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[1] Hydrous fluids derived by dehydration of the downgoing slab at convergent plate
boundaries are thought to provoke wet melting in the wedge above the downgoing
plate. We have investigated the distribution of hydrous fluid and subsequent melt in the
wedge using two-dimensional models that include solid mantle flow and associated
temperature distributions along with buoyant fluid migration and melting. Solid mantle
flow deflects hydrous fluid from their buoyant vertical migration through the wedge.
Melting therefore does not occur directly above the region where hydrous fluids are
released from the slab. A melting front develops where hydrous fluids first encounter
mantle material hot enough to melt. Wet melting is influenced by solid flow through the
advection of fertile mantle material into the wet melting region and the removal of
depleted material. The region of maximum melting occurs where the maximum flux of
water from slab mineral dehydration reaches the wet melting region. The extent of melting
(F) and melt production rates increase with increasing convergence rate and grain size due
to increased temperatures along the melting front and to increased fractions of water
reaching the melting front, respectively. The position of isotherms above the wet solidus
varies with increasing slab dip and thereby also influences F and melt production rates.
Applying the understanding of wet melting from this study to geochemical studies of the
Aleutians may help elucidate the processes influencing fluid migration and melt
production in that region. Estimates of the timescale of fluid migration, seismic velocity
variation, and attenuation are also investigated.
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1. Introduction

[2] Convergent plate boundaries are sites of important
chemical exchange between the Earth’s surface and its
interior. The extensive volcanism observed at such bound-
aries is a surface expression of this exchange. Understand-
ing how arc lavas are generated and migrate to the surface
can therefore yield a better insight in the processes which
occur in the mantle wedge above a subducting plate. A
significant component of arc magmas is the introduction of
hydrous fluids into the mantle wedge through the dehydra-
tion of slab minerals [e.g., Pawley and Holloway, 1993;
Schmidt and Poli, 1998]. A simple view, as expressed in
Figure 1, is that the released water ascends vertically in the
wedge, provoking melting of the surrounding mantle and
forming volcanoes above the dehydration region [Grove et
al., 2003].
[3] Even though the role of fluids in melting the mantle

wedge is widely accepted, fluid migration and melting

processes are not well understood. What is the fate of the
water released by slab dehydration reactions? How is
melting affected by solid flow? How much melt is present
and what influences its distribution and its chemistry? What
are typical timescales for magma transport? How is the
distribution of hydrous fluids in the wedge reflected by
seismic velocities and attenuation?
[4] Previous studies addressed fluid migration in a sub-

duction zone geometry by using a corner flow solution of an
incompressible fluid with constant viscosity to model man-
tle flow in the wedge [Spiegelman and McKenzie, 1987;
Davies and Stevenson, 1992; Iwamori, 1998]. Melt flow
was modeled by buoyant porous flow within a permeable,
deformable mantle matrix. Spiegelman and McKenzie
[1987] and Phipps Morgan [1987] used such a formulation
to argue that mantle flow-induced pressure gradients may
control melt migration, and hence magmatic distribution, at
subduction zones. However, while solid flow-induced pres-
sure gradients can focus melt, their magnitude may not be
large enough to be a controlling factor as the magnitude of
flow-induced pressure gradients is proportional to the solid
viscosity. In their study, Spiegelman and McKenzie [1987]
used a viscosity of 1021 Pa s. However, geophysical
observables at subduction zones, such as topography and
gravity or geoid anomalies, indicate that mantle viscosity
may be several orders of magnitude lower than 1021 Pa s
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[Billen and Gurnis, 2001]. This low viscosity in the mantle
wedge, perhaps due to the presence of high concentrations
of water in the mantle above the slab [Hirth and Kohlstedt,
2003], could drastically reduce the effect of flow-induced
pressure gradients. Therefore relative to the solid, melt
percolates upward due to the buoyancy force rather than
along directions of solid flow-induced pressure gradients.
The absolute velocity of the melt is the vector sum of its
vertical velocity through pores and the velocity of the solid
within which it resides. A major goal of this study is to
better understand the role of solid flow in the mantle wedge
on fluid migration and melting.
[5] The location and extent of melting is controlled in

part by the amount of water released by slab dehydration
reactions that reaches a region in the wedge hot enough to
melt. Temperature distributions derived from isoviscous
mantle flow models [Davies and Stevenson, 1992; Iwamori,
1998] predict low enough temperatures that hydrous phases
could be stable in significant portions of the mantle wedge.
Davies and Stevenson [1992] thus argued that water re-
leased by the slab would be carried by amphibole in the
mantle. As amphibole breaks down, water was envisioned
to migrate over a significant horizontal distance to a hotter
potential melting region. Recent studies [Schmidt and Poli,
1998] have however showed that amphibole is only stable
to 2 GPa and that serpentine and chlorite cannot only hold
more water than amphibole but are also stable to greater
depth adjacent to the top of the slab [Pawley, 2003; Grove et
al., 2006]. Iwamori [1998] presented numerical models in
which the water released by slab dehydration reactions was

incorporated into mantle serpentine and chlorite. In these
models, hydrous phases break down at about 150 km,
releasing the water and causing melting once the wet solidus
of peridotite is reached.
[6] Recent studies [Eberle et al., 2002; van Keken et al.,

2002; Conder et al., 2002; Kelemen et al., 2003a] show that
incorporating temperature- or/and stress-dependent rheology
predicts significantly higher temperatures in the wedge than
isoviscous rheology. Temperature-dependent viscosity
enhances the entrainment of cooler, more viscous mantle
just above the slab, creating higher mantle flow velocities in
the wedge and causing hot mantle material to rise from
greater depth toward the wedge corner. This flow pattern
allows for less conductive cooling in the mantle wedge,
leading to significantly higher temperatures in the wedge
and along the slab top than those predicted for purely
isoviscous flow at the same slab dip and convergence rate.
The increased wedge and slab temperatures in turn thin the
thermal boundary layer at the top of the slab and limit the
occurrence of serpentine in the mantle above the slab. A
greater amount of hydrous fluids than previously estimated
is thereby released into the wedge by dehydration reactions
in the slab.
[7] In this study, we used the estimates of water released

by crustal dehydration of Schmidt and Poli [1998] and the
thermal models of Kelemen et al. [2003a] to formulate two-
dimensional (2-D) models of buoyant fluid migration and
melting at subduction zones. Several previous studies have
examined buoyant fluid migration and mantle flow. In an
early study, Marsh [1979] suggested that melting occurred
along the slab top and that the resulting melt rose in the form
of three-dimensional diapiric flow. Wiggins and Spiegelman
[1995] looked at the potential contribution to mantle
magmatism of 3-D solitary waves migrating in a permeable
and viscously deformable matrix. Honda and Yoshida
[2005] considered the three-dimensional structure of ther-
mal convection in the mantle wedge driven by instability
of the cold thermal boundary layer at the base of the
lithosphere. They associated the along-strike melt distri-
bution in the wedge with the resulting thermal distribution.
In this study, we assume that the distribution of hydrous
fluids and melt is simply uniform in the along-arc direction.
Future studies will look at the potentially important three-
dimensional effects of melt localization above the region of
wet melting.
[8] We find that solid mantle flow impacts the location of

melting, melt production rates and the subsequent distribu-
tion of melt in the wedge. Wet melting in the wedge is
mostly limited to a narrow front where hydrous fluids first
encounter mantle material which is hot enough to melt.
Since solid flow prevents water from rising vertically into
the wedge, wet melting does not necessarily occur directly
above the region of water release from the slab. Even
though a broader potential melting region is present at high
convergence rate due to overall higher wedge temperatures,
the melt production rate is limited by the flux of water and
fertile mantle material through that melting front. Indeed,
the magnitude of solid flow increases with increasing
convergence rate, thereby advecting a greater fraction of
released hydrous fluids to greater depths. This fraction of
hydrous fluids does not induce wet melting and hence
restricts the amount of melt produced. The subsequent

Figure 1. Conceptual model for melting in the mantle
wedge above a subducting slab (modified from Grove et al.
[2003] with kind permission from Springer Science and
Business Media). Hydrous fluids released by dehydration in
the slab rise buoyantly inducing wet melting in hot
overlying mantle.
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distributing of melt within the wedge is also influenced by
the increased magnitude of solid flow: A broader distribu-
tion of magma is observed with increasing convergence
rates.
[9] We will first describe the formulation of our models

and then analyze the resulting fluid distributions in terms of
solid flow, distribution of water release along the top of the
slab, thermal distribution, grain size distribution and slab
dip. The model predictions will then be compared to
geochemical and seismic constraints.

