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A case for hot slab surface temperatures in numerical viscous flow
models of subduction zones with an improved fault zone

parameterization

James A. Conder∗

Department of Earth and Planetary Sciences, Washington University, Campus Box 1169, St. Louis, MO 63130, USA

Received 28 February 2004; received in revised form 16 April 2004; accepted 26 August 2004

Abstract

Viscous flow models play a fundamental role in our understanding of the dynamics and thermal structure of subduction zones.
For example, the relatively cool slabs produced in 2D viscous flow models have been central to the argument against slab
and sediment melting at subduction zones except in special cases, such as near slab edges. Because flow models have such an
important role in our insight to the subduction process, it is imperative to understand how various assumptions in the models
affect their results. The fault zone is a key part of subduction models, but the effects of different parameterizations on the results
have been largely ignored. The two main fault parameterizations used in the literature are weak (low viscosity) nodes imposed at
the fault surface and an imposed rigid overlying plate. Each formulation has pros and cons, but their only physical justification is
that they keep the overlying mechanical lithosphere from deforming in unrealistic ways. Because the assigned thickness of the
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mposed plate or the dimensions of the weak zone governs the amount of ablation that occurs in the corner and the tem
he material advected to the subducting slab, different arbitrary implementations can result in significantly different flow
nd thermal structures. A fault zone parameterization with a rigid plate defined by temperature and strain rate rather tha
r other geometry could ameliorate the predicament. This formulation removes much of the arbitrariness from the mo

t is based on a physical process. This formulation has the advantages of restricting viscous deformation in the overri
ithout limiting processes such as ablation by imposed boundary conditions. Model results with this parameterizat
otter slab surface temperatures than previously shown in the literature. The results also agree as well as or better

ormulations with geophysical observations such as heat flow, seismic velocity, and seismic attenuation. The calcula
lab surface temperatures could lead to a reappreciation of sediment melting at subduction zones without requiring a
ectonic environment.
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1. Introduction

Numerical and analytical viscous flow models
central in shaping our understanding of subduc
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zone dynamics and thermal structures. For instance, the
thermal structure results of numerical models are often
cited as primary evidence that the cold slab is not heated
enough by the adjacent asthenospheric wedge to melt
the subducted oceanic crust or associated sediments
(e.g., Davies and Stevenson, 1992) and as evidence
that frictional heating on the fault is also not likely
to produce enough heat to melt the slab (e.g.,Andrews
and Sleep, 1974). Wedge models have helped give a
better picture of the mineralogy and metamorphism in
subduction zones (e.g.,Peacock, 1996), and recent nu-
merical results have demonstrated that decompression
melting is a viable melting mechanism at volcanic arcs
(Conder et al., 2002b). Because of its versatility, numer-
ical modeling will undoubtedly continue as a primary
tool for understanding important geological processes
within the mantle wedge.

As viscous codes proliferate through the geophys-
ical community and continue to produce insightful
results regarding subduction zones, the number of stud-
ies using numerical viscous flow models is likely to in-
crease. When designing a wedge model, every modeler
must decide how to address the fault. Simply ignoring
the fault by allowing complete viscous coupling be-
tween the two converging plates leads to unrealistic
deformation of the overlying plate by either extreme
ablation or recycling of the overlying plate, depending
on the given model setup and boundary conditions. Ul-
timately, the best way to treat the fault zone will proba-
bly be with codes that can handle visco–elastic–plastic
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Fig. 1. Schematic representation of two commonly used wedge
model parameterizations to address the fault zone. In both, nodes
in the subducting plate are assigned a velocity condition to make
subduction a continuous process. Parameterizations such as these
shown are necessary to keep the overriding plate from complete vis-
cous coupling across the fault. (a) The viscosity at nodes within a
given region at the surface of the slabs are reduced to promote sliding
along the fault and reducing the viscous deformation in the overrid-
ing plate. (b) Nodes in the upper plate are assigned a zero velocity
condition, isolating them from the corner flow and allowing no de-
formation in the upper plate. The upper plate does not need to be of
uniform thickness. For example, some studies (Peacock and Wang,
1999; van Keken et al., 2002) use an upper plate with the shape given
with the outlined block removed.

