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is necessary if flux-melting is a primary mechanism for the production of arc magmas. This paper
investigates one possible mechanism for inducing focusing of fluid flow toward the sub-arc mantle.
Through a series of simplified models we explore the role of compaction pressure gradients in modifying

Keywords: fluid flow. These gradients are produced by variations in fluid flux interacting with the permeability and
subduction viscosity structure of the solid mantle. When these gradients are neglected, high-permeability systems
fluid migration are dominated by buoyancy and fluid flow is primarily vertical. However, when included, compaction
multi-phase modeling pressure terms have three principal effects: (i) enhancement of upslope flow within high-permeability
geodynamics layers in the slab produced by local dehydration reactions, (ii) deflection of fluids along the sloping

rheologically strengthening region in the upper thermal boundary layer, and (iii) production of non-linear
porosity waves that locally modulate the flow of fluids and can allow significant transient accumulation
of fluids. We demonstrate significant localization of fluid flux toward the sub-arc region due to the
permeability and solid viscosity structure. We also estimate the amount of melting expected among the
different models and show that models with compaction pressure could produce ~10% flux melting,
whereas distributed fluid flow produces <1% in most cases.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction in the subducting plate (van Keken et al., 2011), which suggests
that fluid generation is sensitive to the thermal structure of the

A robust observation of global subduction-zone volcanism is slab, producing fluids over a wide range of depths.
the location of the primary volcanic arc with respect to the in- Slab-derived fluids are a critical part of flux melting. The large
termediate earthquakes in the subducting slab. In nearly all cases, variability in fluid production combined with the narrow range of

the depth to the earthquakes beneath the arc is ~ 100 = 40 km
(e.g. Gill, 1981; Jarrard, 1986; Tatsumi, 1986; England et al., 2004;
Syracuse and Abers, 2006). The most recent compilations show
similar distributions in depth and more remarkably show that this
depth is nearly independent of most standard subduction param-
eters. England et al. (2004) suggested that there is a weak neg-
ative correlation with subduction rate, but this is less clear from
Syracuse and Abers (2006). Both studies show no correlation with
the age of the subducting plate. This result is somewhat puzzling
given recent thermal modeling of the production of hydrous fluids

volcano locations suggests a strong focusing mechanism that di-
rects fluids and melts to the hot and shallow regions beneath the
volcanic arc. This process appears to be insensitive to the details
of subduction. Various mechanisms have been proposed to ex-
plain this observation including localized dehydration of amphibole
(Tatsumi, 1986), pressure-induced melt suction to the arc corner
(Spiegelman and McKenzie, 1987), enhanced thermal advection of
anhydrous melt (England and Katz, 2010b), localized stability of
chlorite in the wedge (Grove et al., 2009; Till et al., 2012), and
lateral flow up thermal boundary layers (Cagnioncle et al., 2007).
While many of these ideas are qualitatively appealing and may
* Corresponding author. play a role in controlling the location of arc magmatism, to date
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Fig. 1. (a) Geometry layout and boundary conditions for the solid flow calculation. Convergence is forced kinematically along the slab surface. The shaded region represents
the subdomain in which fluid flow is calculated. (b) Subdomain geometry and boundary conditions for the fluid-flow calculation corresponding to the region highlighted
in (a). q-n =0 represents a zero-fluid-flux boundary condition for the compaction pressure, 7, at the base of the subducting slab, where, when non-dimensionalized,

q=KVP - Kk— Z;;;ms (6).

been able to produce localized volcanism in the right location. One
obvious source of difficulty is that most subduction models either
neglect fluid transport or include it in a simple buoyancy-driven
approximation (e.g. Cagnioncle et al., 2007; Wada et al., 2011b)
that ignores compaction and fluid-solid interaction.

The purpose of this paper is to develop and explore models that
extend recent studies of subduction-zone dynamics and thermal
structure (Syracuse et al., 2010; van Keken et al., 2011) to include a
less simplified description of fluid flow. Key features of these mod-
els are strongly temperature-dependent rheologies in both slab
and wedge, thermodynamically consistent slab-dehydration models
and, most importantly, a more physically reasonable model of fluid
flow that includes the interaction of fluid transport with the solid
rheology. We compare the behavior of these models to simpler
models that neglect this interaction, and demonstrate that pres-
sure gradients developed by fluid transport in a spatially variable
permeability and rheology structure tend to concentrate fluid flux
into the wedge corner.

2. Model

Fig. 1 illustrates the model set up for an idealized geometry
with a 45° dipping slab. We determine the solid flow and ther-
mal structure in a manner broadly consistent with van Keken et
al. (2011). The fluid migration is then computed without taking
the feedback of the fluid on the solid flow into account (as in
Cagnioncle et al., 2007; Wada et al.,, 2011b).

Two fluid-flow models are considered. The first is the zero-
compaction-length approximation (Spiegelman, 1993a, 1993b),
where only the buoyancy and solid velocity affect fluid flow. This
model is similar to that of Cagnioncle et al. (2007) except that we
include fluid flow in the slab, which contains a thermodynamically
consistent water source distributed over a large depth range, rather
than a spatially localized, idealized Gaussian pulse. Using the same
fluid source, our second model couples the solid rheology and fluid
flow by including the compaction pressure gradients induced by
variations in fluid flux propagating through a compressible ma-
trix with variable permeability and rheology (Spiegelman, 1993b;
Katz et al., 2007).