2. Model Formulation

[10] Numerous earlier studies have treated the migration
of melt through mantle rock deforming by thermally acti-
vated creep as the flow of a fluid through a permeable,
compacting viscous solid [Sleep, 1974; Ahern and
Turcotte, 1979; McKenzie, 1984; Scott and Stevenson,
1984; Spiegelman, 1993]. Here we are interested in under-
standing how the fluid and solid interact chemically as
melting transfers components from the solid to the fluid
(melt) phase. Conservation of the total constituents in a
representative volume element containing both solid and
fluid (melt + water) with a fluid volume fraction f can be
expressed as

@

@t
NSO þ N solid

H2O

� �
1� fð Þ þ N fluid

H2O
þ NDO

� �
f

h i
¼ �r � Vsolid NSO þ N solid

H2O

� �
1� fð Þ þ Vfluid N fluid

H2O
þ NDO

� �
f

h i
ð1Þ

where f is the volume fraction of melt or fluid, NSO and
NH2O

solid are the number of moles of solid oxides and water,
respectively, per unit volume of solid, and Vsolid and Vfluid

are the solid and fluid velocity, respectively. The composi-
tion of the melt is described by the number of moles of
water and dissolved oxides other than water per unit
volume, NH2O

fluid and NDO, respectively, that it contains. Melt
will contain a number of dissolved oxides, depending on its
temperature, pressure, and fluid content and on the
composition of the solid phases with which the melt has
equilibrated. In more complete models than those presented
here, NSO and NDO values could be introduced for various
oxide components both in the solid and in the melt using an
algorithm such as MELTS [e.g., Hirschmann et al., 1999;
Asimow et al., 2004; Baker et al., 2004]. The simplifications
of the present formulation can be relaxed in future models,
but a first simple approach seems appropriate here.
[11] Water in the solid can be present in hydrous minerals,

such as chlorite or serpentine, and can be dissolved in
nominally anhydrous minerals. Water solubility in mantle
minerals increases significantly with increasing temperature
and pressure [Hirth and Kohlstedt, 2003; Bell et al., 2003].
For the mantle wedge temperature distributions considered,
hydrous minerals are not stable throughout most of the
wedge but only in a thin region near the top of the slab. As
discussed later, the effect of hydrous minerals will be mostly
to control the distribution of water release into the anhy-
drous wedge. The models presented here take NH2O

solid = 0,
but the potentially important effect of water dissolved in

nominally anhydrous minerals will need to be considered in
future studies.
[12] In our models, water therefore only resides in the

fluid phase where it is neither created nor destroyed.
Conservation of water hence requires that

@

@t
N fluid
H2O

f
� �

¼ �r � VfluidN
fluid
H2O

f
� �

ð2Þ

where the product NH2O
fluidf represents the number of moles of

water per unit volume in a representative elemental volume.
Since in our models water is present only in the fluid phase,
the superscript fluid will be omitted in the remainder of this
section.
[13] Dissolved oxides can either be advected in an ele-

mental volume or be generated within that volume by
melting, so

@

@t
NDOf½ 	 ¼ �r � VfluidNDOf½ 	 þ G; ð3Þ

where G is the rate of melting, which is defined as the rate of
transfer of solid oxides to the fluid phase, or

G ¼ � @

@t
NSO 1� fð Þ½ 	 � r � VsolidNSO 1� fð Þ½ 	 : ð4Þ

[14] As a mantle parcel melts, it becomes depleted (x > 0,
where x is the amount of melt that a given parcel of solid
has already produced) and no longer able to produce
additional melt at the same temperature, pressure and water
content. More melting requires higher temperature, lower
pressure, or increased water content. We consider this effect
of solid depletion on melting by tracking the amount of melt
x that a given parcel of solid has produced. Depleted solid is
advected through the mantle wedge with the solid-state flow
according to

@x
@t

þ Vsolid � rx ¼ G: ð5Þ

[15] The relative proportion of water and dissolved oxides
in the liquid phase depends on the extent of melting. The
mole fraction of melt F is defined as

F ¼ NH2O þ NDOð Þf
NSO 1� fð Þ þ NDO þ NH2Oð Þf : ð6Þ

The extent or degree of melting F is derived from laboratory
experiments or algorithms such as MELTS [Hirschmann et
al., 1999] which apply the thermodynamic constraint of
minimum free energy based on empirical data. In such
experiments, either laboratory or numerical, a selected
amount of water is added to a solid of known initial
composition and the amount of melt in this closed system
is determined. The amount of melt can be expressed as a
mole fraction F(T, p, XH2O

, x) where XH2O
is the mole

fraction of water in the system, and T is taken from the
study of Kelemen et al. [2003a]. Relationships of this type
derived from MELTS [Hirschmann et al., 1999] are shown
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in Figure 2a. F is also a function of starting composition of
the solid as represented through the variable x discussed
above. In a more complete treatment like that described
above where a range of oxides components is considered,
the relative values of NSO for different oxides would be
sufficient to describe the depletion of solid by melting.
[16] In treating open system wet melting, we assume

equilibrium within each elemental volume so that the
composition of the solid and melt instantaneously adjust
according to (6). In contrast to the laboratory experiments,
XH2O

does not represent the fraction of water initially added

to a closed system but is given in terms of volume fraction
of melt and melt composition by

XH2O ¼ NH2Of
NSO 1� fð Þ þ NDO þ NH2Oð Þf : ð7Þ

[17] Since we do not distinguish the proportions of
individual dissolved oxides in either melt or solid, NSO is
appropriately treated as a constant. In models of interest, f
is small compared to unity so that

F 
 NDO þ NH2Oð Þ
NSO

f ð8Þ

and

XH2O 
 NH2O

NSO

f : ð9Þ

[18] In regions where F = 0, we evaluate f by solving (2)
with a value of NH2O

for pure water. In such regions,
depletion is simply advected with the solid according to
(5) with G = 0.
[19] In regions undergoing melting where F > 0, f is

calculated by rewriting (8) as

f ¼ NSO

NDO þ NH2O

F T ; p;XH2O; xð Þ: ð10Þ

NH2O
is obtained by solving (2), and NDO is calculated from

the identity

NH2OV̂H2O þ NDOV̂DO ¼ 1 ; ð11Þ

where V̂H2O
and V̂DO are the partial molar volumes of water

and dissolved oxides, respectively.
[20] Equations (8), (9), and (10) must be satisfied simul-

taneously. The value of x at a given time in (10) is
calculated from (5) where for constant NSO

G ¼ NSO

@F

@t
þr � VfluidFð Þ

� �
: ð12Þ

The parameterized results of MELTS compiled byHirschmann
et al. [1999] were used tomodel the dependence of the extent of
melting (F) on the pressure temperature, and initial water
content (XH2O

) (Figure 2a). The parameterization used in this
study is simpler than other existing parameterization [Katz
et al., 2003] but is sufficient for a first study of the type
presented here. The effect of depletion on melting is
characterized using the pMELTS program [Hirschmann
et al., 1999] in the following way. From an initial
MM3 fertile peridotite starting composition, we calculated
the residual solid composition after a given amount of
melting. Solid of this residual composition was then used
as the starting composition to calculate an additional
increment of melting of depleted solid. To a reasonable

Figure 2. (a) Wet melting of a fertile peridotite composi-
tion derived from MELTS [Hirschmann et al., 1999]. The
mass fraction of melt in a closed system is shown as a
function of temperature for several water mass fractions all
at a pressure of 1 GPa. (b) Change in degree of melting (dF)
versus depletion for a range of mantle temperatures. Solid
lines represent the results from pMELTS [Hirschmann et
al., 1999], and the dashed lines represent our approximation
to these results (dF/F = 10 � depletion).
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approximation, the impact of depletion on the extent of
melting can be described by the relationship (Figure 2b)

dF
F

¼ �Adx; ð13Þ

where A is a constant (�10). If F exceeds 20%, all of the
clinopyroxene is melted out of the unit volume of mantle
considered. F is then set equal to 20%, dF = 0 and in a
simple approximation, no further melting occurs. Since the
pMELTS program [Hirschmann et al., 1999] is only
calibrated to 2 GPa, the effect of pressure on melting at
higher pressures is accounted for by prescribing a linear
variation of solidus with pressure and appropriately scaling
temperatures in Figure 2a with depth. A value of 3�C km�1

(�91�C GPa�1) was chosen for the slope of the solidus with
depth, derived from the melting temperatures returned from
pMELTS [Hirschmann et al., 1999] at 1 GPa and 2 GPa.
The latest version of MELTS, pHMELTS [Asimow et al.,
2004], is being incorporated in 2-D thermal flow models of
subduction zones [Baker et al., 2004]. We used a
parameterized version of results from MELTS and pMELTS
for simplicity. The thermal models on which the thermal
distributions and solid flow are based do not take into
account the latent heat of melting or crystallization. If the
amount of melting is small (�5%), as is the case in our
models, these effects would locally affect temperatures only
100�.
[21] Both hydrous fluid and melt are assumed to migrate

by porous flow. When the pressure gradients due to solid
flow are sufficiently small, as discussed above, and when
the pressure difference between the fluid and solid due to its
resistance to compaction is small, the motion of the fluid
relative to the viscous solid can be described by the Darcy
velocity

S ¼ Drgk
mfluid

; ð14Þ

where Drg is the pressure gradient that arises from the
buoyancy of the fluid and mfluid is the fluid viscosity. Melt
or fluid, with volume fraction f, is assumed to occupy a
connected network of fluid-filled pore space in the solid
resulting in a permeability, k. The fluid velocity Vfluid is the
sum of the melt velocity relative to the solid, S/f, and solid
flow velocity, Vsolid,

Vfluid ¼ Vsolid þ
S

f
; ð15Þ

where the solid mantle flow velocity is calculated as in the
study of Kelemen et al. [2003a].

