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Abstract

Several hypotheses have been proposed to explain trench-parallel shear wave splitting in the mantle wedge of subduction

zones. These include 3-D flow effects, parallel melt filled cracks, and B-type olivine fabric. We predict the distribution of B-

type and other fabrics with high-resolution thermal and stress models of subduction zones. A composite viscous rheology is

used that incorporates wet diffusion creep, wet dislocation creep, and a stress-limiting approximated Peierls creep law.

Rheological parameters for dislocation and diffusion creep are based on deformation experiments. The effects of variable

viscous coupling between the slab and mantle are explored using kinematic boundary conditions that change along the top of

the slab. Two end-member models are observed, which depend on the depth of partial viscous coupling between the slab and

mantle: (1) deep partial coupling which gives rise to cold, high-stress conditions in the forearc mantle and high-temperature,

low-stress conditions in the arc and back-arc mantle (2) full viscous coupling at the base of a 40 km conducting lid which is

characterized by high temperature and low stress. The case with deep partial coupling, which produces a better match with

attenuation tomography and heat flow, shows a large region with suitable conditions for B-type fabric in the forearc mantle and

a rapid transition toward the back-arc to conditions that are more suitable for A-, C-, or E-type fabrics. Full viscous coupling

gives rise to high-temperature, low-stress conditions unsuitable for B-type fabric. Our modeling predicts that the best candidates

for regions with B-type fabric are the forearc mantle and a cold 10–15 km layer above the slab.
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1. Introduction

Deformation in the mantle wedge of subduction

zones causes lattice preferred orientation (LPO) which

in turn affects the directional dependence of seismic

wave velocity. This provides the potential to map
tters 237 (2005) 781–797
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deformation fabric with seismological observations

and thus gain insight into the pattern of solid-state

flow. The pattern of anisotropy in subduction zones is

diverse and poorly understood but advances in

mineral physics and new seismic observations provide

improved constraints. Deformation experiments have

yielded new insights into the diversity of olivine

fabric [1,2] and new studies of anisotropy are increas-

ing our knowledge of deformation fabric in the mantle

wedge [3,4]. Progress is also being made with seis-

mology toward better constraining the geometry of the

slab and subducting crust and the distribution of

temperature, water, and partial melt [5,6]. These

advances can be coupled with geodynamics to form

physically more realistic models of subduction zone

processes. This work uses recent deformation experi-

ments and geodynamic models of the mantle wedge to

investigate the possibility that water-induced fabric

transitions play an important role in controlling the

pattern of seismic anisotropy in the mantle wedge.

Seismic anisotropy can be caused by parallel align-

ment of isotropic layers and cracks in the mantle and
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crust, and LPO [7,8]. Studies of the distribution of

anisotropy in subduction zones suggest that LPO is

the dominant cause of seismic anisotropy [7,9,10]. A

variety of fabrics have been observed in naturally

deformed olivine aggregates from a range of tectonic

settings [11–16]. The most common olivine fabric is

A-type, which has a fast-axis orientation subparallel to

the shear direction [12]. This fabric has been used to

explain convergence-parallel fast directions from sur-

face-wave and Pn tomography in mid-ocean ridge

systems [8,17]. However, this simple model fails for

subduction zones where the fast direction varies with

respect to convergence direction and often is trench-

parallel [5,10,18–20]. In some cases trench-parallel

fast directions may be caused by anisotropy within

or beneath the slab. For example, in the Kamchatka

forearc, teleseismic SKS splitting is trench-parallel

[21], but both receiver functions [22] and shear-

wave splitting from events in the slab [23] indicate a

trench-normal fast axis with weak splitting. This sug-

gests a trench-normal fast axis in the forearc mantle

wedge and a trench-parallel fast axis beneath the slab.
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Several hypotheses have been proposed that use

LPO to explain trench-parallel shear wave splitting

in the mantle wedge of subduction zones. These

hypotheses include LPO controlled by 3-D flow

effects [24], olivine fabric transitions [1,25], and strain

partitioning via melt networks [26]. The evidence for

abundant water in subduction zones [25] suggests that

water-induced fabric transitions in olivine is a mechan-

ism common to all subduction environments. How-

ever, the diversity of patterns of anisotropy in

subduction zones makes it difficult to ascribe a single

mechanism and it is possible that a variety of mechan-

isms are at play.