flow region (Fig. 1). To implement a fault with the lat-
ter method, it is technically only necessary to fix the
nodes in the upper plate directly adjacent to the fault.
However, it makes intuitive sense to make a rigid plate
rather than just a rigid fault, so the entire plate is typ-
ically fixed in the literature. To date, the influence of
various fault parameterizations on the results has been
largely ignored. This study explores the implications
for the predicted thermal structures and flow patterns
for the applications of the two methods listed above and
the different ways of introducing the given assumptions
to the models. I show that both methods give broadly
heologies such as FLAC (e.g.,Hall et al., 2003), espe
ially for examining the coupling of surface dynam
ith the deeper system. However, such codes are
utationally expensive and do require a few a prior
umptions to implement a fault. A carefully design
iscous flow model can produce as good an ex
ation of the wedge dynamics as more complex
nwieldy codes, but does so at the expense of dy

cs in the upper plate. As many geologically import
rocesses at subduction zones occur primarily w

he wedge, this is often a small sacrifice. However,
till leaves open the question of how to properly
ameterize the fault zone in such models. Two m
trategies used in the literature are (1) assigning w
reduced viscosity) nodes along the fault plane an
mposing a rigid upper plate by assigning a zero ve
ty condition to certain nodes in the overriding pla
hus restricting them from participating in the visco
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similar flow patterns, but vary significantly in details of
important predictions such as slab thermal structure in
the uppermost corner. I propose a modification to the
rigid plate parameterization as a more realistic way to
address the fault by imposing a rigid upper plate rheol-
ogy with a brittle–ductile transition based on both tem-
perature and strain rate. This method is based on more
realistic physical properties of the lithosphere. This
method predicts hotter slab surface temperatures than
earlier models and produces results that agree as well or
better with seismic and other geophysical observations
at subduction zones than other parameterizations.

2. Wedge flow models/fault parameterizations

Analytical models of corner flow in the mantle
wedge have existed almost as long as the recognition
of plate tectonics (e.g.,McKenzie, 1969). Analytical
models implicitly assume a locked plate above an iso-
viscous wedge structure. Many numerical models also
use an isoviscous wedge structure (e.g.,Davies and
Stevenson, 1992; Peacock, 1996). Isoviscous models
are attractive for several reasons: they are simpler to
implement, take less computing time, and are easier to
compare directly to analytical and laboratory corner
flow models (e.g.,Becker et al., 1999). Almost invari-
ably, the fault is addressed by imposing a rigid plate in
isoviscous models. As previous workers understood, if
a plate is not imposed, the isoviscous structure allows
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Fig. 2. Heat flow vs. slab depth. Model heat flow values (lines) are
calculated at each surface grid node by assuming a conductivity of
3 W m−1 K−1 and multiplying by dT/dz. Isoviscous models are: i0
(no plate) and i50 (50 km rigid plate). Temperature-dependent vis-
cosity models are: p0 (no plate or weak nodes), w50 (weak nodes to
50 km depth), w70 (weak nodes to 70 km depth), p50 (rigid plate to
50 km depth), and s1 (rigid plate defined by temperature and strain
rate). Symbols are data from Japan, Kermadec, and Tonga. Data from
Tonga are limited to two forearc measurements from ODP (squares).
Kermadec values are also largely restricted to the forearc (crosses)
(Von Herzen et al., 2001). Both are similar with heat flow values from
Japan (circles) (Furukawa, 1993) with low heat flow in the forearc
and a rapid increase near the arc. The very high values at the arc
are accentuated by advection of magma near the surface (Honda,
1985). Models allowing complete viscous coupling across the fault
(i0 and p0) result in unreasonably high heat flow in the forearc which
decreases towards the arc, clearly showing that some sort of parame-
terization of the fault zone is necessary to reduce the coupling across
the fault. Beyond that, heat flow is not a strong constraint. Allowing
for magma convection near the surface to explain the very high heat
flow at the arc, most models with either weak nodes or rigid plates
exhibit heat flow predictions of the correct magnitude for both the
arc and forearc regions.