2.1. Equations

All the equations are derived and non-dimensionalized in the
supplementary material (Section S1.1) as approximations of the
general equations for fluid flow in viscously deformable porous
media (McKenzie, 1984; Scott and Stevenson, 1984; Scott and
Stevenson, 1986; Bercovici and Ricard, 2003; Simpson et al., 2010a;
Simpson et al., 2010b). We summarize the main equations below.

2.1.1. Solid flow

The solid flow and thermal state are found by solving the non-
dimensionalized incompressible Stokes and thermal energy equa-
tions:

—V-(2né) +Vp*=0 (1)
V.vs=0 2)
or +vs- VT ! V2T =0 (3)
ats Pe o

where vg is the velocity of the solid phase, p* is the dynamic pres-
sure, T is the temperature and ¢, is the non-dimensional solid time
measure. Pe = hvg,/kp is the Péclet number, h is the reference
length scale, vs, is the convergence rate and «o is the thermal
diffusivity. é = %(Vvs + VvsT) is the strain rate tensor. The non-
dimensional solid shear viscosity, 7, is temperature dependent:
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representing diffusion creep of olivine (Kelemen et al., 2003a),
Nmax iS the maximum viscosity cap, 1o and To are the reference
mantle viscosity and temperature respectively. Ts is the surface
temperature, Q is the activation energy and R is the gas constant.
A full list of solid-flow parameters is presented in Table 1.



Table 1
Significant variables and their values for the idealized solid and thermal flow calcu-
lations.

Symbol Formula Interpretation Value
h reference length scale 1 km
RQTU scaled activation energy 20
(Kelemen et al., 2003a)
To reference mantle 1673 K
temperature
Ts surface temperature 273 K
Mo reference mantle viscosity 1x 10" Pas
Nmax viscosity cap 1 x 10%* Pas
Ko thermal diffusivity 7.272 x 1077 m?s~!
Vso convergence rate 5 cmyr~!
Pe = ’]Z;“ Péclet number 2.1803
tage overriding plate and slab 50 Myr
age
g acceleration due to gravity 9.81 ms2

2.1.2. Fluid flow

The thermal state calculated from the solution of (1)-(3) drives
the release of fluid from the dehydrating slab into the model do-
main. This leads to the generation of porosity or fluid volume
fraction, ¢, and compaction pressure, P, according to the non-
dimensionalized equations (Katz et al., 2007):

9 v r v
99 oy vg=Tl Ye )
oty Vo 80 ¢ Vo
- h? Apl’
—v-1<V7D+—ZE:—V~Kk+ﬁL. (5)
5 ¢ Vfy Pf

The fluid velocity, v¢, has been factored out of (4)-(5), but can
be calculated using Darcy’s equation for the non-dimensionalized
fluid flux:

oVi = 250 gyg — RVP + KK (6)
Vo

vy, is the reference fluid velocity scale and ty is the non-
dimensionalized fluid time measure. I is the rate of mass transfer
from solid to fluid. The densities py and ps are those of the
fluid and solid phases respectively and Ap = ps — ps. K is the
unit vector in the direction opposite to gravity. In order to fo-
cus on the effects of compaction pressure, P, on an otherwise
primarily buoyancy driven fluid flow we have dropped the dy-
namic pressure, p*, from (5) and (6). The potential contribution
of the dynamic pressure has been considered in other studies (e.g.
Spiegelman and McKenzie, 1987; Faccenda and Mancktelow, 2010;
Faccenda et al., 2012).

The compaction pressure becomes significant when the fluid
flux varies on length scales comparable to the compaction length
(Spiegelman, 1993b):

[ Ko
§= [—pn—m 7
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with reference value:

Ko
So=,/—¢g Mo (8)
po °
where K—g is the ratio of the reference background permeability,
Ko, to the fluid shear viscosity, (o. n and m are the porosity ex-
ponents in the non-dimensionalized constitutive relations for the
permeability, K, and solid bulk viscosity, ¢, respectively:

K=¢" t=n¢™" )

K and ¢ are regularized versions of the non-dimensionalized per-
meability and bulk viscosity:

K=¢" t=ne"
where:
d=0¢+ e

that ensure (5) does not become singular in the limit ¢ — 0 given
some small ¢ > 0 (Section 2.3). A full list of fluid-flow parameters
is presented in Table 2.

2.1.3. Zero-compaction-length approximation

In the zero-compaction-length approximation (Spiegelman,
1993a, 1993b) the fluid flux driven by compaction pressure gra-
dients (the leading term in (5)) is neglected. In this case, (4) and
(5) are combined, eliminating P:

d¢ mpsr
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Vp=—Vs+ —Kk (11)
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is the velocity at which porosity propagates in the zero-compaction
length approximation (Spiegelman, 1993a, 1993b). This velocity is
different from the fluid flux (6) which becomes:

dvp =~ pyg + KKk. (12)
Vo

Eq. (10) is a kinematic, non-linear wave equation for the porosity
which can admit numerically unresolvable shock waves (Spiegel-
man, 1993a, 1993b). The final term in (10) contains an additional
anisotropic diffusivity, k4, added to smooth and resolve the shocks.
K is anisotropic with kg, = 1073, kg4, = 1071, k4, =Ky, =0 s0
the most diffusion occurs in the direction buoyancy is acting.