Recent deformation experiments have explored the

influence of a variety of physico-chemical conditions

on olivine fabrics [1,2,27,28]. Combined with theory

[29] and observations on naturally deformed perido-

tites [11,13,14,16,30–33] we now have a better idea

about the variation of olivine LPO with water content,

stress, and temperature. Briefly, the A-type fabric,

assumed in the previous interpretation of seismic
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anisotropy, is a dominant fabric under low stress and

low water content, whereas at higher water contents,

other types of olivine fabrics become important (B-,

C- and E-types) (Fig. 1).

Particularly important is the B-type fabric. For

this type of LPO, the seismically fast direction of

olivine, [100], is normal to the flow direction in the

flow plane (which is the (010) plane of olivine).

Consequently, the direction of polarization of the

faster S-wave is parallel to the trench if flow in

the mantle wedge is similar to 2D cornerflow

where flow occurs either in the horizontal or vertical

plane. Thus the B-type fabric is of particular impor-

tance in explaining trench-parallel fast S-wave polar-

ization in subduction zones. According to both

experimental [33] and theoretical [29] studies, the

fabric boundary between B-type and C-type (also

A- and E-type) fabric is a nearly linear function of

temperature and stress and is approximately indepen-

dent of water content as far as water content exceeds

approximately 200 ppm H/Si (Fig. 2).
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In order for a particular fabric to develop several

criteria must be satisfied. Firstly, dislocation creep

must be the dominant deformation mechanism. In the

models presented in this paper, dislocation creep is

predicted to be the dominant mechanism for most of

the mantle wedge except for the low-strain–rate

boundary layer below the overriding plate. Secondly,

sufficient strain (c100%) must develop for a given

flow geometry. We did not calculate finite strain in this

study but instead constrain our fabric predictions to

regions with relatively high strain rate (N10�16 s�1 ).

Finally, the appropriate physico-chemical conditions

must be present to produce a particular fabric. We

identify the regions where olivine B-type fabric dom-

inates based on the calculated results of temperature

and stress distribution. For the typical magnitude of

deviatoric stress in the models presented in this paper

(0.1–10 MPa), the B–C transition temperature is

around 700–800 8C (Fig. 2).
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Fig. 3. Diagram showing the kinematic–dynamic setup and imple-

mented features (a). Partial viscous coupling is simulated by mod-

ifying boundary conditions along the top of the slab (b).
2. Viscous coupling between the slab and mantle

wedge

When calculating temperature and stress profiles in

the mantle wedge mantle of subduction zones, the

kinematic boundary condition at slab–wedge interface

plays an important role. We may have a fully coupled

case where the velocity of material motion is contin-

uous across this boundary. Alternatively, the slab and

wedge may be only partially coupled with a large

discontinuity in velocity across the slab–wedge inter-

face. Partial coupling may be caused by localized

viscous deformation of weak material such as sedi-

ments, serpentine, and talc or brittle sliding down dip

from the seismogenic zone. The latter case is analo-

gous to a situation with a brittle fault in a sheared

viscous medium where deformation is accommodated

by both short time scale brittle slip along the fault and

long time scale viscous processes throughout the

medium. If weak hydrated sediments give rise to

partial coupling, the transition from partially coupling

to full coupling could be controlled by a change in

water content. We note that most of the sediments will

be dehydrated at the depth of approximately 100 km.