3. Model Parameters

3.1. Permeability and Fluid Migration

[22] Melts or hydrous fluids with wetting angles smaller
than 60� [Mibe et al., 1999] are expected to form a
connected network along mineral grain edges [van Bargen
and Waff, 1986; Wark and Watson, 1998; Zhu and Hirth,
2003]. This connected grain-scale network yields a grain-

size/melt-fraction-dependent permeability quantified empir-
ically by Wark et al. [2003]

k ¼ f3d2

270
; ð16Þ

where d is the grain size. Fluid migration along grain edges
can be thought of as a minimum scale for melt localization
which allows water to interact with the largest possible
amount of solid. If melt localized in narrow porous channels
by dissolution [Aharonov et al., 1995], by grain size
variations in the wedge due to dependence on deviatoric
stresses or by anisotropic permeability [Holtzman and
Kohlstedt, 2003; Zimmerman et al., 1999], melting could be
much more strongly limited by the amount of solid that
fluid interacts with. We have restricted the scope of this
paper to isotropic and uniform grain sizes to better examine
the interplay of temperature, solid flow, water content and
depletion on melt production. However, we will comment in
the discussion section on how localization could influence
the amount of water solid interacts with.
[23] The buoyant migration rate is in part controlled by

the density contrast Dr between rock and fluid and by the
fluid viscosity (see equation (14)). In calculating Dr,
the fluid was taken to be pure water. This will overestimate
the Dr as silicates combine with water to make melt and
thereby decrease Dr. The viscosity of melt with less than
20 wt % water is thought to vary between 1 and 10 Pa s for
the depth and temperature range considered in this study
[Audétat and Keppler, 2004]. A constant value of 1 Pa s has
been adopted as a first estimate, although the viscosity will
vary spatially depending on the composition of the melt.
Hydrous fluids coming off the slab may also have a lower
viscosity than 1 Pa s [Audétat and Keppler, 2004] and may
therefore have a greater vertical velocity than found in this
study. The reduction in density and increase in viscosity
would slow the rise of the melt and increase the melt
fraction present with respect to the predictions of our
models. The effect of these variations on fluid migration
in the wedge will be addressed in future studies.

3.2. Water Release From the Slab and Distribution
in the Wedge

[24] The water budget of subduction zones strongly
depends on the degree of hydration of both the subducting
crust and the subducting lithosphere, and may be signifi-
cantly influenced by regional tectonic settings. The flux of
hydrous fluids off the slab may therefore vary considerably
between subduction zones. For example, in the Central
American subduction zone, the downgoing lithosphere
beneath Nicaragua is thought to be heavily faulted and
highly serpentinized [von Huene et al., 2000; Rüpke et al.,
2002] while the subducting slab beneath Costa Rica is less
deeply faulted and consists of thick amphibolitic oceanic
crust and oceanic plateau lithosphere [Barckhausen et al.,
2001], thereby leading to a larger flux of hydrous fluids off
the Nicaraguan slab than the Costa Rican slab [Rüpke et al.,
2002]. The models described here assume as a first estimate
that water is released along the boundary representing the
top of the slab and that the total amount of water released by
each crustal column is constant. A total amount of 2.25 �
105 kg of water per m2 of crustal column was used based on
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the estimates of Schmidt and Poli [1998]. However, since
the overall flux of water off the slab may vary within a
given subduction zone, in some cases the flux of water will
be varied holding the convergence rate and dip fixed.
[25] The estimates of Schmidt and Poli [1998] show that

water bound in hydrous phases in the basaltic crust and
possibly in serpentinized peridotite in the oceanic litho-
sphere will be released into the mantle wedge in the depth
interval between 80 and 150 km. The depth of specific
mineral dehydration reactions within the subducting basaltic
crust can be more precisely identified by superimposing
temperatures near the slab top from our model on the basalt
phase diagram by Schmidt and Poli [1998] (Figure 3, thick
lines). As the slab top temperatures increase with depth,
various hydrous mineral stability fields are crossed and the
amount of water bound in mineral phases decreases.

The difference between the amount of water bound in the
unstable and stable hydrous minerals is released in the
overlying wedge [Schmidt and Poli, 1998, Table 3]. For
the slab top temperatures for the 40, 60, and 100 km Ma�1

convergence rate and 45� dip, the stability fields of law-
sonite, zoisite, amphibole, and chloritoid breakdown in the
range of �40 to 100 km. Dehydration reactions occur at
similar depths for the slab top temperatures for these
convergence rates. At shallow depth, slab top temperatures
are higher at higher convergence rates but at �100 km depth
slab top temperatures for higher convergence rates are lower
than for lower convergence rates, thereby reflecting the
overall heating of the slab by heat conduction at slower
convergence rates. A sharp thermal gradient between the top
and bottom of the crust (taken to be 5 km thick, thin lines in
Figure 3) is observed for all convergence rates. The base of

Figure 3. Temperatures along the top of the descending oceanic crust (thick grey lines) and
temperatures at the bottom of the 5 km thick crust (thin black lines) for convergence rates of 40, 60, and
100 km Ma�1 and a dip of 45� superimposed on a hydrous basalt phase diagram [from Schmidt and Poli,
1998]. The wt % of H2O in the bulk rock bound in hydrous phases for the relevant dehydration reactions
are shown in bold. Dehydration reactions occur between depths of 40 and 100 km, though a serpentine or
chlorite layer above the slab may redistribute hydrous fluid release (see text). Temperatures along the top
of the oceanic crust are higher at higher convergence rate up to 100 km depth. At greater depth, thermal
conduction heats the slab top at slower convergence rates, resulting in higher temperatures. A sharp
thermal gradient exists between the top and the bottom of the oceanic crust. The cooler temperatures
within the oceanic crust may allow for hydrous slab minerals to be stable to great depths.
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the crust remains cooler to deeper depth for higher conver-
gence rates. The stability field of hydrous minerals present
in the deep crust therefore extends to greater depths with
increasing convergence rates.
[26] As water migrates upward from the slab into the

wedge, it may also be bound in hydrous phases in the
overlying mantle material, particularly in serpentine and
chlorite [Grove et al., 2006]. A cool hydrous mantle layer
could therefore develop directly above the slab where
temperatures are low enough for serpentine and chlorite to
be stable. Such a layer may significantly influence the depth
range over which water is released into the wedge. For a
convergence rate of 60 km Ma�1, with temperatures shown

in Figure 4a, serpentinization is localized to the subduction
‘‘tip’’ and a thin layer directly above the slab to depths of
�125 km. A chloritized layer with a thickness of roughly
3 km layer also develops just above the slab top down to
130 km depth. Such a layer can hold up to roughly 2.6 �
105 kg m�3 water at depths of 50 to 130 km. Neither
serpentine nor chlorite is stable in the wedge above the
subducting slab at depths exceeding 130 km. For a conver-
gence rate of 40 km Ma�1, a chloritized layer roughly
4.4 km thick and holding about 3.8 � 105 kg m�3 persists
from 50 to 140 km depth. For a convergence rate of
100 km Ma�1, a 2 km thick chloritized layer develops above
the slab from 50 to 130 km depth. Such a layer holds�1.7�
105 kgm�3 of water. A thin serpentinized layer is also present
at convergence rates of 40 and 100 kmMa�1, but its thickness
is 600 m or less and would hold at most 6 � 104 kg m�3 of
water.
[27] The amount of water that can be bound in the

chloritized and serpentinized layer therefore exceeds the
amount of water released in the wedge for all three
convergence rates. As noted above, the range of depths of
water release is significantly redistributed by the progres-
sive thinning of the serpentine and chlorite layer in the
mantle above the slab. As a first approach, water released
into the wedge by this redistribution is represented by a
Gaussian-shaped distribution centered at 115 km depth and
with a half width of 40 km that does not change with
convergence rate. Furthermore, the development of a hy-
drated and buoyant serpentinized or chloritized layer directly
above the slab may result in the generation of Rayleigh-
Taylor instabilities and the vertical migration of diapirs into
the wedge which are colder than the surrounding mantle
[Gerya and Yuen, 2003]. To keep these first models simple,
such a process is not explicitly taken into account.