2.2. Geometry

We solve (1)-(3) for solid velocity, dynamic pressure, and tem-
perature everywhere in a 450 km x 400 km two-dimensional do-
main (Fig. 1(a)). Subduction is forced using a kinematic approach
(van Keken et al., 2002; Kelemen et al., 2003a; van Keken et al.,
2008; Syracuse et al.,, 2010) by imposing the convergence velocity
on an idealized slab surface dipping at 45° through the domain.
The temperature in both the slab and overriding plate is initialized
using a conductive cooling model for 50 Myr old oceanic crust.
The left and right boundaries maintain this temperature through-
out the simulation. All other boundary conditions are described in
Fig. 1(a) and in more detail in the supplementary material.

Fluid flow is calculated in a subset of the domain, shaded in
Fig. 1(a) and shown in detail in Fig. 1(b). This subdomain incorpo-
rates the majority of the wedge side of the domain plus an 8 km
thick layer beneath the slab surface. The top boundary of the fluid
subdomain lies at a depth of 40 km, where we allow free vertical
advection of the porosity by the solid velocity and buoyancy. No
flux is allowed through the boundary beneath the slab. All other
boundary conditions are described in Fig. 1(b) and in the supple-
mentary material.

The domain is meshed using unstructured triangles with an av-
erage vertex spacing of 2 km throughout the majority of the fluid
subdomain (wherever fluid is potentially released). Away from
these regions the resolution drops smoothly to 20 km (Fig. 2(b)).
The slab is triangulated using a structured mesh with a resolution
of 500 m perpendicular to the slab.



(a) thermal field and solid flow (20 Myr)

(b) zoom, slab bound-water fraction overlay
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Fig. 2. (a) Solution to (1)-(3) after 20 Myr. The whole 450 km x 400 km domain is shown. The location of an idealized volcano 100 km above the downgoing slab is
indicated by a red triangle. The solid velocity, vs, is shown by white glyphs. (b) Close up of the 270 km x 300 km region highlighted by the black rectangle in (a) showing
the high resolution mesh in this area. Both (a) and (b) show the temperature, T, in the background and at labeled contours. The upper and lower black points show the
locations of the partial and full coupling points at 40 km and 80 km depth on the slab surface. In (b) the slab is overlain by the slab bound-water fraction, F, given by the
phase diagrams in supplementary Figure S1. (c) shows the same bound-water fraction, F, in a reference frame along and perpendicular to the slab, s and q. Decreases in the
bound-water fraction along slab, s, correspond to fluid sources, I" (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Within the slab we define three layers; the upper crust (MORB,
2 km thick), lower crust (gabbro, 4 km thick) and uppermost man-
tle (depleted peridotite, 2 km thick, Fig. 1(b)). To calculate the
bound-water fraction in each layer, F, we use tabulated phase di-
agrams calculated using Perple_X (Connolly, 2009) and described
by Hacker (2008). Following van Keken et al. (2011), the max-
imum bound-water content in each lithology is clipped by a
lithology-dependent cap, Fmax (Fmax, = 0.02 in the upper crust,
Fmax, = 0.007 in the lower crust and Fmyax,, = 0.04 in the up-
permost mantle, see Table 2 and supplementary Figure S1). The

non-dimensionalized fluid source, I, can then be defined as:
Vs VF
r=——="_ (13)
®o

where ¢ is the reference porosity scale.
2.3. Key parameters

As demonstrated by Cagnioncle et al. (2007), numerous physi-
cal parameters affect fluid migration within a subduction zone. In
the majority of this study we keep many of these constant (Ta-
bles 1 and 2 and supplementary material, Section S1.1) to focus on

the effects of varying the reference permeability-to-fluid viscosity
ratio, % Scaling arguments can be used to relate this parameter
to others in (4)-(5) and (10).

Regardless of the background permeability, the magnitude of
fluid flux out of a source area at steady-state must balance the
integrated production within it. We can use this to estimate a ref-
erence flux and porosity. For example, the fluid flux produced by
dehydration of the uppermost mantle layer is roughly:

_ PsVsy Fmaxy s . PsVsy Fmaxym

oV, = (14)
fo orls Pr

where we have assumed that the length, I, over which the slab de-
hydrates is approximately equal to the depth extent of the source,
ds (see Table 2 for an explanation of the other parameters). Simi-
larly, at reference values, Darcy’s law gives us:

Ko
PoVs, = —dpApg. (15)
Ho

Equating (14) and (15) gives the reference porosity:



Table 2

Significant variables and their values for the idealized fluid flow calculations. Unlisted parameters are the same as in Table 1.

Symbol Formula Interpretation Value(s)
Os solid density 3300 kgm—3
or fluid density 1000 kgm~3
Ap = s — Pf density difference 2300 kgm—3
n permeability porosity exponent 2
m bulk viscosity porosity exponent 1
Nmax viscosity cap (in bulk viscosity) 102! Pas
Frmaxye upper crust max bound-water fraction 0.02

maxc lower crust max bound-water fraction 0.007
Fmaxym uppermost mantle max bound-water fraction 0.04
Se¢ minimum compaction length 1 km
Kx horizontal porosity diffusion stabilization 1073
Koy, vertical porosity diffusion stabilization 107!

fluid mobility ‘low’ ‘moderate’ ‘high’
fi—g reference permeability-to-fluid viscosity ratio 133 x 1071 1.33 x107° 1.33 x 1077 m3skg™!
%o = (M) i (16) reference porosity 0.0264 0.00264 0.000264
Pf iy QgAp

Vi, = %% Apg (17) reference fluid velocity 0.25 2.5 25 myr~!