In the case of partial coupling associated with brittle

slip, the brittle ductile transition (c 800 8C) controls
the transition from partial to full viscous coupling.
Since we model only long time scale viscous

processes we cannot account self-consistently for

the non-seismic slip down-dip from the seismogenic

zone. Furthermore, we use an olivine rheology that

does not account for weaker material close to the

slab–wedge interface. We make a simple approxima-

tion that non-viscous deformation and/or shear loca-

lization can be accounted for by reducing the

magnitude of the velocity boundary condition

along the slab–wedge interface in the forearc mantle

(Fig. 3b).

We simulate three modes of slab–mantle coupling

in the models presented in this paper: (1) full de-

coupling above 40 km with a velocity discontinuity

between the slab and overriding plate, (2) a zone

with reduced slab velocity between 40 and 70 km

depth, and (3) full coupling between the slab and

wedge below 70km. Note that the term ddecouplingT
for the seismogenic zone is opposite to what is

common in seismology, where the slab and over-

riding plate are considered coupled except during

earthquake rupture.
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3. Modeling approach

The models presented in this paper implement a

kinematic–dynamic method where the slab and over-

riding lid are kinematically described and mantle

wedge flow is dynamically modeled (Fig. 3a). Flow

in the mantle wedge is driven by a kinematic bound-

ary condition at the top of the slab. This is similar to

the models described by [34–38]. We particularly

follow the approach of [39]. We explore the rheolo-

gical effects of water in steady-sate flow models by

uniformly increasing water content in a region that

radially extends 300 km from the corner point.

The finite element package SEPRAN is used for

mesh generation and the numerical approximation

of solutions for governing equations (http://ta.twi.

tudelft.nl/sepran/sepran.html). The systems of equa-

tions generated by the finite element method are solved

using a conjugate gradient iteration (Bi-CGSTAB)

[40].
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Flow in the mantle wedge is governed by the

conservation of momentum for an incompressible

infinite Prandtl number fluid without buoyancy

forces:

�jP þj gd ėeð Þ ¼ 0 ð1Þ

where ė is the strain rate tensor, g is effective viscos-

ity, and P is dynamic pressure. The conservation of

mass for an incompressible fluid is expressed as

jd u ¼ 0 ð2Þ

where u is velocity. Eqs. (1) and (2) are solved for

pressure and velocity on a mesh composed of linear

Taylor–Hood triangles [41].

A stress-free inflow/outflow boundary condition

for Eq. (1) is present along the right hand boundary

below 40 km. Velocity boundary conditions for Eq.

(1) are prescribed along the top of the slab and at the

base of the conducting lid. The velocity boundary

condition is reduced along the top of the slab from
500 600 700
ch (km)
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nd discretization.
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the bottom of the conducting lid to around 70 km (Fig.

3b). The magnitude of the boundary condition is

increased in a linear manner to slab velocity over 10

km along the slab surface. As discussed as above, this

is a simple way to parameterize the effects of non-

seismic slip and shear localization.

The conservation of energy for steady-state condi-

tions takes the form of the convection–diffusion equa-

tion with heat production:

qcp udjð ÞT ¼ jd kjTð Þ þ Qþ Qsh ð3Þ

where k is thermal conductivity, T is temperature, Q is

radioactive heat production, Qsh is shear heating, cp is

specific heat, and q is density. Specific heat is 1250 J/

kg/K and density is 3300 kg/m3. Shear heating is

defined with a delta function:

Qsh ¼ Q Vd xinterfaceð Þ ð4Þ

where Q V is the magnitude of shear heating, and

xinterface is the position of the seismogenic zone. The

seismogenic zone extends from the trench to the base

of the conducting lid at 40 km and Q V is 29 mW/m2.

Heat production is 1.3 AW/m3 from 0 to 15 km (upper

crust) and 0.27 AW/m3 from 15 to 30 km (lower

crust). Streamline upwinding is used for the solution

of Eq. (3) due to the strong advective term.