4. Numerical Method

[28] Finite difference approximations of equations (2), (5),
(8), (9), and (10) are solved numerically. In equations (2)

Figure 4. (a) Temperature distributions for a convergence
rate of 60 km Ma�1, a slab age of 90 Ma, and a dip of 45�.
Serpentine and chlorite stability fields, derived from phase
diagrams from Schmidt and Poli [1998] are superimposed
(solid and dashed, respectively). The serpentine and chlorite
layers redistribute the water released by slab dehydration
reactions into a broad dehydration pulse (see text). (b) Fluid
distribution. Fluid is released from the slab at a rate based
on the results of Schmidt and Poli [1998] and follows a
Gaussian distribution centered at a depth of 115 km with a
half width of 40 km. Fluid rises by buoyant porous flow
along grain edge channels with a permeability based on a
uniform grain size of 1 mm. Melting occurs where hydrous
fluids interact with hot mantle. Solid flow (shown by white
streamlines) in the mantle wedge generated by the motion of
the plate is calculated according to a temperature-dependent
viscosity based on thermally activated creep (see text).
Fluid flow lines are shown in black. (c) Mantle depletion.
Values reflect the amount of melt extracted from the solid
mantle or F. Fluid flow lines are shown in black, and solid
flow lines are shown in white.
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and (5), advection terms are approximatedwith a finite upwind
method corrected for numerical diffusion [Smolakiewicz,
1983] and a forward time difference. Depletion in the
wedge is tracked with a tracer algorithm, where tracers
are assigned the average value of depletion at a cell and then
advected by the solid mantle flow [cf. Tackley and King,
2003]. This gives an explicit time stepping procedure,
where a Courant criterion is used to limit the time step
size. In principal, values derived at each time step of (2) and
(5) should simultaneously satisfy (8), (9), and (10). In
practice, these relationships are satisfied only at the begin-
ning of each time step. An alterative, slightly more accurate
approach would be to satisfy relationships (8), (9), and (10)
both at the beginning and at the end of the time step, but
then the solution for each time step becomes iterative. In
this first study we have employed the simpler fully explicit
procedure restricting the time step to be small enough to
ensure accuracy.

5. Dimensionless Scaling

[29] A number of physical parameters influence fluid
migration. These include density difference between melt
and solid, fluid viscosity, grain size, and the rate of water
release. Dimensionless parameters are therefore valuable in
assessing the relative effects of these different physical
parameters. For fluid migration above a subducting plate,
the ratio of fluid velocity to solid velocity controls the
amount by which fluid flow will be deflected by the solid
flow. Using expressions for Darcy velocity (14) and per-
meability (16) and denoting the volume fraction of water
where it is released at the slab top as f0, the ratio of liquid to
solid velocity scales as

Drgk
f0mliquiduslab

/ Drgf2
0d

2

mliquiduslab
: ð17Þ

The value f0 may be expressed in terms of the rate of water
release, W, as

W ¼ Drg
mliq

k / Drg
mliq

f3
0d

2 : ð18Þ

Solving for f0 and substituting in equation (17) gives the
ratio of liquid to solid velocity as

W 2=3

uslab

Drgd2

mliq

 !1=3

: ð19Þ

Fluid flow lines below the melting region remain unaffected
by any change in physical parameters that leaves this single
dimensionless parameter unaltered. The fraction of water
carried to greater depth is only a function of the flow line
geometry and should increase as the ratio of fluid velocity to
solid velocity decreases. WithW approximately proportional
to uslab, uslab must be varied in proportion to d2 to maintain
constant flow line geometry. Lowering fluid viscosity while
holding other parameters fixed would increase fluid velocity
and limit the effect of solid flow on fluid distribution. Since
melting enhances the amount of fluid present, this scaling

applies only to the water distribution below regions where
melting occurs.

6. Results

[30] To investigate the impact of solid flow on fluid
migration and melt production, we varied (1) the conver-
gence rate from 40 to 100 km Ma�1 holding the slab dip and
grain size constant; (2) the distribution of water released by
dehydration holding grain size, convergence rate and slab
dip constant; (3) the mantle temperature from 1350�C to
1380�C holding convergence rate, slab dip and grain size
constant; (4) the grain size from 0.3 to 3 mm holding
convergence rate and slab dip constant; and (5) the slab
dip from 30� to 60� holding convergence rate and grain size
constant. Parameters that may be important but which were
not varied include the location and rate of back-arc spread-
ing, the likely effects of hydration on mantle rheology
[Cagnioncle and Parmentier, 2006; Arcay et al., 2005;
Gerya and Yuen, 2003], and the age of the subducting plate.

6.1. Effect of Solid Mantle Flow

[31] Solid mantle flow greatly influences wet melting in
the wedge. First, solid flow influences the trajectories of
hydrous fluids released by the slab, thus controlling the
fraction of fluid released that rises into the hot center of the
wedge. Second, solid flow supplies fertile mantle to the wet
melting region and removes mantle depleted by melting.
Continuous melting cannot occur within a static solid matrix
because the solid would become increasingly depleted until
further melting is impossible. Finally, temperatures in the
wedge and along the slab top increase with increasing
convergence rates: The enhanced wedge flow due to in-
creased convergence rates, combined with the temperature-
dependent viscosity, brings hotter mantle from deeper
depths further into the wedge corner, thereby broadening
the region over which wet melting can occur.
[32] These effects of solid flow are illustrated in Figure 4

for a uniform grain size of 1 mm and a convergence rate of
60 km Ma�1. Water rises buoyantly from the slab as
discussed above (Figure 4b). Part of this water is advected
downward to greater depth by the solid flow as described by
the ratio of fluid velocity to solid velocity (equation (19))
and will potentially be incorporated into transition zone
mineral phases. This water will not contribute to wet
melting, thus limiting the amount of melt that can be
generated. The remainder of the water rises buoyantly into
regions that are hot enough and where the pressure is low
enough for wet melting to occur. The greatest amount of
melting occurs across a narrow front where fluid rising from
the slab first encounters mantle that is hot enough to melt.
This can be seen in Figure 4c as melting reactions deplete
the solid mantle. Above this region lower extents of melting
continue as water rich melt interacts with mantle material at
lower pressures.
[33] Melt at the top of the melting region would freeze as

it moves toward lower temperatures if it were not extracted.
However, our models implicitly assume that all melt is
extracted at the top of the melting region. If this were not so,
a crystallization region would develop in solid flowing into
the wedge, as freezing of melt enriches that mantle in
melting components. This enriched mantle would eventually
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flow through the wedge and be entrained in the downward
flow along the top of the slab (Figure 4c). This would be the
first solid with which water rising from the slab interacts.
The masked fluid distribution above the melting region seen
in Figure 4 is due to the upward percolation of the water that
remains after freezing of the melt and has no bearing on
melt distribution. This would not be expected to occur with
more realistic models of melt extraction through the litho-
sphere. Quantitatively predicting the surface distribution of
volcanism is beyond the scope of these models, but we will
comment on it in the discussion.

6.2. Influence of Convergence Rate

[34] These effects of solid flow on melt production can be
illustrated by varying the convergence rate. As shown in
Figure 5, lower convergence rates, such as 40 km Ma�1

(Figure 5a), yield less melt present and a weaker extent of
melting compared to 60 km Ma�1, while higher conver-
gence rates, such as 100 km Ma�1 (Figure 5c), yield a
greater amount of melt present and a greater extent of
melting. This melting trend is reflected in the melt produc-
tion rate (for a grain size of 1 mm) which correspondingly
increases with convergence rate (Figure 6a). If the fraction
of fluid rising into the hot region of the wedge and the
wedge temperatures were held fixed, the melt production
should be simply proportional to the convergence rate, with
a trend illustrated by the dotted line in Figure 6a. Two
opposing effects influence melt production rates with in-
creasing convergence rate: the overall increase in temper-
atures encountered by fluids (in contrast to the potential
temperature which remains fixed at 1350�C unless other-
wise specified) and the reduction in the flux of water
supplied to the melting region. The temperature encountered
by fluids in the region of greatest melting increases by 70�C
from 40 to 100 km Ma�1. For convergence rates ranging
from 40 to 100 km Ma�1, the fraction of the water released
by dehydration that gets entrained to greater depth by solid
mantle flow rises from 32.7% to 51%. The two melt
production trends present in Figure 6a for a 1 mm grain
size indicate that the effect of the reduced fraction of water
rising into the wedge has a larger influence than the effect of
increasing temperature along the melting front: Melt pro-
duction first increases roughly linearly proportional to
convergence rate but at higher convergence rates, melt
production increases more slowly. Melt production is thus
limited by the amount of water supplied to the melting
region since the increase in solid mantle flow above the slab
with increasing convergence rates carries a greater fraction
of water to depth.

6.3. Influence of Buoyant Melt Migration Rate

[35] Grain size, Dr and mfluid affect fluid velocity through
the permeability relationship (see equation (16)) and is
therefore an important factor in determining the flux of
water that rises into the melting region. However, buoyant
melt migration rate is controlled the combination of the
physical parameters Drd2/mfluid. Increasing grain size in the
wedge is thus equivalent to decreasing fluid viscosity or
increasing Dr. For example, increasing the grain size by a
factor of 3 is equivalent to decreasing mfluid by roughly an
order of magnitude. In the following section we will discuss
the effect of changing melt transport rate as a consequence

Figure 5. Fluid volume fraction in the mantle wedge for
(a) 40, (b) 60, and (c) 100 km Ma�1. Other parameters are
as in Figure 4. Melt flow lines are shown in black, and
temperature contours for 950�C, 1100�C, and 1250�C are
shown as white lines. If melt were to be extracted by
vertical transport through the cold lithosphere, the width of
the region of melt distribution in the wedge would give an
indication of the range of volcano positions. Higher
convergence rates carry melt closer to the convergent
boundary. However, as the convergence rate increases, both
the back-arc boundary of the wet melting region and the
region of highest degree of melting remain relatively fixed.