‘;ﬁ (18) reference fluid-to-solid velocity ratio 5 50 500

S0
tf = & fluid time scale 4000 400 40 yr
8o = /%cpg_m o (8) reference compaction length 1.87 593 18.7 km
Pe = (‘%) = (21) porosity regularization (non-dimensionalized) 0.2846 0.0285 0.0028

1 . . .
Os FmaXum Vsg \ " the theoretical expectation is that networks of tubules should have
$o = 0 Apg (16) permeabilities that scale with n =2 (e.g. Simpson et al., 2010b).
F o A larger source of uncertainty is the fluid viscosity, w, which

and (15) may then be rearranged for the reference fluid velocity:

Ko
vy, = —g¢5 ' Apg. (17)
Mo

Combining (16) and (17) and dividing by vs, yields the refer-
ence fluid-to-solid velocity ratio:

1 1/n
Vi _ (psFmaXum) <ApgK_°> , (18)
Vs, ps Vsy Mo

which we refer to as the fluid mobility. At low values of f“ fluid

flow is dominated by solid advection and the fluid phase w1ll be
dragged down by the subducting slab and mantle (Spiegelman and
McKenzie, 1987; Cagnioncle et al., 2007). At high values fluid flow
is dominated by the pressure gradients acting on it (Spiegelman
and McKenzie, 1987). When only the effects of buoyancy are con-
sidered, this results in predominantly vertical fluid flow with only
small deviations where the permeability is low (Cagnioncle et al.,
2007). Compaction pressure gradients may act in any direction
so, when included, deviations from vertical fluid flow are possi-

ble even at high values of ‘;ﬂ
50

The largest sources of uncertainty for estimating Yo i (18)

are the parameters % and n, which are poorly constrained for hy-
drous fluids in the mantle. Experimental estimates of permeability-
porosity relationships (Wark and Watson, 1998; Miller et al., 2014)
for texturally equilibrated crystalline aggregates show that simple

power laws:

d2¢n
C
provide a reasonable fit for experimentally accessible porosities,
¢ =0.02-0.2, where d is the grain size, C = 50-200 is a geometric

term and n is between 2 and 3. For porosities less than 0.02 it is
likely that these relationships underestimate the permeabilities as

K=

(19)

can vary over many orders of magnitude depending on the dis-
solved silicate content and temperature. Audétat and Keppler
(2004) give the approximate relationship:

10000

where c; is the concentration of dissolved silicates (wt%) and T*
is temperature (K). Pure water has a viscosity of order 10~ Pas
that only increases by one order of magnitude for concentrations
of 30 wt% silicate. In contrast, basaltic melts have a viscosity
~1-10 Pas (comparable to 80 wt% albite-water fluids at 1073 K)
and highly silicic melts, e.g. albite with <10 wt% water, can have
a viscosity as high as 10! Pas.

Given this range of viscosities and permeabilities we can place
bounds on the possible value of . Using n=3, C=200,d=

, (18) yields FS ~
68, which is likely to be a significant underestimate of the fluid
velocities of primarily aqueous fluids. To explore a wider range of
behaviors we fix the parameter M—g so that f‘) has values of 5, 50,
and 500. We refer to these cases as low, moderate and hlgh fluid

mobility, respectively (Table 2). The low-mobility case (= Yo — =5)is
0

0.5 mm, po = 1073 Pas, and vs, :5 cmyr~!

comparable to that used by Cagnioncle et al. (2007), who assumed
Mo =1 Pas. Note also that we use a permeability exponent of n =
2 as we expect mean porosities smaller than ¢ = 0.02.

Two other parameters, the viscosity cap, 7max, and the mini-
mum compaction length, §¢, directly affect the fluid flow in this
study. The viscosity cap is held fixed, 7max = 10** Pas, during the
solid and thermal simulations, in which it acts as a cap on the solid
shear viscosity. In the fluid simulations it is lowered to 10%! Pas
but only affects the simulation through the solid bulk viscosity (9).
Reducing the cap on the bulk viscosity mimics the effect of the
damage we expect the slab to have undergone during bending and
unbending in subduction (Rose and Korenaga, 2011) and allows the
fluid to escape the strong slab. It also places an upper bound on



the compaction length, the length scale over which the compaction
pressure affects the fluid flow (7).

The final fluid parameter of interest, §¢ = 1 km, specifies the
lower bound on the compaction length and is selected based on
the numerical resolution available (average nodal spacing for com-
paction pressure ~1 km). Given that the smallest shear viscos-
ity in the domain is 79, 8¢ can be used to determine the non-
dimensional regularization porosity, ¢. (Table 2):

5\ T
e = (5) (21)

which prevents (5) from becoming singular as ¢ — 0. The effects
of varying nmax and 8. are considered in the supplementary mate-
rial.

Although not fully coupled to the fluid flow in this study, the
thermal and solid state of the subduction zone (1)-(3) affects
the fluid by modifying its source distribution, the solid velocity,
and, in the cases with compaction pressure, the solid rheology. A
key parameter in determining the thermal structure in kinematic
models is the assumed coupling depth (Wada and Wang, 2009;
Syracuse et al.,, 2010). This is fixed at 80 km for the majority of
our simulations but the effect of varying this parameter on the
fluid flux is also considered.

2.4. Numerical methods and software

We discretize three distinct systems of Egs. (1)-(3), (4)-(5) and
(10), using finite elements in space and finite differences in time.
Each individual system is non-linear and convergence of the solu-
tion within a system is obtained using an iterative Newton solver,
which couples all the variables of that system together.