Fixed-temperature boundary conditions for the

convection–diffusion equation are present along the

top of the model (T=0), along the left inflow bound-

ary (half-space cooling model), and along the right

inflow boundary. The fixed temperature boundary

condition along the upper 95 km of the right inflow

boundary is described by a continental geotherm

with crustal heat production as defined above and

surface heat flow equal to 65 mW/m2. A mantle

potential temperature of 1450 8C is prescribed

below 95 km to the depth of the outflow boundary

condition.

Eqs. (1–3) are solved by the Picard iteration to

relative accuracy of 10�6. High resolution is neces-

sary for accurate calculation of u and T because of

large viscosity gradients in thermal boundary layers

[39]. Resolution varies from 0.25 to 1 km in the

forearc, back-arc mantle, and above the slab (Fig.

4). Viscosity varies within elements by less than a

factor of 3. Slab dip is either 458 or defined by a

polynomial fit to seismicity. Polynomial descriptions

have smooth variation in curvature and produce more
accurate calculation of velocity for models with non-

Newtonian rheology.
4. Rheology

A general steady-state rheological law for olivine

at high temperatures can be expressed as

ėijeij ¼ A
b

d

� �m

exp � E þ PVð Þ
RT

� �
rn�1rij ð5Þ

where ėij is the ij-th component of the strain rate

tensor, rij is the ij-th component of the deviatoric

stress tensor, r is the second invariant of the devia-

toric stress tensor, b is the Burgers vector, d is grain

size, E is activation energy, P is pressure, V is activa-

tion volume, R is the gas constant, T is temperature, n

is the stress exponent, m is the grain size exponent,

and A is a constant [42]. The strain rate tensor is

defined as

ėeij ¼
Bui

Bxj
þ Buj

Bxi

� �
: ð6Þ

Second invariants of the stress and strain rate tensors

are defined as

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

X
rijrij

r
ð7Þ

and

ėe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

X
ėijeij ėijeij

r
ð8Þ

respectively. Eqs. (7) and (8) are used to define an

effective viscosity

g ¼ r
ė

ð9Þ

For dislocation creep m =0 and n N1, which gives rise

to a power-law rheology

ėijeij ¼ Aexp � E þ PVð Þ
RT

� �
rn�1rij: ð10Þ

For computational purposes the effective viscosity for

power-law rheology is defined in terms of ė via the

inversion of Eq. (10)

gdisloc ¼ A�1
nexp

E þ PVð Þ
RT

� �
ėe

1�n
n ð11Þ



Table 1

Rheological parameters

Adisloc, dry 1.259�10�12 s�1 Pa�3

Edisloc, dry 5.1�105 J/mol

Vdisloc, dry 14�10�6 m3/mol

Adisloc, wet 3.631�10�18 s�1 Pa�3

Edisloc, wet 4.1�105 J/mol

Vdisloc, wet 11�10�6 m3/mol

Adiff, dry 1.088�105 s�1 Pa�1

Ediff, dry 3.0�105 J / mol

Vdiff, dry 6�10�6 m3 / mol

Adiff, sat 6.625�104 s�1 Pa�1

Ediff, sat 2.4�105 J / mol

Vdiff, sat 5�10�6 m3 / mol

n 3.0

r 1.2

q 1.2

b 0.5�10�9 m

d 1 mm

m 2.5

sy 100 MPa

ėy 10�14 s�1

ny 5

COH
max 5000 ppm H/Si
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Newtonian diffusion creep has n =1 and m N1 which