et al., 2002; Kelemen et al., 2003). (Interestingly, early
models often employed temperature-dependent viscos-
ity before isoviscous numerical models became stan-
dard practice (e.g.,Andrews and Sleep, 1974; Bodri
and Bodri, 1978), but unfortunately suffered somewhat
from coarse resolution because of a lack of comput-
ing power.) If no plate or fault is explicitly assigned,
complete viscous coupling between the subducting and
overriding plates occurs. With complete viscous cou-
pling, the high-viscosity portion of the upper plate near
the slab is nearly all entrained in the downgoing system
while hot, low-viscosity material is drawn to the upper-
most corner of the model. Hot, upwelling material is
stopped from reaching the surface only by the assigned
boundary condition, resulting in excessively high heat
flow in the forearc (Rowland and Davies, 1999) (Fig. 2).
old lithospheric material to be mobilized as ea
s warmer asthenospheric material. This mobiliza

eads to high heat flow in the forearc (Fig. 2) and
old slab surface temperatures (SSTs) (Fig. 3) as the
orner flow constantly draws cold material to
lab and thins the upper plate. The assigned thick
f the plate controls the minimum temperature
antle material that can be easily mobilized. Thic
lates make colder forearcs and warmer SSTs at d
Fig. 3) by trapping more relatively cool material
he rigid lithosphere. Plate thicknesses of∼40–70 km
pan the literature, a range that can reasonably s
he observed heat flow (Fig. 2).

To better capture the physical processes hap
ng within subduction zones, temperature-depen
iscosity structures are applied in a newer gen
ion of subduction models (Kincaid and Sacks, 199
berle et al., 2002; Conder et al., 2002b; van Ke
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Fig. 3. Slab surface temperatures (SSTs) predicted for various mod-
els (thick lines). Model labels are same as inFig. 2. Experimentally
determined sediment solidi (ss) fromJohnson and Plank (1999)(gray
band) andNichols et al. (1996)(gray line) are also plotted. Cold
SSTs are often cited as an argument against any melting of the slab.
As a rule, isoviscous models have cooler SSTs than temperature-
dependent viscosity models. In this suite of models, the one using
the most realistic fault zone parameterization (s1) exhibits the high-
est SSTs, suggesting that slab melting be a more common process
than widely believed.

To keep this extreme ablation and penetration from oc-
curring, both the rigid plate and weak node formula-
tions have been applied in the various studies.

Weak nodes have been used in both larger-scale
dynamic models (e.g.,Gurnis and Hager, 1998) and
in wedge-focused models. Larger-scale dynamic mod-
els are typically concerned more with the dynamics of
the subducting and overriding plates and less with up-
per wedge processes than wedge-focused models and
will not be discussed here. For a discussion of weak
nodes on large-scale dynamic models seeChen and
King (1998). Weak nodes are attractive in wedge mod-
els because the upper plate behaves entirely viscously
and evolves as processes such as corner flow and ab-
lation proceed while allowing slipping to occur at the
fault, so ablation does not become a runaway process.
Although the upper plate can evolve with time, the as-
signed dimensions of the weak zone govern the pro-
ceeding evolution. A cold corner beneath the forearc
will grow to match whatever dimensions are assigned
to the weak zone (i.e., an N km deep weak zone pro-
duces a cold corner to∼N km). Similar to rigid plates,
a range of∼50–100 km gives reasonable heat flow pre-
dictions (Fig. 2). Unfortunately, one attractive charac-
teristic of weak node applications is also one of its
drawbacks. Because the entire plate can behave vis-

cously, some parts of the plate deform viscously that
probably should not. In particular, tractions exerted on
the cold corner from below and to the side cause a slow
rotation of the cold corner (although low-viscosity, the
weak zone still exerts stresses on the adjacent plate).
It is difficult to imagine that this process occurs in the
real Earth. If so, the constant overturn should probably
prevent crustal rocks from being regularly dredged in
forearcs. Interestingly, this rotation actually improves
the predicted fit to heat flow in forearcs, although likely
for the wrong reason. The rotation homogenizes tem-
peratures in the corner giving a flatter heat flow in the
forearc (Fig. 2). The same temperature homogeniza-
tion could likely occur from seawater circulation along
cracks and faults throughout the forearc.