The range of physical behaviors exhibited requires significant
variability in discretization strategy (see supplementary mate-
rial, Section S1.3). To manage this variability we have developed
the software package TerraFERMA, the Transparent Finite Element
Rapid Model Assembler (Wilson et al., submitted for publication),
built on the open source libraries FEniCS (Logg, 2011, 2012), PETSc
(Balay et al, 2012a, 2012b) and SPuD (Ham et al, 2009). Ter-
raFERMA has been successfully tested against numerous geophysi-
cal benchmarks (Wilson et al., submitted for publication), including
those for subduction (van Keken et al., 2008) and fluid migration
(Simpson and Spiegelman, 2011).

3. Results

We begin by briefly discussing the thermal field and solid flow,
which are only calculated once before being used as input to mul-
tiple fluid-flow calculations. The primary advance in this study is
the inclusion of compaction pressure in these simulations, which
we compare to models excluding its effects using a variety of fluid
sources, mobilities and other parameters.

3.1. Thermal field and solid flow

The temperature is initialized using an error-function solution
for half-space cooling of 50 Myr old oceanic crust (side bound-
ary conditions, Fig. 1(a)). As in Syracuse et al. (2010) we find
that 20 Myr of evolution allows the slab to reach a near steady
state while avoiding excessive diffusive thickening of the overrid-
ing plate.

Fig. 2(a) shows the characteristic kinematic corner flow solution
for temperature, T, and solid velocity, vs, after 20 Myr. Using this
thermal structure, the bound-water content, F, is calculated from
thermodynamic look-up tables for each slab lithology (Holland and
Powell, 2004; Hacker, 2008; Connolly, 2009, see supplementary
Fig. S1) and mapped onto the slab in Fig. 2(b).

Given F and v, the fluid source, I", may be derived using (13).
This results in a shallow (z ~ —80 km) water source in the upper
crust, a deep (z ~ —240 km), distributed, low magnitude source
in the lower crust and an intermediate depth (z ~ —150 km),
large magnitude source in the uppermost mantle of the subduct-
ing slab (Fig. 2(d)). Here we have assumed uniform hydration of
the slab layers. More localized hydration (e.g. along faults, Wada et
al., 2012) or later rehydration could affect the distribution of our
sources.

3.2. Fluid flow: single source

To assess the effects of multiple, distributed sources of fluid we
begin by considering the fluid flow resulting from the dehydration
of depleted peridotite in the uppermost mantle layer of the sub-
ducting slab (temporarily setting Fmax,. = Fmax, = 0). This more
closely resembles previous studies of fluid migration in subduction
zones where typically only a single Gaussian pulse of water was
included (Cagnioncle et al., 2007; Wada et al., 2011b).

3.2.1. Zero-compaction-length approximation

Results using the zero-compaction-length approximation, (10)
(Spiegelman, 1993a), are presented, time-averaged over 10000
units of non-dimensional time, in Fig. 3(a). One unit of non-
dimensional time is an estimate of the time taken for the fluid
to move 1 km (see Table 2 for the dimensional time-scales at
each mobility). 10000 units was found to be sufficient to mini-
mize the influence of initial, transient effects, that pass within the
first ~1000 units (see supplementary material).

In the zero-compaction-length approximation, deviations from
vertical flow are only caused by advection by the solid velocity
field, vs (Fig. 2(a)). In Fig. 3(a) this effect can be seen only in re-
gions with low permeability, where a gradual down-dip spreading
can be seen directly above the slab with a corresponding arc-ward
spreading in the solid counter flow near the top of the domain.

Varying the mobility we distinguish two related trends. First,
at low mobility, the solid velocity has a much greater effect on
the porosity and larger deviations from vertical flow are visible. At
high mobility, no horizontal deviation is noticeable. Second, with
increasing mobility there is a decrease in the maximum poros-
ity. The first occurs because changing the mobility changes the
relative fluid to solid velocity. In Fig. 3(a) (i) the reference fluid
velocity is only five times faster than the solid, resulting in in-
teraction between the phases. In Fig. 3(a) (iii) the reference fluid
moves 500 times faster than the solid. Meanwhile, the reduction
in porosity with increasing mobility is a straightforward conse-
quence of (14) which states that for constant convergence rate,
Vs, and maximum bound-water content, Fmax,,. the flux of fluid
produced is constant and independent of permeability. At fixed
flux, faster fluid velocities must be compensated by lower porosi-
ties.

Despite some horizontal deviations, very little change to the
flux distribution occurs. Fluid exits the slab at ~150 km depth
and travels across the mantle wedge near vertically. No focusing
towards the arc takes place and the peak in vertical flux at 40 km
depth lies above the 150 km slab surface depth regardless of the
fluid mobility (compare Fig. 4(a) (i) to (ii)).