gives the following expression for effective viscosity

gdiff ¼ A�1 d

b

� �m

exp
E þ PVð Þ
RT

� �
: ð12Þ

Effective viscosity at low temperature is given by an

approximated Peierls rheology

gpei ¼ syėyey
� 1

ny ėe
1
ny
�1 ð13Þ

where sy is a yield stress, ėy is a yield strain, and ny is

a constant [43] (Table 1). All three creep mechanisms

occur in parallel which leads to the following effective

composite viscosity

g ¼ 1

gdisloc
þ 1

gdiff
þ 1

gpei

 !�1

: ð14Þ

The dislocation creep law is expressed in terms of

parallel dry and wet mechanisms

ėe ¼ ėedisloc; dry þ ėedisloc; wet ð15Þ

where

ėedisloc; dry ¼ Adisloc; dryexp �
Edisloc; dryþPVdisloc; dry


 �
RT

� �
rn

ð16Þ
and

ėedisloc; wet ¼ Adisloc; wetC
r
OHexp �

Edisloc; wet þPVdisloc; wet


 �
RT

� �
rn

ð17Þ

The concentration water in ppm H/Si is denoted by

COH. Parameters for the dislocation creep law are for a

closed system [44,45] (Table 1). The creep laws for

dry and saturated diffusion creep [46,47] (Table 1) are

combined into a law for conditions with variable

water content [48]

ėe ¼ ėediff ; dry þ ėediff ; sat � ėediff ; dry

 � COH

Cmax
OH

� �q

ð18Þ

where

ėediff ; dry¼Adiff ; dry
b

d

� �m
exp �

Ediff ; dryþPVdiff ; dry


 �
RT

� �
r

ð19Þ

and

ėediff ; sat ¼ Adiff ; sat
b

d

� �m

exp �
Ediff ; sat þ PVdiff ; sat


 �
RT

� �
r

ð20Þ

Dislocation creep dominates deformation for grain

sizes around 1 mm and typical mantle wedge tem-

perature and strain rate except in very cold low-strain–

rate boundary layers. Grain sizes around 0.1 mm lead

to fairly large regions dominated by diffusion creep

where strain rate is moderate.
5. Results

We test several cases with a simple slab geometry:

(1) dry composite rheology with full viscous coupling

starting at a depth of 40 km, (2) wet composite rheol-

ogy with 1000 ppm H/Si and full coupling at 40 km

depth, and (3) wet composite rheology with 1000 ppm

H/Si and partial coupling down to 70 km. Model

parameters for each case can be found in Table 2.

Case 1 gives rise to very high temperatures in the

forearc mantle wedge (Fig. 5). This is similar to the

results of [39,49]. Temperature ranges from 1000 to



Table 2

Model parameters

Parameter Case 1 Case 2 Case 3 Case 4 Case 5

Velocity (cm/yr) 8 8 8 9.1 9.1

Reduced velocity (cm/yr) No reduction No reduction 0.24 No reduction 0.27

Age of lithosphere (Ma) 50 50 50 130 130

Crustal conductivity (W/m/K) 3.1 3.1 3.1 2.5 2.5

Mantle conductivity (W/m/K) 3.1 3.1 3.1 3.1 3.1

Water content (ppm H/Si) 0 1000 1000 1000 1000

Slab geometry 458 dip 458 dip 458 dip Polynomial Polynomial
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1250 8C which would facilitate melting in the mantle

50–60 km from the trench [37]. The combination of

high temperatures and non-Newtonian rheology pro-

duce a relatively low-stress environment (b3 MPa)

throughout the entire mantle wedge. Temperature

dependence of viscosity gives rise to the entrainment
Fig. 5. Steady-state calculations for temperature (a), stra
of cold mantle-wedge material in the slab–wedge

interface and the focusing of cornerflow into the

corner point. Two low viscosity lobes develop in the

core of the wedge where strain rate is high.

A uniform water content of 1000 ppm H/Si [50] is

added to the mantle wedge in Fig. 6. This uniform
in rate (b), viscosity (c), and stress (d) for case 1.