B09402 CAGNIONCLE ET AL.: FLUID DISTRIBUTION AT SUBDUCTION ZONES

9 of 19

B09402



of varying grain size, but the equivalent variations in fluid
viscosity and density differences should be kept in mind.
[36] Figure 7 shows the result of varying grain size by an

order of magnitude for a fixed convergence rate of 60 km
Ma�1 and a slab dip of 45�. For small grain sizes (0.3 mm),
all the water released by mineral dehydration is carried to
greater depth by solid flow so that it does not rise and cause
melting in the hot wedge (Figure 7a). With 1 and 3 mm
grain sizes (Figures 7b and 7c), water rises into the wedge
and melting occurs. For the 3 mm grain size, less melt is
present in the melting region due to the high flux of melt in
this region, but the overall extent of melting is greater. Melt
production rates for grain sizes of 1 and 3 mm are 18.2 km3

Ma�1 km�1 and 23.4 km3 Ma�1 km�1, respectively. In the
3 mm case the width of the region through which water rises
is very similar to that in the 1 mm case, but for the 3 mm
case the flux of water through this region is greater as
shown by fluid flow lines in Figures 7b and 7c.
[37] The dependence of melt production rate on conver-

gence rate is reversed for the 1 and 3 mm cases. In the 1 mm
case discussed above the melt production depends overall
more on the fraction of water rising to the melting front,
while in the 3 mm case, melt production is influenced more
strongly by temperatures along the melting front. Indeed,
compared to the 1 mm case the flux of water through the
melting region is significantly larger and varies less between
convergence rates: For d = 1 mm, the fraction of water

which rises to the melting front varies from 67.3% at
40 km Ma�1 to 49% at 100 km Ma�1, while for d =
3 mm, it varies from 89.6% to 82.9%. Therefore, at larger
grain sizes, higher temperature mantle material is exposed
to significantly higher water contents as convergence rate
increases. At lower water content, the melting curve in
Figure 2a is relatively flat with increasing temperature. This
translates in a smoother increase in melt production rates
with increasing convergence rate, as observed for the 1 mm
case. However, at higher water content, the melting curve
increases more rapidly with temperature, which in turns lead
to a change in melt production regime from being weakly
dependent on convergence rate for convergence rates below
60 km Ma�1 to nearly linearly proportional to convergence
rate above 60 km Ma�1.
[38] Recrystallization piezometers for olivine suggest that

the average grain size of a deforming rock evolves toward a
value which varies inversely with deviatoric stress s: d =
d0s

�r, where d0 and r 
 1 are empirically determined
constants (van der Waal et al. [1993] and Hirth and
Kohlstedt [2003] found r � 1.3). In a dislocation creep
regime, _e / s3, so the grain size is approximately inversely
proportional to the third power of strain rate. The strain rate
may be scaled as _e = uslab/L, where L corresponds to the
average depth of slab mineral dehydration. Neglecting local
areas of increased deformation, we therefore expect that the
grain size in the wedge should vary as d / uslab

�1/3. The grain

Figure 6. (a) Log-log plot of the melt production rate (in km3 Ma�1 (arc km)�1) versus convergence
rate (in km Ma�1) for the cases shown in Figures 4 and 5. Squares with a solid line represent the results
from our models with a uniform grain size of 1 mm, diamonds with a dash-dotted line represent the
results for a uniform grain size of 3 mm, and the dotted line represents the results for melt production
rates increasing linearly with convergence rates. The right triangle corresponds to a convergence rate of
60 km Ma�1 and a 10 mm grain size. Pressure increases along the melting front with increasing
convergence rate, while the fraction of water reaching the melting region decreases for a fixed 1 mm grain
size. These effects prevent the melt production rate to increase proportionally with convergence rate. At
larger grain sizes, fluids are not as strongly influenced by solid flow, and a larger fraction of fluids reaches
the melting region. Melt production rates are consequently proportional to convergence rates at high
convergence rates. (b) Log-log plot of the melt production rate (in km3 Ma�1(arc km)�1) versus flux of
water off the slab (in km3 Ma�1 (arc km)�1) for a convergence rate of 60 km Ma�1 and slab dip of 45�.
The dotted line corresponds to melt production rates increasing linearly with increasing flux of water off
the slab.
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size for the convergence rate of 60 km Ma�1 is fixed
through out the wedge at 1 mm and the grain sizes for the
other convergence rates are prescribed accordingly. The
results do not qualitatively differ from those for a uniform
grain size of 1 mm shown in Figures 4 and 5. For a 100 km

Ma�1 convergence rate, the smaller grain size (d = 0.86 mm)
hinders the buoyant rise of the water released from the slab.
Solid flow above the top of the slab therefore carries a larger
portion of the water down to greater depth (about 54.7%),
thereby limiting the amount of wet melting in the wedge.
The melt present is advected toward the wedge corner by
solid flow, yielding a wider region of volcanism and a
volcanic front that is close to the convergent boundary. The
lowest convergence rates has the largest grain size (d =
1.17 mm). Fluid therefore rises more rapidly and only 16%
of the water is advected to greater depths. The remaining
water can efficiently percolate into the hot mantle and
provoke melting. The higher melt velocities limit the
influence of solid mantle flow on melt distribution in the
wedge and yield a narrow region of possible arc volcanism.
However, larger grain sizes, and therefore increased fluxes
of water through the melting region, do not necessarily
correspond to larger melt production rates. Indeed, increased
water fluxes focus water into a narrower melting region,
thereby leading to high values of depletion and lower values
in melt production rate increase. At smaller grain sizes (such
as 1 mm) water is distributed by solid flow and a wider, more
fertile, melting region is sampled, which can potentially yield
larger melt production rates.

6.4. Influence of the Flux of Water off the Slab

[39] As mentioned in the model parameter section, the
flux of water off the slab may vary considerably within a
single subduction zone. In order to investigate the influence
of the flux of water off the slab on melt production, the
convergence rate (and therefore the temperature distribu-
tion) and grain size were held fixed at 60 km Ma�1 and
1 mm, respectively. The flux of water off the slab was then
either decreased by half or increased up to 3 times its
standard value of 13.5 km3 Ma�1 (arc km)�1 used previ-
ously. The melt production rates obtained for these different
fluxes of water are shown in Figure 6b. Two melt produc-
tion trends emerge. At low water flux, the rate of melt
production is more than linearly proportional to the flux of
water off the slab because an increasing fraction of
the released water reaches high-temperature regions of the
wedge. At higher fluxes, solid flow appears limit the
amount of fertile mantle advected into the melting region
thus limiting melt production rates. In this case, melt
production increases less than linearly proportional to the
flux of water off the slab. Melt production rates therefore do
not simply increase linearly with increasing flux of water off
the slab: The rate at which solid flow brings fertile mantle
material into the melting region limits the amount of melt
produced with increasing water fraction.

6.5. Influence of Thermal Structure

[40] A mantle potential temperature of 1350�C was as-
sumed for all of the cases discussed thus far. In order to
explore the importance of thermal structure on melting at
convergent plate boundaries, we increased this temperature
to 1380�C for a convergence rate of 60 km Ma�1 and slab
dip of 45�. Fluids were released from the top of the slab
over the same depths range as before and the grain size
through out the wedge was 1 mm. Such a small change in
potential temperature does not noticeably alter solid flow in
the wedge. Changes in melting behavior are hence exclu-

Figure 7. Fluid volume fraction in the mantle wedge for a
convergence rate of 60 kmMa�1 and grain sizes of (a) 0.3mm,
(b) 1 mm, and (c) 3 mm. Fluid and solid flow streamlines
are shown in black and white, respectively. Wet decom-
pression melting is observed in all three cases. For small
grain sizes, however, low permeability restricts the buoyant
rise from fluids off the top of the slab so that the fluid is
carried downward into the mantle.
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sively due to the increase in temperature in the wedge above
the subducting slab. The 30�C increase in mantle potential
temperature yields a melt production rate of 25.2 km3 Ma�1

(arc km)�1. This melt production rate increase is larger than
that resulting from enhancing the flux of water through the
melting region by increasing grain size from 1 to 3 mm but
less than from 1 to 10 mm (Figure 6a) and is almost

equivalent to increasing the flux of water off the slab by
50% (Figure 6b). Mantle potential temperatures beneath
back-arc spreading centers can vary from �1350�C (East
Scotia ridge, Mariana trough) to �1500�C (Manus Basin
[see Kelley et al., 2006, Figure 2]). Mantle potential temper-
atures in the wedge similar to those found at back-arc
spreading centers could be reflected in significant variations
in melt production rates between subduction zones. Fur-
thermore, the melting relationship for mantle flowing into
the wedge depends on initial mantle composition. Models
with higher mantle potential temperature may hence act as
surrogates for mantle compositions with lower melting
temperature.