An improved parameterization, similar in philos-
ophy to the weak node parameterization, was devel-
oped by Zhong and coworkers (Zhong and Gurnis,
1995; Zhong et al., 1998) and subsequently used by
van Hunen et al. (2000, 2002). This formulation does
away with the low viscosity nodes, and reduces the cou-
pling directly with an internal boundary condition that
restricts the magnitude of the shear stresses that can
be transferred across the fault (normal stresses have no
such restriction). This method is appealing as the un-
derlying physics likely behaves more like a real fault
than reduced viscosity nodes will. However, it too re-
quires an a priori assignment of the fault dimensions
(and magnitude of allowable shear stress transmission)
which controls the thermal structure of the uppermost
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Because they have been widely cited, it is wo
oting that the results ofKincaid and Sacks (199
hereafter K&S) with a temperature-dependent
osity and weak nodes at the fault, do not sh
blation of the upper plate, and therefore do
gree with more recent studies with or without w
odes. Rather than ablation, they show a cold ‘visc
ose’ propagating down the surface of the slab.
isagreement arises from one of the many su
itfalls that modelers can encounter. Large visco
ontrasts are difficult for numerical methods to han
roperly, often requiring either finer grid resolut
r some simplifying assumption. For example,Bodri
nd Bodri (1978)assigned all nodes more visco

han a given maximum to be in the fixed mechan
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lithosphere. K&S assigned all nodes more viscous
than a given maximum to that maximum value. At first
glance these approaches appear to be similar, but they
produce very different results. The first is a rigid plate
over a temperature-dependent viscosity asthenosphere.
The second is an isoviscous layer above a temperature-
dependent asthenosphere. The thickness (zL) of the
overlying isoviscous layer controls the degree of
ablation. The degree of ablation can vary from extreme
at zL = 0 to none for largerzLs. The cutoff value
used by K&S works out to a ‘lithospheric’ thickness
of just over 70 km deep (∼1150◦C isotherm). This
depth inhibits ablation and has the ‘viscous nose’
effect of blanketing the slab with material that has the
maximum viscosity allowed in the model.

The arbitrary nature of the implementation of the
various parameterizations should not be overlooked in
models with either rigid plates or weak nodes. Reason-
able dimensions are weakly constrained, and imple-
mentation is largely up to modeler discretion. However,
the assigned depth of the plate governs the amount of
ablation occurring in the corner and the coldest tem-
perature allowed to impinge on the plate, which in
turn determines SSTs, the dimensions of the cold cor-
ner and the amount of upwelling beneath the volcanic
front. Furthermore, the inferred transition between the
cold corner and the hotter asthenosphere from heat
flow modeling and seismic observations indicates that
uppermost wedge processes are probably more com-
plex than some parameterizations can really address.
P )
r k-arc
a
T sted
b ces
a om-
p sat-
i des
w e to
l llow
t t
a ion
d d as-
s .
T bla-
t the
b arm,
b pro-

cess, allowing for a cold corner to develop. This is more
satisfying as it has a physical basis, but is still some-
what incomplete. To reasonably satisfy the heat flow
data, a temperature at the high end of that suggested
for the brittle–ductile transition is necessary (typically
assumed∼600–750◦C (Wiens and Stein, 1983; Kuo
et al., 1986)); otherwise the hot asthenosphere pene-
trates too far into the corner to satisfy the heat flow. A
high transition temperature may be reasonable as the
brittle–ductile temperature also depends on strain rate,
with the corner region of subduction zones having some
of the highest strain rates anywhere. However, this sin-
gle isotherm likely over-predicts the thickness of the
plate in the back-arc, where strain rates are not quite
as high. Also, the resulting division between the cold
corner and the hot asthenosphere is not as vertically
abrupt as some seismic observations suggest.

A possibly more complete way to introduce a rigid
plate fault parameterization could be to consider all im-
portant factors that likely determine where the brittle-
ductile transition (BDT) lies beneath the overriding
plate. The BDT is defined as where the brittle strength
is the same as the ductile strength. To determine the
transition temperature, I assume the brittle strength,τ,
is given by the linear relationship (Byerlee, 1978),