Fig. 6. Steady-state calculations for temperature (a), strain rate (b), viscosity (c), and stress (d) for case 2.
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concentration extends radially from the corner of the

wedge to 300 km. This leads to a uniform viscosity

reduction of around an order of magnitude, an

increase in strain rate, and a stress reduction of around

an order of magnitude. Stress is now less than 1 MPa

for most of the mantle wedge. Increasing the water

content to 3000 ppm and localizing the distribution of

water to a 30 km layer above the slab does not modify

the pattern of flow significantly. The low stress and

high temperature observed for case 2 would hinder the

development of B-type fabric.

The thermal structure of the forearc environment

is modified considerably if the slab and forearc

mantle are only partially coupled [51]. Partial vis-

cous coupling limits the ability of the slab to entrain

mantle in the slab–wedge interface thus decreasing

the extent to which hot material can be focused into
the forearc mantle. Fig. 7 is an example of wet

composite rheology with partial coupling between

the slab and mantle down to 70 km. The depth at

which the slab and mantle become fully coupled

controls the height of penetration of the hot tongue

of cornerflow, which is constrained to first order by

the position of the volcanic front. A large tempera-

ture gradient from the wedge core to forearc mantle

(30–40 8C/km) causes a rapid transition from condi-

tions suitable for C-type fabric in the hot core of the

mantle wedge to those more suitable for B-type in

the forearc. This B–C transition occurs over 10–15

km. Lower temperatures in the forearc mantle wedge

give rise to larger stress (50–70 MPa). However,

more realistic low-temperature rheological models

are necessary to model deviatoric stress accurately

in the colder regions of the mantle wedge. If we



Fig. 7. Steady-state calculations for temperature (a), strain rate (b), viscosity (c), and stress (d) for case 3.
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reduce the speed of subduction to around 3 cm/yr,

the cold high-stress boundary layer thickens in the

slab–wedge interface. Therefore conditions in this

layer are also suitable for B-type fabric if subduction

is moderately slow.

In cases 4 and 5 we use the geometry of the

Honshu subduction system [39] (Fig. 8, Table 2).

Case 4 with full coupling starting at the base of the

40 km conducting lid gives rise to a very shallow hot

(1200 8C) tongue of mantle 80 km trenchward of the

volcanic arc. Case 5 with partial viscous coupling

between 40 and 70 km shows the low-temperature,

high-stress nose similar to that observed in case 3.

Case 5 also shows large temperature gradients (80 8C/
km) along the slab–wedge interface which corre-

sponds to a maximum in intermediate depth seismic

activity beneath Honshu [52].
6. Discussion

The thermal models presented in this work show

that the thermal structure of the forearc mantle

depends strongly on the depth of the transition from

partial to full viscous coupling and the amount of

partial coupling between the slab and forearc mantle.

The up-slab position of the transition from the fully

decoupled zone to possibly partially coupled zone

with brittle and viscous deformation is marked by

the maximum depth of large thrust earthquakes in

the seismogenic zone. The down-slab position of the

partial to full coupling transition cannot extend below

the depth of the slab below the arc where significant

viscous flow maintains high temperatures necessary

for arc magmatism [35]. Models presented in this

paper (Figs. 7 and 8) and previously published models



Fig. 8. Thermal and stress models of Honshu, Japan for 70 km partial viscous coupling (a and b). Dashed lines show the location of the top

of the slab and base of the conducting lid. The volcanic front in denoted with a black triangle. Heat flow calculations are shown for cases 4

(red) and 5 (green) (c). Case 5 with partial viscous coupling down to 70 km produces a better match to observations, which are denoted with

dashed boxes (data from [35]). Case 4 with full viscous coupling at the base of the 40 km conducting lid produces a poor match to forearc

heat flow data.
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[35,37,53] show that the full coupling point cannot be

shallower than around 70 km to agree with heat flow

[35], seismic attenuation, and velocity tomography

[3,54–56].

Evidence for brittle deformation below the seismo-

genic zone comes from slow coseismic slip associated

with large subduction zone earthquakes [57,58], per-

iodic slow events [59], and persistent tremor [60].