6.6. Influence of Slab Dip

[41] Slab dip influences both the thermal structure and
solid velocity distribution. For fixed slab velocity, thermal
boundary layers at the top of the wedge and the top of the
slab remain approximately constant in thickness. Therefore,
although the maximum temperature remains almost the
same for the range of slab dips, the depth interval outside
the thermal boundary layers increases with increasing dip as
can be seen through the increasing height of the greater than
1300�C region with increasing dip in Figure 8. However,
this larger high-temperature region with increasing dip do
not yield higher melt production rates: The melt production
rates for a given flux of water released over the same depth
range vary from 2.5 to 18.2 km3 Ma�1 (arc km)�1 between
30� and 45� and decrease to 10.4 km3 Ma�1 (arc km)�1 for
a dip of 60�.
[42] This decrease in melt production is due to the

influence of solid velocity on the path of water through
the wedge. Indeed, at a given convergence rate (60 km
Ma�1 here), the magnitude of velocities in the wedge is
almost independent of dip. At shallow dips, the horizontal
component of solid flow dominates over the vertical com-
ponent. Since fluids are released over a wider horizontal
extent, the overall flux of water off the slab, and hence fluid
velocity, is decreased with respect to a 45� dip. The
horizontal component of solid flow is hence larger than
the fluid velocity and carries most of the initially released
water to greater depth (80.6%). The remaining hydrous
fluid, combined with overall low wedge temperatures,
induce little melting which, in turn, is advected close to
the convergent boundary by the horizontal component of
solid flow (Figure 8a). For a 60� dip, water is released over
a smaller region, thereby yielding larger fluid velocities than
for a 45� dip. A smaller fraction of water therefore gets
carried down to greater depth by the vertical component of
solid flow than at a 45� dip (19.4% versus 41%). The
remaining water crosses the 1300�C isotherm over a smaller
region than in the 45� dip case, thereby yielding smaller
melt production rates. Such a decrease would not be
observed if water were released at greater depths for larger
dips, leading the hydrous fluids to encounter hotter mantle
material and to thereby generate more melt.

7. Discussion

[43] Important feedbacks between temperature distribu-
tion, solid flow and wedge rheology were described in the
results section. We found that increasing convergence rates

Figure 8. Fluid volume fraction in the mantle wedge for a
convergence rate of 60 km Ma�1 and a slab dip varying
between (a) 30�, (b) 45�, and (c) 60�. Solid flow lines are
shown in white. The 1300�C isotherm is shown as a dash-
dotted red line. The same flux of water is released over the
same depth range for all dips. The fraction of water
advected to greater depth by solid flow increases with
decreasing dip.
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at a fixed dip and constant amount of water released has two
opposing effects on melt production: It simultaneously
broadens the potential melting region, which increases melt
production rates but reduces the flux of water to that melting
region by advecting a greater fraction of released water to
greater depth. This latter effect can be offset to a certain
extent by increasing grain sizes which increases fluid
velocities: Increasing the grain size by a factor of 3
increases the permeability by a factor of 9 (equation (16)).
The influence of solid flow on fluid migration is thereby
diminished and the flux of water through the melting region
enhanced.
[44] Melt production rates do not simply increase linearly

with increasing flux of water off the slab at a fixed
convergence rate and grain size but are rather influenced
by the rate at which solid flow brings fertile material to the
wet melting region. Increasing dip angle while holding
convergence rate fixed both increases the overall wedge
temperature and varies the influence of solid flow on the
fluid distribution.
[45] Seismic, geochemical, and petrological studies pro-

vide valuable constraints on the physical processes occur-

ring at subduction zones. The simplicity of our models,
which consider no oblique convergence, a constant incom-
ing plate age, and steady state temperature distributions and
solid and fluid velocities, contrasts with the complexity of
many convergent boundaries. However, comparisons be-
tween simplified models and actual subduction zones may
allow a better delineation of the physical factors that
influence arc magmatism.

7.1. Melt Production With Increasing Convergence
Rate and Varying Dip

[46] Figure 9 is a schematic representation of wet melting
in the wedge and its relationship to temperature, fluids/melt
and solid flow distributions. Hydrous fluids released by
dehydration reactions (grey streamlines) are deflected by
solid flow and thus in general do not rise vertically through
the wedge. As previously noted, a fraction of the released
water will be advected down to greater depth by solid flow.
The remaining water rises buoyantly in the wedge until it
encounters mantle with a temperature above the wet solidus.
The resulting melting front (pale red triangle), which
represents a relatively thin region where most melt is
produced, is oblique to isotherms, with temperatures along
the melting front increasing with increasing pressure along a
wet solidus. Within the melting region, melt production is
limited both by the rate at which solid flow (white stream-
lines) brings fertile solid material into the region and the rate
at which hydrous fluids rise upward through the melting
front.
[47] In the region above the melting front, melt which

flows along the black streamlines in Figure 9 is composed
of both dissolved oxides and hydrous fluid. Though melt
may still be moving toward lower pressure and higher
temperature into mantle that has been only slightly depleted
by previous melting, melt production is limited by the
increasing saturation of silicate melt with hydrous fluid
(or the saturation of hydrous fluid with dissolved oxides).
Consequently, melt moving through this region provokes
only a small additional extent of melting (see Figure 4c).
The total height over which the wet solidus is exceeded in
the wedge, what some would inappropriately term the
‘‘melting column,’’ therefore exerts a secondary effect on
melt production. As melt migrates to the surface, it encoun-
ters temperatures below the solidus (pale blue region in
Figure 9). The present study does not explicitly treat the
final fate of melt, but one possibility is discussed later.
[48] The pressure range over which most of the melting

occurs along with the extent of melting (F) is shown as a
function of convergence rate in Figure 10. The range of
pressures at which melting occurs increases by �0.85 GPa
(or �25 km) as convergence rate increases from 40 to
100 km Ma�1. The pressure of melting is controlled by the
trajectories of fluid off the slab. Mantle material hot enough
to melt is present closer to the slab with increasing conver-
gence rate. The pressure of melting consequently increases
with increasing convergence rates. However, the extent of
melting increases with increasing convergence rate, indicat-
ing that the effect of increasing temperature has a stronger
effect than pressure. The amount of water fluxed through
the melting region also has a significant influence on F: The
extent of melting is systematically larger for more rapid
melt transport (grain size of 3 versus than 1 mm) due to the

Figure 9. Schematic diagram of fluid migration at
subduction zones. Hydrous fluids (grey streamlines) are
released from the slab by dehydration reactions and rise
buoyantly into the wedge. Fluids do not rise vertically into
the wedge but are influenced by solid flow. A melting front
(pale red triangle) develops where the water which was not
advected to greater depth reaches a region hot enough to
melt. The fluid is then a mixture of dissolved oxides and a
hydrous component (black streamlines). The large fluid
fraction after melting front prevents solid flow from
affecting fluid migration, and fluids migrate vertically to
the surface until they reach colder temperatures (pale blue
ellipse). The present study does not explicitly treat the final
fate of melt, but a potential melt transport mechanism,
shown by the red arrow, is discussed in the text.
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larger amount of water reaching the melting front. This
increased water fraction, combined with temperatures along
the melting front that increase with convergence rate, result
in a significant increase in F with both grain size and
convergence rate.
[49] With increasing slab dip at a fixed grain size of 1 mm,

F first increases by �2 wt % from 30� to 45� and then
decreases by �1 wt % from 45� to 60�. The distribution of
F for a grain size of 3 mm mirrors the one described for
1 mm. Similarly, the pressure at which melting occurs first
increases by �0.44 GPa (or �13 km) as the slab dip is
increased from 30� to 45� and then decreases by roughly the
same amount as slab dip increases from 45� to 60�. These
behaviors can be understood in light of the influence of
solid flow on fluid trajectories and of the position of
isotherms above the wet solidus (represented in Figure 8
by the 1300�C isotherm) with respect to the fluid
trajectories. As explained above, fluids are less deflected
by solid flow at larger slab dips, thereby increasing the
fraction of water reaching the melting front and decreasing
the pressure range of that melting front. The position of
isotherms above the wet solidus determines the potential
melting pressure range. For a 45� dip, all of the hydrous
fluids reach a region with temperatures above 1300�C
(Figure 8b), yielding a high average temperature along the
melting front and allowing for a wide range of melting
pressures and a large F. On the other hand, for a slab dip of
60�, a large fraction of hydrous fluids do not cross the 1300�C

isotherm (Figure 8c), yielding a lower average temperature
along the melting front. Lower F values (�1 wt %) and a
smaller range of melting pressures are consequently found.
Increasing the grain size from 1 mm to 3 mm diminishes the
influence of solid flow on fluid migration. A larger fraction
of water reaches the melting region and a larger F is
observed.