3.2.2. Compaction pressure effects

We now compare the effects of including compaction pres-
sure for the same thermal structure and fluid production rates.
Fig. 3(b), shows the porosity, time-averaged over a longer period,
ty =[0,20000], owing to the slower nature of the initial transient
in the presence of compaction pressure (compare supplementary
Figs. S2 and S3).
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Compaction pressure changes the behavior of the fluid flow. De-
viations from vertical buoyancy-driven flow are possible anywhere
the viscosity or permeability creates an obstacle to the flux (e.g.
Spiegelman, 1993a, 1993b). Fluid exits the slab at ~150 km depth
but once it starts to interact with the colder and stronger over-
riding plate it gets deflected in a compaction channel and pools
beneath the arc. These local accumulations are transient, eventu-
ally overcoming the compaction pressure gradient holding them
back and exiting the fluid subdomain at 40 km depth (see supple-

Varying the fluid mobility has a more significant effect on the
simulation with compaction pressure. At low mobility, the poros-
ity and flux distribution bear similarities to the zero-compaction-
length approximation (compare Figs. 3(b) (i) and 3(a) (i)). Increas-
ing the mobility increases the reference compaction length, &9 (by
increasing ﬁ—g see Table 2), extending the distance over which
compaction pressure gradients caused by flow toward the strong
overriding plate can act. Hence the fluid is deflected arc-ward at

This deflection has a significant effect on the flux compared to
the zero-compaction-length case. It substantially modifies the dis-
tribution between release from the slab (Fig. 4(b) (ii)) and exit

from the fluid subdomain (Fig. 4(b) (i)). In cases with moderate
and high mobility this can be seen to drive the flux toward the
shallowest hot and weak region approximately above the 100 km
slab surface depth. In the case with low fluid mobility only minor
modification in the peak flux occurs between the slab surface and
the subdomain top.

3.3. Fluid flow: multiple sources

The hydrated peridotite is the most significant source of fluid
in the downgoing slab (Fig. 2(d)) and releases water over a 30 km
depth interval. When considering this source of fluid alone, the
resulting flux from the slab surface resembles a Gaussian pulse.
However, if we consider the full set of fluid sources, the total depth
range of fluid release is ~230 km from relatively discrete sources
in the three layers of the slab (Fig. 2(d)). Reintroducing the up-
per and lower crustal sources, we now investigate the effects of
including a more distributed water source.

3.3.1. Zero-compaction-length approximation
Multiple sources of fluid within the slab do not change the
behavior of the zero-compaction-length simulations significantly
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(Fig. 5(a)). In the case with low mobility, fluid becomes distributed
throughout the mantle wedge, owing to the greater depth distri-
bution of the source. The main flux channel remains evident above
the uppermost-mantle source as before. At higher mobilities the
flux pathways resolve themselves into distinct plumes from each
source with decreasing magnitude of porosity (but increasing fluid
velocity).

The flux distribution at the slab surface and at the fluid subdo-
main top reflect this (Fig. 6(a) (i, ii)), appearing mostly unaltered
across the mantle wedge regardless of fluid mobility and show-
ing three distinct peaks in flux corresponding to the slab sources.
There is no interaction among the sources in the three layers of
the slab (Fig. 6(a) (iii)).

3.3.2. Compaction pressure effects

In the low-mobility case, the inclusion of compaction pressure
again has little significant effect on the porosity distribution (com-
pare Figs. 5(a) (i) and 5(b) (i)). The primary flux channel remains
apparent above the uppermost-mantle source and no significant
deviation of that channel takes place across the mantle wedge al-
though some arc-ward branching of the channel occurs at shallow
depths (see Fig. 6(b) (i, ii) dashed line).

With increasing fluid mobility, compaction channels develop
beneath the overriding plate as before but significant focusing
of the fluid flux also occurs within the slab itself (Figs. 5(b) (ii,
iii)). Because the sources of fluids are restricted to thin, dehy-
drating layers within the downgoing slab, generation of fluid in
these layers produces high aspect ratio regions of high porosity
aligned with the slab that are overlain by the relatively imperme-
able mantle wedge. Since compaction pressure gradients redirect
fluid through the most permeable regions, the presence of these
elongate channels in the slab provide natural pathways to focus
the fluid until the fluids can escape into the mantle wedge at shal-
lower depths.

The internal slab fluid flux is shown in a slab reference frame in
Fig. 6(b) (iii), demonstrating the connected uppermost-mantle and
upper-crustal fluid sources. The weaker lower-crustal source is still
disconnected at this moderate mobility. This connectivity contrasts
with the weak, disconnected fluxes when compaction pressure is
excluded (Fig. 6(a) (iii)).

The increasing connectivity of the fluid from the slab sources
with increasing mobility leads to a situation where practically all
the fluid flux exits the slab near the location of the shallowest
upper-crustal source (z ~ —80 km, Fig. 6(b) (ii)). Fluids released
from this point are redirected back towards the arc, guided by the
rheological structure imposed by the temperature field. Eventually,
these fluids pond in the shallowest hot and weak zone, approxi-
mately above the 100 km slab surface depth (Fig. 6(b) (i)).

3.3.3. Coupling depth

Compaction pressure focuses fluid (i) to the hot, weak corner
of the mantle wedge through compaction channels and (ii) to the
location of the shallowest fluid source through slab permeability
channels. The location of both these sites of focusing is controlled
by the full coupling depth in the solid and thermal calculation.
The coupling depth sets where the solid mechanically couples with
the downgoing slab and so determines how far into the wedge
corner hot mantle material is advected. Below the coupling depth
the solid wedge flow rapidly heats the slab and so also controls the
depth at which the shallowest fluid is released (see supplementary
Fig. S1).

We re-evaluate the thermal and solid flow calculations with
shallower (60 km) and deeper (100 km) full coupling depths then
repeat the fluid flow calculations including all sources and com-
paction pressure effects. Fig. 7 shows the effect of changing the
coupling point depth on both the thermal structure and the fluid
focusing. When moved shallower, fluid is released from the slab at
approximately 70 km depth (Fig. 7(e) (dashed line)), travels verti-
cally, and leaves the domain above the 70 km slab surface depth
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(Fig. 7(d) (dashed line)). Moving the coupling point deeper releases
fluid at ~100 km depth (Fig. 7(e) (dotted line)) from where it ulti-
mately pools and exits the domain above the ~120 km slab surface
depth (Fig. 7(d) (dotted line)).