Localizing such slow strain release was problematic

before the advent of digital seismometry and modern

geodesy surveys. Useful constraints may also come

from the 26 December 2004 Sumatra–Andaman earth-
quake where a finite-rupture fault model can fit seis-

mic waves at all frequencies but underpredicts

geodetic displacements substantially [60–64].

Evidence for low-temperature conditions in the

forearc mantle as shown by low heat flow, velocity

and attenuation tomography, and the lack of forearc

magmatism, suggests that convective flow in the fore-

arc mantle is not too vigorous. Models presented in this

paper show that calculated thermal structure is compa-

tible with heat flow and seismic attenuation if the

velocity boundary condition in the forearc mantle is

less than 5% of slab velocity. For calculations with
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greater coupling the forearc mantle becomesmore open

and convective heat transport produces high forearc

heat flow and a poor match with seismic attenuation.

Partial viscous coupling in the slab–mantle inter-

face may also be caused by the presence of low-

temperature phyllosilicates such as talc and serpentine

[65–68]. Both serpentine and talc are weak minerals

and could cause shear localization in the slab–wedge

interface. The abundance of low density serpentine

may also facilitate viscous decoupling in the forearc.

In this scenario a serpentinized forearc mantle is iso-
A-, C- or E- Type
B-type

High Temperature,
Low Stress

Low Strain Rate Boundary Layer

Mass flux Into Fore-arc

Volcanic Center

(a)

B-C Transition
Temperature

(b)

Fig. 9. Summary of model results showing candidate regions for B-type

Predicted orientations of fast polarization is denoted with black double ar

suitable for C-type and other fabrics is denoted with a thin dashed line in

location of partial viscous coupling.
lated from large scale convective flow due to its

positive buoyancy.

Models with deep partial coupling have suitable

thermal and stress conditions for B-type fabric in the

forearc mantle (Figs. 7, 8 and 9a). The core of the

wedge is dominated by high-temperature, low-stress

conditions that are more suitable for A-, C- or E-type

fabric depending on water content. Increasing the

depth of partial coupling from 70 to 100 km in the

models shown in Figs. 7 and 8 produces a larger

region with conditions suitable for B-type fabric
 

Transition to Full Viscous 
Coupling

Low Temperature, 
High Stress

fabric (a). B-type fabric model for mantle wedge anisotropy (b).

rows (b). The transition from B-type conditions to conditions more

(b). The thick dashed line along the surface of the slab shows the
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while satisfying heat flow and seismic attenuation and

maintaining temperatures above the wet solidus in the

mantle wedge below the arc.

When the rate of subduction is less than 3–4 cm/yr,

the thickness of the thermal boundary layer above the

slab increases to around 10–15 km. This layer is also a

candidate for B-type fabric. Temperature in this

boundary layer ranges from 700 to 1000 8C, which
is close to the B–C transition temperature (800 8C)
used to predict B-type fabric in this paper. However,

the B–C transition occurs at higher temperature as

stress increases (Fig. 2). Stress in the boundary layer

above the slab could be higher than predicted by the

models presented in this paper (c 50 MPa). Stresses

may be larger because we used a rather moderate yield

stress for the low-temperature rheology. We note that

this anisotropic interface is resolvable with Ps-scatter-

ing, where layer interfaces separated by 15-km can be

resolved easily with 1-Hz waves [67].