τ = 50+ 0.6σN (1)

whereσN is the normal stress andτ andσN are in units
of MPa. Assuming deformation from dislocation creep
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hereµ is the shear modulus,ε̇ the strain rate,E* the
ctivation energy,ν* the activation volume,R the gas
onstant,T the temperature in Kelvins,n the stress ex
onent, andA a pre-exponential constant. Using
alues forµ, A, n, E* , andν* from Karato and Wu
1993)and assuming a strain rate and a plate age
emperature and pressure of the BDT can be determ
sing the above relationships. Although the trans

s likely more complex than the intersection of E
1) and(2) implies, this simple transition suffices f
first-order approximation. By varying the plate

geotherm) and assumed strain rate, some trend
ome apparent. Depending on the strain rate, the
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Fig. 4. Depth and temperature of brittle–ductile transition for various
plate ages (geotherms), and strain rates from the equations in the text.
Identical symbols indicate a constant strain rate (circles: 10−17 s−1;
triangles: 10−14 s−1; diamonds: 10−11 s−1) but differing plate ages
varying from a 5 to 80 Myr oldplate. Filled symbols denote ‘wet’
rheology and open symbols denote ‘dry’ rheology ofKarato and Wu
(1993). Even with large changes in plate thickenss, the transition
temperature does not change much for a given strain rate, showing
that pressure has a minor effect on the transition, while temperature
can vary nearly 200◦C with changing strain rate.

temperature can vary 200◦C or more, while pressure
has a negligible effect (Figs. 4 and 5). A good rule of
thumb is that the BDT temperature increases∼33◦C
per order of magnitude increase in strain rate (Fig. 5).
By using this simple relationship, a rigid plate can be
prescribed while still allowing the system to evolve
to its own preferred state. Admittedly, convergence to
steady-state often takes longer with this formulation,

Fig. 5. Brittle–ductile transition temperature vs. log strain rate for
fixed plate ages. Diamonds: 20 Myr old plate; triangles: 40 Myr old
plate, and circles: 80 Myr old plate. Filled symbols denote ‘wet’
rheology and open symbols denote ‘dry’ rheology. The transition
temperature varies nearly linearly with log strain rate. This simple
relationship is convenient for implementation of a temperature–strain
rate-dependent rigid plate in viscous wedge flow models.

but that is expected as the flow field is less constrained
by initial conditions. In practice it may be useful to de-
fine a maximum transition temperature. As node spac-
ing becomes small, the calculated strain rate between
nodes across the fault, and therefore the transition tem-
perature, could become unreasonably large. The max-
imum transition temperature for the model presented
here is <800◦C, therefore, it was not necessary to as-
sign a maximum transition temperature.

3. Methods

To investigate how the thermal structure in the
mantle wedge varies with different fault parameteri-
zations, I develop a simple 2D kinematic viscous flow
model and systematically vary only the treatment of
the fault zone, then compare the results of the different
conditions after steady-state is reached. I use 500 km
wide× 400 km deep model space with 121× 81 nodes
with variable spacing to give best resolution near the
corner. Node spacing near the corner is∼1 km while
that nearer the edges is closer to 10–15 km. The FOR-
TRAN code has been used in several previous studies
of Parmentier and coworkers (Jha et al., 1994; Braun et
al., 2000; Conder et al., 2002a). The flow field is solved
with a finite-element penalty function method, while
the temperature field is solved with finite-differences.
Boundary conditions are constant throughout the mod-
els in this paper. So resulting differences can be at-
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4. Discussion

Heat flow predictions for five temperature-
dependent viscosity models with different fault zone
parameterizations and two isoviscous models with 0
and 50 km thick rigid plates are shown inFig. 2along
with heat flow data from Japan (Furukawa, 1993) and
Kermadec (Von Herzen et al., 2001). The most robust
characteristic of heat flow at subduction zones is low
heat flow (20–40 mW/m2) in the forearc with a rapid
jump near the volcanic arc (>80 mW/m2) (Blackwell et
al., 1982; Honda, 1985; Furukawa, 1993; Von Herzen
et al., 2001). Heat flow is not a very tight constraint
on thermal models. Many different formulations can
reasonably fit the data (Fig. 2), especially considering
that many of the highest heat flow values near the vol-
canic arc result from magma advection near the surface
(Honda, 1985), which is not addressed in such models.
The most robust constraint from heat flow is that the
cold corner reaches to at least 40–50 km depth, but not
greater than 90–100 km. Models with thinner overrid-
ing plates or shallower weak nodes predict too high heat
flow in the forearc, while models with thicker plates or
deeper weak nodes predict unreasonably low heat flow
beneath the arc and make it very difficult to generate
melt beneath the volcanic arc.