7.2. Comparison With Aleutian Arc Magma Chemistry

[50] The relatively simple geometry of the Aleutian
subduction zone westward of the continental shelf (partic-
ularly the absence of a back-arc basins, the lack of a thick
overriding continental lithosphere, a relatively uniform slab
age and an arc-normal convergence rate that varies uni-
formly along the arc) provides a unique setting to begin the
comparison between our models and an oceanic-oceanic
subduction zone. Chemical variations in Aleutians magmas
have been attributed to a source composition that is a
variable mixture of subducted oceanic crustal and sedimen-
tary components with a depleted mid-oceanic ridge-type
mantle [Kay and Kay, 1994, and references therein]; to an
upper mantle source composed of different proportions of
mid-oceanic ridge and oceanic island-type components
[Morris and Hart, 1983]; or to the relative age of the
magmatic centers which influences the amount of wall rock
contamination of the magma during its ascent through the
lithosphere [e.g.,Myers et al., 1985]. Most of these previous
explanations, however, were based solely on geochemical
and petrological inferences. Prediction of our simple models
over the parameter space explored in this study allows us to
assess the possible importance of physical processes influ-
encing the extensive geochemical and petrological data
available [e.g., Kelemen et al., 2003b, and references
therein].
[51] Geochemical indicators such as MgO, SiO2, and

K2O concentrations in primitive melts (Mg# � 60%) yield
insight into melting processes (based on the compilation of
Kelemen et al. [2003b, and references therein]) (Figure 11).
The orthogonal component of convergence rate with respect
to the convergent boundary, or ‘‘updip’’ convergence rate,
decreases from east to west along strike in the Aleutians.
The updip convergence rate decreases from �60 to 75 km
Ma�1 in the eastern Aleutians to less than 40 km Ma�1 in
the western Aleutians. Slab dip increases from �45� in the
eastern Aleutians to �60� in the west. Such a variation in
updip subduction rate and slab dip with other parameters
relatively fixed within a subduction zone provides a unique
setting to apply the understanding of wet melt production
processes gathered from our models.
[52] MgO concentrations yield primitive magma temper-

atures estimates based on equilibrium Mg partitioning
between olivine and melt [Gaetani and Grove, 1998]. A
systematic, along-strike decrease in MgO concentration
with decreasing convergence rate (increasing longitude) is
observed (Figure 11a), reflecting an overall decrease in
primitive magma temperatures with decreasing convergence
rate from �1350� to �1200�C [Kelemen et al., 2003b]. This
decrease in temperature is consistent with our models in
which the overall temperatures along the melting front
decrease with decreasing convergence rate (Figure 5) even
though the mantle potential temperature is held fixed at
1350�C. Considerable variations in wedge mantle potential

Figure 10. Pressure of melting (in GPa) and extent of
melting (F in wt %) as a function of convergence rate. The
range in pressure (shaded region between the dashed lines)
corresponds to the range in depth of the melting front for a
given convergence rate. Squares and diamonds correspond
to F for grain sizes of 1 and 3 mm, respectively. F increases
with increasing convergence rate even though the pressure
of melting also increases. The maximum temperature along
the melting front, which also increases with increasing
convergence rate, has therefore a larger influence on F than
pressure. F increases with increasing grain size due to the
larger fraction of water reaching the melting region.
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temperatures, such as those inferred in back arcs [Wiens et
al., 2006; Kelley et al., 2006], therefore do not appear
necessary to explain the variation in primary magma tem-
peratures in the Aleutians. On the other hand, SiO2 concen-
trations increase with decreasing convergence rates
(Figure 11b), indicating decreasing pressure of melt/mantle
equilibration. As discussed above, this decrease in pressure
with decreasing convergence rate is also consistent with the
models (Figure 10) and is associated with a decrease in melt
production.
[53] K2O concentrations in arc lavas are higher in the

western Aleutians than in the eastern Aleutians (Figure 11c).
These values are significantly higher than typical mid-ocean
ridge basalt (MORB) values suggesting that K2O suggest a
significant slab component [Plank and Langmuir, 1993]. On
the basis of our models, we expect the extent of mantle
melting, or F, to be lower in the western Aleutians than in
the eastern Aleutians due to a combination of a lower
convergence rate, which lowers temperatures along the
melting front, and a steeper slab dip, which limits the width
of the melting front. The signature of slab derived compo-
nent is therefore expected to be more pronounced in the
western Aleutians where less mantle melting occurs.

7.3. Melt Production Rate in the Aleutians

[54] Holbrook et al. [1999] and Lizarralde et al. [2002]
estimated the magmatic flux along two seismic transects in
the eastern Aleutians to be �67 km3 km�1 Ma�1. These
estimates assume a uniform rate of crustal production over
the lifetime of the convergent boundary. However, Stern
and Bloomer [1992] found that for the Izu-Bonin-Mariana
subduction zone, crust production rates were several times
greater during the earliest stages of subduction than in
mature arcs. Since no clear estimates exist on the fraction
of crust produced in the early stages of subduction in the
Aleutians, considerable uncertainty remains in using the
volume of arc crust in estimating magmatic flux from
ongoing subduction. The estimate of Holbrook et al. and
Lizarralde et al. should therefore be viewed as upper bounds
of the current crustal production rate.

[55] Our models predict a melt production of �19.1 km3

Ma�1 (arc km)�1 for a convergence rate similar to the
average one in the Aleutians (60 km Ma�1) and for a grain
size of 1 mm. However, as grain size controls the flux of
water into the melting region, and hence the melting rate,
melt production in our models increases with increasing
grain size. Therefore, for the same convergence rate and
slab dip as above but with a uniform grain size of 10 mm,
melt production increases from �19.1 to �27.86 km3 Ma�1

(arc km)�1, a little under half the maximum melt production
estimated above for the Aleutians. Furthermore, increasing
the flux of water off the slab increases melt production rates.
At a fixed grain size of 1 mm, increasing the flux of water
off the slab by 200% leads to a melt production rate of
�42 km3 Ma�1 (arc km)�1. If the grain size were increased
to 10 mm, a lower flux of water would be needed to yield
melt production rates similar to those found for the eastern
Aleutians. It should also be noted that melt production in
models such as ours are expected to be highly dependent on
the melting relationships assumed. Small changes in the
solidus or mantle temperatures would yield large increments
in melt production.
[56] The current rate of crustal accretion, as indicated by

the subaerial volumes of recent (�2 Ma) volcanic centers
and the number of reported eruptions since 1700 at various
locations along the Aleutians, is consistent with an eastward
increase of melt production rate. Both the volume of the
largest volcanoes and the number of eruptions increase to
the east [Fournelle et al., 1994]. Such an increase in
intensity in the volcanic front may be related to the increase
in melt production rates predicted with increasing conver-
gence rates (Figure 6a).

7.4. Seismic Velocity Structure and Attenuation in
the Wedge

[57] Seismic tomography studies of the mantle wedge
have been reported for a number of convergent boundaries,
although not for the Aleutians westward of the Alaskan
Peninsula. Low seismic velocities and high attenuation
reported in these studies are indicative of fluid and melt

Figure 11. Variation of (a) MgO, (b) SiO2, and (c) K2O concentrations for primitive magmas (Mg# >
60%) with a convergence rate along the Aleutian arc [Kelemen et al., 2003b]. MgO concentrations
increase with increasing convergence rate (increasing longitude), indicating that the primary magma
temperatures in the western Aleutians are lower than in the eastern Aleutians. The decrease in SiO2

concentrations with increasing convergence rate corresponds to an increase in melt/mantle equilibration
pressure. The increase in K2O concentrations to the west suggest a smaller extent of mantle melting in the
western Aleutians than in the eastern Aleutians.
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distributions in the mantle wedge at subduction zones. For
example, beneath the well-studied northeastern Japan, low
VP, low VS and high VP/VS are distributed along the volcanic
front in the uppermost mantle and extend downward to the
back-arc side parallel to the slab [Nakajima et al., 2001]. VP

and VS velocities anomalies up to 6% are interpreted to
reflect the presence of cracks filled with �1% volume
percent melt. P wave attenuation (QP) structure beneath
Japan has been studied by Zhao et al. [1994] and Tsumura
et al. [2000] in regions near those of the Nakajima et al.
[2001] study. Zones of low QP correlate well with zones of
low velocities, particularly in the southern part of their study
area. In the northern part, low QP (between 145 and 170)
appears in isolated zones beneath arc volcanoes whereas
low seismic velocity is continuously distributed almost
parallel to the slab. Beneath the Alaska subduction zone,
the mantle wedge is also highly attenuating (QS � 100–
143;QP � 143–200), but attenuation in bulk modulus is
negligible, suggesting thermally activated solid-state atten-
uation processes [Stachnik et al., 2004]. The distribution of
attenuation is generally similar in Japan and Alaska sub-
duction zone.
[58] Temperature has an important effect on both the

anharmonic and anelastic components of seismic wave
velocities. The anharmonic variation of VP and VS with
temperature at upper mantle pressures is relatively well
known compared to anelastic variation. Karato [1993, Table 1]
gives values for the combined effect of anharmonic and
anelastic effects as a function of attenuation. For levels of
attenuation observed in the mantle wedge, anelastic effects
on seismic velocity may be comparable to anharmonic
effects. In our models we calculated QS from the combined
effects of temperature and hydroxyl defect concentration
from Karato [2003, Figure 2] and QP from QP

�1 = 4
9
QS
�1.

