stages.
Initially, topography is distributed according to the cooling
ages prescribed (0.02 Ma curve). During early stage forma-
tion of thrust faults, the fore arc region experiences rapid
uplift (3.69 Ma curve) followed by a relaxation period after
decoupling of plates and beginning of mantle upwelling
and overriding plate extension (9.91 Ma). Similar topogra-
phy evolution was observed in subduction initiation models
[Gurnis et al., 2004; Hall et al., 2003] with prescribed plate
convergences. At the onset of rapid slab descent, a second
stage of uplift associated with overriding plate topography
results in further deepening of the trench and roll back of the
slab (Figure 1f, curves 10.50, 10.72, and 10.82 Ma) due to
the vigorous hot asthenospheric mantle upwelling under the
thing overriding the plate (Figure 1d,e).

[10] Our parametric study suggests that reference per-
meability of hydrated rocks is the main parameter affect-
ing efficiency of solid-fluid rheological coupling and thus
oceanic subduction initiation efficiency (Figure 3a). Para-
doxical at first, lowering the permeability of rocks indeed
favors subduction initiation. Explanation is rather simple—
high permeability of fluid-bearing rocks favors relatively
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Figure 3. Parametrical study. Vertical scale values signify the age of the subducting slab (Ma); horizontal scale represents
either internal friction coefficient y (Figures 3a, 3b, and 3d) or the transform fault width (km; Figure 3c); gray area denotes
stagnant lid regime, purple stands for subduction initiation; porosity mentioned is porosity of the upper crust and transform
fault. Default model parameters (if not specified on the diagram): porosity of the transform fault and upper crust 1.5%,
reference permeability Ky = 102! m?, y = 0.2, age of the younger plate 20 Ma, and width of the transform fault 50 km. (a)
Reference permeability influence. (b) Influence of the younger plate age (“YP,” 10 and 20 Ma). (¢) Influence of transform
fault width for different younger plate ages (10 and 20 Ma). (d) Transform fault porosity influence.

low near-hydrostatic fluid pressure, which does not allow for
strong lowering of brittle/plastic strength of rocks required
for subduction initiation. In contrast, low permeability pro-
motes high (near-lithostatic) fluid pressures, thus providing
efficient rheological weakening of coupled solid-fluid sys-
tem (equation (3)).

[11] Ages of both subducting and overriding plates also
have a strong influence on subduction initiation (Figure 3b).
Older slabs have greater negative buoyancies and get sub-
ducted easier. Likewise, decreasing the age of the overriding
plate increases the buoyancy contrast and diminishes the
coupling between the plates thus also facilitating subduc-
tion initiation. Variance of transform fault width from 10
to 50 km (and can reach even greater dimensions in case
of two closely located serpentinized fracture zones) [Hall
et al., 2003] also has a notable influence on the model
development: the wider the fault zone, the greater the
amount of wet, naturally weakened material between the
plates providing intrinsic lubrication, the easier the subduc-
tion can be initiated (Figure 3c).

[12] Influence of initial porosity of hydrated rocks on sub-
duction initiation appeared to be more complex (Figures 3¢
and 3d). On the one hand, initial porosity of the trans-
form should be high enough to provide sufficient amount of
water for the formation of the porous thrusting zones along
which fluid flow is localized. Porosity, and thus permeabil-
ity, of fractured rocks should be low enough to maintain
high porous fluid pressure which allows for stable slab
surface lubrication and decoupling of plates. Since perme-
ability increases with the cube of porosity (equation (4)),

steady porosity growth would strongly increase permeabil-
ity, thus favoring low (near-hydrostatic) rather than high
(near-lithostatic) fluid pressure. Results of our experiments
suggest (Figure 3c) that for the reference permeability Ky =
102" m?, a porosity range from 1.0% to 2.5% is the most
propitious for subduction initiation. When porosity goes
down to the value of 0.5%, the amount of fluid is not enough
to support a mobile lid regime and subduction freezes at
initial stage. Likewise, reaching a porosity of 3.0% rises
the magnitude of permeability to a critical limit where fluid
pressure does not reach a high enough value to provide
rock failure, and henceforth, subduction initiation becomes
more difficult.

[13] Our model confirms that deeply hydrated oceanic
transforms and fracture zones are favorable settings for sub-
duction initiation [Hall et al., 2003; Gurnis et al., 2004,
Stern, 2004; Casey and Dewey, 1984]. According to pre-
vious models [Hall et al., 2003; Gurnis et al., 2004], sub-
duction initiation in these settings can be further facilitated
by changes in the plate motion providing favorable condi-
tions for activation of initial thrusting and plate lubrication
(Figures 1b and 1c) before turning toward the retreating
subduction mode (Figure 1d and le). Among a number of
recently initiated oceanic subduction zones [Gurnis et al.,
2004], the Puysegur-Fiordland subduction zone, southwest
of New Zealand, could be considered a good natural exam-
ple of incipient subduction as it has been initiated in the
recent 12-5 Ma [House et al., 2002; Gurnis et al.,
2004; Sutherland et al., 2009] at a fracture zone between
Australian and Pacific plates. The rapid uplift of 1-2 km
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observed in the Fiordland region is associated with the
beginning of the process [House et al., 2002]. Together with
the Puysegur trench, reaching depths of approximately 6.5
km at its deepest point, regional topography forms a similar
profile to that we observed in our experiments (Figure 1f).
[zu-Bonin-Marianna zone is an example of a more ancient
subduction initiation having experienced its infancy period
between ~ 50 and 35 Ma characterized by remarkably
broad initial volcanism of ~200 km [Hall et al., 2003;
Stern and Bloomer, 1992; Gurnis et al., 2004] with high
ratios of magma production compared to present-day arcs of
~ 50 km. The tectonic regime was strongly extensional and
is in agreement with our results, similar to Hall et al. [2003],
where a broad zone of extension is being formed above
the slab subducting at a shallow angle. Hot mantle fills the
region above the slab at shallow depth where slab nose dehy-
dration takes place (Figures 2c¢ and 2d). These conditions
are favorable for extended formation of partial melting that
could be the plausible explanation for the vast volcanism
occurring in the incipient subduction systems. The situation
is considerably different from evolved subduction zones,
where the subducting plate angle is notably steeper and
geotherms above the slab are not as drastic. Our fully cou-
pled HTM solid-fluid subduction initiation model also has
some broader implications. In particular, slab bending in our
experiments associates with normal faulting and hydration
of the slab in the outer rise region (Figures 1d and S1). Seis-
mic and heat flow investigations show that there is an active
water penetration and deep hydration of the slab in the bend-
ing region below the crust-mantle boundary [Grevemeyer
et al., 2007; Ranero et al., 2003]. Faccenda et al. [2009]
performed numerical modeling of an oceanic subduction
using simplified kinematic model of water propagation and
showed that bending-related stress changes within the slab
produce subhydrostatic pressure gradients along the normal
faults, thus providing the downward fluid pumping. In our
experiments, this effect is confirmed on the basis of fully
coupled solid-fluid model (Figures S2 and S3), in which the
excess porous fluid pressure allows for both porous space
opening and subsequent downward fluid suction along the
bending-related normal faults.

[14] Based on the results achieved, we also expect that
implications of the two-phase fluid flow into the high-
resolution global mantle convection models [Stadler et al.,
2010] will allow reproduction of global plate tectonics with
single-sided subduction [Crameri et al., 2012] on the basis
of laboratory measurements rather than a priori lowered
rheological strength of natural rocks.
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detailed comments on the paper. The research leading to these results
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