4. Discussion
4.1. Fluid focusing

A key requirement of any subduction-zone fluid-migration
model is that it reconcile the observation that the depth to earth-
quakes beneath the arc is ~100 + 40 km (Syracuse and Abers,
2006; England and Katz, 2010a) in spite of the much wider depth
distribution of fluid release in the slab (van Keken et al., 2011). The
zero-compaction-length approximation, where generally buoyancy
is the primary driver of fluid flux, does not provide the necessary
focusing.

Introducing a feedback between the solid rheology and the
fluid flux through the compaction pressure changes the physics of
fluid migration dramatically. Rather than traveling as a non-linear
shock front, dispersive porosity waves propagate across the mantle
wedge (Spiegelman, 1993b). Most importantly, these waves are de-

flected by variations in permeability and viscosity, changing their
size and direction of propagation. This provides two primary fluid-
focusing mechanisms in subduction zones.

The first is flow through high-permeability channels formed in
the slab around the sites of fluid production. Depending on the
background permeability, fluid viscosity, and compaction length
scale, these can connect sources that would release fluid at distinct
depths along the slab in the zero-compaction-length approxima-
tion. Instead, with the introduction of compaction pressure gra-
dients, high fluxes through narrow channels in the layers of the
slab itself focus the fluid to shallower depths, typically releasing
the bulk of the fluid at the shallowest source near the mechanical
coupling point between the slab and wedge.

While the existence and geometry of the high permeability
channels is fixed by the slab layering, the focusing mechanism
within the channels may depend on the rheology of the slab
(Connolly and Podladchikov, 1998). However, any rheological re-
sistance to solid volume changes will produce compaction pres-
sure gradients that drive fluids up the most permeable paths,
which suggests that these features should be relatively robust with
respect to model assumptions. Direct evidence for the presence
of free fluids in the subducting crust below northern Japan is
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provided by Shiina et al. (2013) based on anomalously slow P
wavespeeds.

The second focusing mechanism occurs due to fluid interaction
with the colder and stronger overriding plate. The importance of
this interaction was suggested but not modeled by Cagnioncle et
al. (2007). As fluid approaches the increased viscosity at the top
of the domain it is deflected by compaction pressure gradients
arising because of the increased resistance of the solid to volumet-
ric deformation. Deep-sourced fluid plumes are deflected upslope
along the rheological contrast and toward the arc, while shallow
dewatering moves away from the trench. Both tend to pool in
the shallowest hot and weak zone of the mantle wedge, which
lies underneath the idealized arc, above the ~100 km slab surface
depth.

The location of the hot, weak wedge corner is controlled in the
thermal and solid-flow model by the depth of full mechanical cou-
pling between the slab and the mantle wedge (Furukawa, 1993;
Wada and Wang, 2009; Syracuse et al., 2010; Wada et al.,, 2011a).
This is constrained by observations of heat flow (Springer and
Forster, 1998; Hyndman and Peacock, 2003; Tanaka et al., 2004;
Currie and Hyndman, 2006) and seismic attenuation (Nakajima
and Hasegawa, 2003; Stachnik et al., 2004; Yoshimoto et al., 2006;
Rychert et al., 2008) that demonstrate a sharp thermal contrast
in the mantle wedge between a cold corner, down to where the
slab is at ~80 km depth, and the hot mantle wedge below the
arc.

At the full coupling depth, the hot mantle wedge comes into
contact with the slab, which experiences rapid heating (see supple-
mentary Fig. S1) and dehydration. The coupling point is therefore
generally coincident with the shallowest source of fluid in the slab.

Given the dependence of both the locations of the hot, weak corner
and the shallowest source on the coupling depth it is not sur-
prising that there is a correlation between it and location of the
maximum fluid flux (Fig. 7). However we note that varying the
coupling depth between 60 and 100 km still keeps the primary
fluid flux within the observed range of 100 &+ 40 km.

4.2. Mobility

Varying the mobility changes the relative time scale of fluid
to solid flow and hence the fluid transit time across the man-
tle wedge. Observations of U-series disequilibria in arc lavas (e.g.
Condomines et al., 1988; Gill and Williams, 1990; Elliott et al.,
1997; Turner et al., 2003; Reubi et al., 2014) provide indirect con-
straints on this transit time. While inferences of transport times
from U-series disequilibria are model dependent (Spiegelman and
Elliott, 1993) and the full U-series systematics of arc lavas are
not well understood, it is generally thought that the excess of
238J/230Th activities in many arc lavas represents a late addition of
uranium in slab fluids and a transport time comparable or shorter
than the half-life of 239Th, 75.2 kyr. Other arcs show secular equi-
librium in 233U/230Th, but radiogenic excesses in 23!'Pa and 226Ra.
In general though, slow-percolation at porosities greater than the
bulk partition coefficient of the individual nuclides results in neg-
ligible U-series disequilibrium in all elements (Spiegelman and El-
liott, 1993).