The values of Q thus obtained are used to estimate the
anelastic effect of temperature on seismic velocity. The
resulting QP values agree reasonably well with values
obtained by Tsumura et al. [2000] for the northeastern Japan
and by Stachnik et al. [2004] for the Alaska subduction zone.
[59] Melt as well as temperature influence seismic veloc-

ities (see above discussion for observed perturbations at
subduction zones). The effect of melt on seismic velocity
and attenuation depends very strongly on whether melt is
distributed as films on grain faces or as tubes along grain
edges. Faces are more likely to be wetted at large melt
fractions f > ffilm (for example, Hammond and Humphreys
[2000] take ffilm = 1%). To estimate the seismic velocity
perturbations induced by melt and temperature, we used
derivatives of seismic velocity with respect to temperature
and melt fraction given by Hammond and Humphreys
[2000, Table 2]. This approach yields velocity perturbations
up to �7% and 10% for VP and VS, respectively, which are
distributed parallel to the slab in the region of melting
(between 30 km to 110 km depth). These results broadly
agree with those of Nakajima et al. [2001] (Figure 12). In
our models, the region of lowest seismic velocity occurs at
shallower depth than observed. This difference may be
attributable to the presence of hydrous fluids or hydroxyl
defects in mineral grains which has not been taken into
account in the above calculations.
[60] The lack of seismic velocity variation directly above

the slab both in the observed seismic velocities suggests that
relatively little melt or fluid is present directly above the
slab in the Japan subduction zone. A similar region is seen
in the seismic velocities calculated from our models. Our
models show that melt migrates vertically upward once it is
generated (Figure 9). However, the migration of hydrous
fluids from the slab to regions where the temperature is

Figure 12. Predicted P wave velocity perturbation and attenuation from our models compared to the
velocity perturbation results from Nakajima et al. [2001, slice FF in Plate 2]. Calculated velocity
perturbations are attributed to anomalous temperatures and the presence of melt [Hammond and
Humphreys, 2000] (see text for details).
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above the wet solidus has an important influence on the
subsequent distribution of melt in the wedge.

7.5. Implications for the Convergent Boundary
Magmatic Structure

[61] The 2-D models like those presented above do not
explain important, probably fundamental, characteristics of
convergent plate boundaries. One example is the existence
of sharp volcanic front and its magmatic segmentation in the
along the strike direction has frequently been noted [Marsh,
1979; Tamura et al., 2001; Honda and Yoshida, 2005]. Hot,
perhaps molten, ‘‘fingers’’ have been imaged to extend in
the wedge in regions such as northeastern Japan where
dense seismometers arrays allow for good seismic resolu-
tion [Tamura et al., 2001]. Quaternary volcanic lineations
are present above these fingers which could be interpreted
as localized channels which permit fluids to migrate from
the slab and the wedge to the surface.
[62] Furthermore, models like ours with distributed po-

rous flow predict long fluid migration times. The time of
hydrous fluid ascent from its release by slab dehydration
reactions to the bottom of the wet melting region along with
melt residence time within the melting region from our
models are presented in Table 1. The range of ascent times
at each convergence rate correspond to different path
lengths along fluid flow lines and reflect the influence of
solid flow on the rise of buoyant fluid as illustrated by the
grey flow lines in Figure 9. The shorter of the two times
correspond to the leftmost edge of the fluid column. The
longer times correspond to the last flow line to rise into the
melting region. We find that the time needed for fluids to
migrate from the slab to the melting region is the major
fraction of the total fluid ascent time. However, the ascent
time is long compared to that inferred from isotopic
disequilibrium studies find that between 10 and 200 ka
have elapsed since the addition of hydrous fluids to the
wedge [Turner, 2002, and references therein] (Elliott et al.
[1997] find 30 ka for the Marianas and Bourdon et al.
[1999] cite 60 ka for Tonga).

[63] This discrepancy could be resolved by channelized
flow along fingers as imaged in northeast Japan [Tamura et
al., 2001]. These could be envisioned as vertical fluid
migration through relatively thin vertical sheets perpendic-
ular to the strike of the plate boundary. Each of these
vertical sheets could be interpreted as a realization of our
2-D models in which the vertical flux of water is the flux off
the top of the slab enhanced by the ratio of the thickness of
these vertical slices to their along-strike spacing. The
spacing of volcanoes along the volcanic front could corre-
spond to the location of the vertical slices. This localization
would significantly decrease fluid migration times.
[64] A number of previous studies have argued that

volcanic front occurs at a location where the slab reaches
100–150 km [Gill, 1981; Tatsumi and Eggins, 1995], but
England et al. [2004] and Syracuse and Abers [2006] find
that volcanism is distributed over a much broader region.
This region could correspond to the top of the melting
region in our models, but this does not explain the sharpness
of the volcanic front. A potential focusing mechanism is a
sloping decompaction channel which would form beneath
the impermeable boundary defined by the solidus at the top
of the wedge (Figure 13). Such a decompaction boundary
layer has already been discussed in the context of melt
migration beneath spreading centers as a focusing mecha-
nism for melt produced over a broad region to within a
couple of kilometers of the spreading axis [Sparks and

Table 1. Estimates of the Ascent Time of Hydrous Fluidsa

40 km Ma�1 60 km Ma�1 100 km Ma�1

Hydrous Fluid Ascent Time
d = 1 mm 1.3–6.7 0.93–3.33 0.55–2.1
d = 10 mm 0.35–1.8
3 � flux of water 0.47–1.03

Melt Residence Time
d = 1 mm 0.2–0.21 0.13–0.27 0.19–0.26
d = 10 mm 0.083–0.17
3 � flux of water 0.2–0.25

aEstimates, in Ma, are from their release point on the slab to the bottom
of the wet melting region and of the melt residence time in the wet melting
region for a uniform 1 and 10 mm grain size and for the case where the flux
of water off the slab was tripled at a grain size of 1 mm. The range of time
corresponds to the time associated with the first fluid streamline (first
estimate) and the last streamline (second estimate) to reach the melting
region. Fluid ascent time is reduced by both increasing the grain size, which
increases the permeability (equation (16)), and increasing convergence
rates, which brings hot mantle material closer to slab. Melt residence time
within the wet melting region is short in comparison and is independent of
convergence rate. It is also not as largely affected by grain size variations
due to the relatively large volume fraction of melt in the melting region.

Figure 13. Schematic diagram of a melt generation and
focusing. Melting occurs both by flux melting as water
comes off the subducting slab and by adiabatic decompres-
sion as mantle entrained by the slab ascends into the wedge
corner. Melt rises until it encounters a solid lid imposed by
heat loss to the surface. Melt collects at this sloping
impermeable boundary, in a layer of thickness determined
by the compaction length, and buoyantly ascends to the
shallowest point in the thermal structure, hypothesized to be
the location of the volcanic front (VF). Both adiabatic
decompression and wet melts intermingle in this layer,
thereby yielding the observed compositional range of arc
lavas. The wet solidus is from Grove et al. [2006], and the
dry solidus was calculated as 1100�C + 0.3 � depth.
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Parmentier, 1991; Spiegelman, 1993] and may have been
identified in the mantle section of the Oman ophiolite
[Rabinowicz and Ceuleneer, 2005]. At subduction zones,
buoyancy forces will cause melt in such a channel to
migrate to the horizontal location where the relevant solidus
reaches its shallowest depth. The accumulation of melt there
could correspond to the location of the volcanic front. Both
dry adiabatic decompression melts and flux-derived melts
should be present in this channel in varying proportions.
The intermingling of these melts may explain the compo-
sitional range and spatial distribution of volcanic composi-
tions observed in arcs.

8. Conclusions

[65] Models of fluid migration and melting in the wedge
above a subducting plate indicate that fluid released from
the slab does not rise vertically but may be strongly
influenced by solid flow in the wedge. Melting is localized
to a region where hydrous fluids first encounter a region hot
enough to melt and this is controlled by the effect of solid
flow on fluid migration paths above the slab. Solid flow
influences the extent of melting by determining the flux of
fertile mantle material through this region. In contrast to
decompression melting beneath spreading centers, the
height of the melting column does not have a strong
influence on the melt production rates. Melt production
rates are sensitive to the pressure of melting and the
maximum temperature along the melting front which vary
with convergence rate. Small changes in mantle potential
temperatures, or equivalently varying mantle fertility, also
strongly influence melt production rates. The insight into
wet melting processes gained from these models can be
applied to subduction zones such as the Aleutians and may
help identify and better understand the potential factors
influencing fluid migration and melt production at conver-
gent plate boundaries.
[66] The influence of solid flow may be even further

enhanced in more realistic 3-D flow structure where fluid
released by the slab may be focused into relatively thin
vertical sheets along the strike of the convergent plate
boundary, corresponding to the spacing of volcanic centers.
A focusing mechanism, such as a decompaction boundary
layer beneath the lithosphere, is however still needed to
focus melt produced over a broad region to the observed
sharp volcanic front and to explain the compositional
variation observed in arc volcanoes.
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