Both heat flow and the lack of high-temperature
volcanism in forearcs suggest a cold upper corner
beneath the forearc, but perhaps the best constraints
on the dimensions of the cold corner come from
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Fig. 6. Waveforms for a 600 km deep earthquake at nearby arc (To-
fua) and forearc (Ha’apai) stations in Tonga (∼70 km spacing). The
three traces for each show, from top to bottom, the vertical, north, and
east components of ground motion. Waveforms are highpass filtered
at 0.6 Hz to reduce ambient ‘island noise’. Both P and S wave arrivals
at Tofua are noticeably more attenuated than those at Ha’apai. The
raypaths for the arrivals at the two stations sample much of the same
earth structure along the deeper portions of their raypaths before di-
verging in the wedge, so there must be a strongly attenuative region
beneath Tofua that does not extend beneath Ha’apai.

ties of the arc and forearc, and suggests a clear divi-
sion between them. Conductive cooling from both the
upper plate and the cold slab keeps the uppermost cor-
ner fairly cold as long as asthenosphere is not allowed
to penetrate far in to the corner. However, conductive
cooling alone produces a gentler, non-vertical gradient
between the cold corner and hotter material beneath the
arc than inferred from the seismic studies. That seis-
mic studies show a sharper transition than conductive
cooling predicts suggests that asthenospheric flow ap-
proaching the corner helps control the observed shape
of the transition, which, in turn, is influenced by the vis-
cous coupling/uncoupling transition at the fault zone.

A comparison ofQ predictions (1/attenuation)
shows that the various parameterizations develop
vertical transitions of varying quality between the cold
corner and asthenosphere beneath the arc. AsQ is
dependent on temperature and pressure, it is possible
to convert the resultant 2D temperature fields of each
model intoQ predictions. AlthoughQ beneath the
forearc is much larger thanQ beneath the arc (e.g.,
Fig. 6), Q beneath the forearc is probably reduced
relative to the slab from the presence of fluids and/or
serpentinization. The complexities associated with
seismic observations, such asQ, make the model
eismic studies. Seismic attenuation (Roth et al.
999; Tsumura et al., 2000; Takanami et al., 20),
elocity (Research Group, 1977), and the distributio
f earthquakes above the slab (Hasegawa et al., 199
iura et al., 2003) all suggest a fairly sharp, vertic

ransition between hot asthenospheric mantle ben
he arc and cold lithospheric mantle beneath the
rc. Not only do tomographic studies show a vert
ivision in seismic properties beneath the arc and f
rc (Roth et al., 1999; Tsumura et al., 2000; Takan
t al., 2000), the differences are noticeable in the r
ata.Fig. 6 shows waveforms at two nearby statio

n Tonga for the same slab earthquake. Raypath
lose to vertical beneath both stations. Although
vent source is closer to Tofua in the volcanic
he arc arrivals are clearly more attenuated than
rrivals at Ha’apai in the forearc. This difference
aveforms highlights the contrasting seismic pro
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Fig. 7. Temperature and flow field for model with temperature–strain
rate dependent rigid plate. Grayscale denotes temperature, with thin
black lines as isotherms. Thin white line denotes the top of the slab.
Thick white lines show the predicted transition from high to low
attenuation for four different models. The transition defined here
is whereQ= 500. The exact magnitude is not crucial, as there is a
rapid change inQ from the asthenosphere (<200) to the cold corner
(<1000). The temperature–strain rate formulation (solid) and weak
nodes extended to 50 km depth (dot-dashed) both exhibit reasonably
sharp, vertical divisions between the low attenuation cold corner and
the high attenuation asthenosphere beneath the arc, consistent with
seismic observations. Models with a rigid plate defined at 50 km
depth (dotted) has a sharply defined cold corner, but the transition is
less vertical.