At reference values the vertical transit times over 100 km are
400, 40, and 4 kyr for low, moderate and high mobility respectively
(Table 2). Thus it seems likely that fluid moves too slowly in the
low-mobility case to be consistent with the U-series observations.
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4.3. Melting

Another critical observation of global subduction zones is that
they produce significant fluxes of high-temperature silicate melts.
Dynamical models support the concept that arc volcanism is prin-
cipally controlled by flux melting, in which the presence of H,0
and other fluxes lower the temperature of the dry solidus (Kelley
et al,, 2010).

We did not explicitly model the formation of melt, but can
use the predictions of fluid migration to estimate the potential for
melting in our models. We use the depths, calculated temperatures
and time-averaged porosities with the wet-melting parameteriza-
tion of Kelley et al. (2010) to calculate the potential melt fraction,
Fmelt = Fmett(T, Z, ¢).

In the zero-compaction-length approximation (Fig. 8(a)) a clear
inverse correlation exists between fluid mobility and the maxi-
mum potential melt fraction, Fpep. In the low-mobility case, the
maximum melt potential peaks at 11% with a large area of the
wedge experiencing at least 1% melting (Fig. 8(a) (i)). As the mo-
bility increases the melt potential decreases as the magnitude of
the porosity diminishes (Fig. 8(a) (ii, iii)). In no case is the melt
potential concentrated beneath the arc.

When compaction pressure effects are included, no clear corre-
lation exists between fluid mobility and melt fraction, Fype; (see
Fig. 8(b)). The low-mobility case exhibits behavior similar to the
equivalent case excluding compaction pressure. As mobility in-

creases, successive non-linear porosity waves temporarily pool the
fluid in the shallow, weak zone of the mantle wedge allowing a
higher melt potential in this region than was possible in the zero-
compaction-length approximation. In all cases with compaction
pressure the melt potential remains above 10%. Due to fluid fo-
cusing at moderate and high mobilities the melt is located directly
beneath the idealized arc.

The results in Fig. 8 demonstrate that a higher melt frac-
tion is generated when the fluids are focused by compaction
pressure. We do note that we did not incorporate the effects
of depletion or melt transport here. We also note that the re-
gions of melt potential are colder (1253-1553 K) and at the deep
end (~60 km) of current estimates for the formation of primi-
tive arc basalts (21473 K, 30-60 km, e.g. Tatsumi et al., 1983;
Tanton et al., 2001; Kelemen et al., 2003b; Kelley et al., 2010;
Grove et al.,, 2012), potentially indicating the importance of ad-
vective heat transport by fluids and melt (e.g. England and Katz,
2010b).

4.4. Future work

Primarily controlled by convergence rate, slab age and geom-
etry, the global range of subduction zones (England et al., 2004;
Syracuse and Abers, 2006) exhibit much wider variability in source
distribution (Syracuse et al., 2010; van Keken et al., 2011) than can
be approximated in the idealized model used here, where slab age,
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dip and convergence rate have been held constant. To fully test
the efficacy of compaction pressure as a fluid-focusing mechanism,
a more comprehensive study across a range of subduction and ma-
terial parameters is being undertaken to test their effect on fluid
migration in these systems. Furthermore, several advances in the
model are being implemented to better answer some of the out-
standing questions raised here.

Key features that need to be addressed include understand-
ing the effects of potential rehydration reactions on modifying
fluid transport (e.g. Wada et al., 2012; Grove et al., 2012), con-
sistent integration of flux melting into the models and potential
coupled feedbacks between fluid flow and solid dynamics. Prelim-
inary results on rehydration suggest that rehydration of the cold
nose could be significant, providing an effective permeability bar-
rier to further up-dip transport in the slab. In addition, rehydration
and weakening of the cold nose by serpentinization is one poten-
tial mechanism for mechanically decoupling the slab and mantle
wedge, which is currently imposed in the thermal model and of
key importance in controlling the fluid flux distribution (e.g. Fig. 7).
More generally, weakening of the solid through the introduction of
fluid may allow the advection of heat by melt and fluid (Kelemen
et al,, 2003a; England and Katz, 2010b) to the shallower depths
suggested by geochemical and petrological constraints (Tatsumi et
al., 1983; Tanton et al., 2001; Kelemen et al., 2003b; Kelley et al.,
2010; Grove et al., 2012).

5. Conclusions

The predicted wide distribution of fluid sources in subducting
slabs suggests that there must be a robust focusing mechanism
acting on fluids that cross the mantle wedge. Buoyancy drives
fluids vertically, and only at low permeabilities or high fluid vis-
cosities does interaction with the solid velocity field cause any
significant horizontal deviation. At these low fluid velocities the
fluid travels slowly enough, hence at sufficient magnitude, to po-
tentially generate melt, but there exists no focusing mechanism to
deliver that distributed melt and fluid source to the arc. In ad-
dition, these low fluid mobilities are inconsistent with transport
rates inferred from uranium series disequilibrium.

If the fluid is allowed to interact not only with the solid ve-
locity but also with the solid rheology, significant focusing of fluid
transport paths can take place. This occurs through two primary
mechanisms: (i) concentrated fluxes in thin, high-permeability lay-
ers in the slab itself and (ii) in compaction channels at the rhe-
ological contrast with the base of the overriding plate. Results in
an idealized geometry suggest that these mechanisms, induced by
the inclusion of compaction pressure, may be a viable method
of focusing and concentrating aqueous fluids in subduction zones.
The concentration of fluid leaves the potential for melting even at
higher, and probably more realistic, permeabilities. Questions re-
main about the depth and temperature of such melting and also



the effects of feedback from the fluid to the solid through rehydra-
tion and rheological weakening.
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