Fig. 8. Temperature difference fields showing direct comparisons bet re-
dependent viscosity model (p50) and strain rate-dependent fault mode thick plate
(i50) subtracted from a model with temperature-dependent viscosity an 100–300
depending on location along the slab surface. The largest temperature ric’ material
is advected to the slab in the constant viscosity case and hot asthen iscosity case.
(b) Model with temperature-dependent viscosity and 50 km thick pl While the
temperature dependent viscosity model with a rigid plate increases th tic fault zone
parameterization increases the temperatures even more (100–150◦C), sugge timated
in most numerical, 2D, viscous flow models.

results suggestive rather than diagnostic, but a qualita-
tive comparison can serve as a useful guide. Excluding
the effects of fluids and serpentinization,Q can be
approximated by the relationship (Sato et al., 1992)

Q = Qpm exp

[
k

(
Tm

T
− a

)]
(3)

whereQpm is Q at the melting temperature,k anda
are constants, andTm is the melting temperature in
Kelvins.Qpm, k, anda values used in the calculations
are those given bySato et al. (1992). Pressure depen-
dence comes throughQpm, which is linearly dependent
on pressure. For the melting temperature, I assume a
linear solidus of 1100 + 3.5◦C/km. The transition from
low to highQ in the corner is rapid, so the exact shape
of the solidus is not crucial. Because important controls
on the magnitude ofQ in the forearc are neglected, the
shape of the transition is more robust than the absolute
values. The calculations show that weak nodes can
produce a sharp, fairly vertical transition when applied
to 60 km or less, but depth-dependent rigid plates do
not result in a vertical transition (Fig. 7) unless the
geometry is imposed a priori on the lithosphere (e.g.,
ween models. Gray scale is in◦C. Streamlines are shown for temperatu
l (s1), respectively. (a) Model with constant viscosity and a 50 km
d a 50 km thick plate. Slab surface temperatures are increased◦C,
differences occur in the uppermost corner where cold ‘lithosphe
ospheric material is advected in the temperature-dependent v
ate subtracted from model with strain rate-dependent fault.
e predicted slab surface temperatures, applying a more realis
sting that slab surface temperatures have been largely underes
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van Keken et al., 2002). A temperature and strain rate
parameterization combines the best qualities of the
other parameterizations by locking nodes near the
fault and allowing thermal and viscous ablation of
the overlying plate just behind the locked nodes. This
results in a reasonably well-developed cold corner with
a reasonably sharp vertical transition between astheno-
sphere and lithosphere in the upper corner as seen in
seismic attenuation and velocity predictions (Fig. 7).

A crucial implication of this improved fault parame-
terization is a marked increase in predicted slab surface
temperatures. Simply changing from an isoviscous
rheology to a temperature-dependent rheology results
in 100–300◦C warmer predicted slab surface temper-
atures (Fig. 8a). The temperature and strain rate de-
pendent parameterization results in SSTs 100–150◦C
warmer still (Fig. 8b). In fact, the more realistic fault
zone model results in warmer SSTs than any of the
previously used parameterizations, leading to the possi-
bility that some degree of slab melting (Fig. 3) could be
feasible in some arcs without resorting to special cases
such as near slab edges or subduction of extremely
young lithosphere. Any shear heating associated with
the fault (e.g.,Peacock et al., 2004) could further
increase SSTs and the likelihood of slab melting.
Johnson and Plank (1999)argue that sediment melting
must be a ubiquitous process at subduction zones to
satisfy the trace element signatures (particularly Th
and Be) in arc basalts. These trace element signatures
may soon be reconciled with the thermal models as
i to
p .

5

nt
p antle
w on-
s t or
i ough
p ition
f tly
i ined
f ce
h uch
a ally
d but

can still differ considerably in important details (e.g.,
compare w50 and p50 inFig. 2).

Because key details can change significantly with
different parameterizations, it is important to reduce
the arbitrariness imposed in the models and determine
which formulation most closely mimics the Earth. A
rigid plate defined on the dual basis of strain rate and
temperature moves toward this standard, as it has a
physically viable justification and allows the model to
evolve to a steady-state solution without bumping into
arbitrarily forced conditions that artificially limit its be-
havior. A temperature and strain rate dependent fault
zone gives a pronounced cold corner with the shape
and dimensions consistent with that inferred from seis-
mic velocity, seismic attenuation, and heat flow studies.
Predicted slab surface temperatures are higher for this
formulation than for other widely used formulations.
With progressively smaller differences in the literature
between predicted slab surface temperatures and the
experimentally determined sediment solidus, it may be
worth revisiting questions regarding slab melting in the
context of thermal modeling.
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