The thin (10–15 km) possibly anisotropic layer

above the slab will not produce large shear wave

splitting (b0.1 s) (Fig. 9a). The forearc mantle,

where we predict a larger region with B-type fabric,

could yield a maximum splitting of 1 s. We expect

that local shear waves will show smaller splitting

toward the trench since the thickness of the forearc

mantle decreases trenchward. The pattern of aniso-

tropy associated with the predicted distribution of B-

type fabric (Fig. 9a) is strongly dependent on the

geometry of flow. Finite-strain calculations with sim-

ple 2D cornerflow geometry and isoviscous rheology

[69] show large horizontal and vertical shear in the

forearc mantle. Furthermore, our preliminary finite-

strain calculations with composite rheology show

stronger horizontal and vertical shear in the forearc

mantle. This suggests that split shear waves from

forearc regions will have trench-parallel fast polariza-

tion in simple subduction systems where flow geome-

try can be approximated by 2D cornerflow. For the

simple 2D flow geometry, the position of the volcanic

front is predicted to mark the transition from A-, C-,

or E-type to B-type fabric and, consequently, from

trench-perpendicular anisotropy in the back-arc and

arc mantle to trench-parallel in the forearc mantle

(Fig. 9a and 9b). This simple 2D model with olivine

fabric transitions and horizontal and vertical shear has

potential to explain trench-parallel shear wave split-

ting without including a complex flow geometry.
The sub-orthogonal convergence direction of the

subducting Pacific plate and seismological observa-

tions from Northern Honshu [3,70] are consistent with

the thermal and stress models and fabric distribution

presented in this paper (Fig. 9a and b). Anisotropy in

Northern Honshu shows an abrupt transition from

trench-parallel fast directions in the forearc mantle

to trench-perpendicular in the arc and back-arc [3].

A similar abrupt transition is observed in S-wave

tomography where fast velocity in the forearc rapidly

changes to slow velocity in the arc and back-arc

mantle [3,52]. These rapid transitions in splitting

direction and seismic velocity across the volcanic

front are spatially similar to the rapid changes in

temperature and stress that we predict with the models

presented in this paper (Figs. 7 and 8). The general

pattern of anisotropy shown in Fig. 9b is also

observed in Central Andes [4,19], Hokkaido and

along the transition from the Ryukyu arc to southern

Kyushu [71]. Our models suggest that the regions

with trench-parallel fast directions in these subduction

systems are dominated by low temperatures, high

stress, and B-type fabric.

Several subduction systems show trench-parallel

shear wave splitting in the arc and back-arc mantle

where we predict high-temperature and low-stress con-

ditions that are not suitable for B-type fabric. These

systems include Tonga [20], Eastern Aleutians [10],

and Central Honshu [18]. Our models predict that a

more probable cause for trench-parallel anisotropy in

these subduction systems is trench-parallel flow with

A-, C- or E-type fabric. Some subduction systems

show fairly complex anisotropy. The pattern of shear

wave splitting from sections of the Kamchatka [23]

and Central Alaska subduction systems [72] is oppo-

site to Fig. 9b (i.e. trench-perpendicular in the forearc

and trench-parallel in the back-arc). If the component

of trench-parallel shear is far greater than shear

induced by the down going slab, B-type fabric may

play an important role in these subduction zones by

explaining the abrupt transition in fast polarization

direction across the volcanic front. Trench-parallel

shear in these subduction systems may be induced

by flow around slab edges as proposed by [8,23].

Progress in three-dimensional modeling with tempera-

ture- and stress-dependent rheology is necessary to test

the effects of more complex geometry and flow in the

mantle wedge. We also note that the Cascadia subduc-
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tion system shows trench-perpendicular fast directions

in the forearc mantle [73] which suggests the presence

of A-, E-, or C-type fabric. Thermal models of the

Cascadia subduction system [38,39] suggest that tem-

perature in the forearc mantle is appropriate for B-type

fabric. This is in disagreement with the model pre-

sented in Fig. 9b. However, the trench-perpendicular

forearc anisotropy observed by [73] may be caused by

anisotropy within or beneath the slab since SKS phases

were used in the study.

Further work in mineral physics and geodynamic

modeling is needed to better understand the physical

properties and behavior of materials in the cold fore-

arc mantle. Future work will explore experimentally

based low-temperature rheology and include viscous

dissipation. These studies will help us better predict

stress, temperature, deformation mechanisms, and

strain in the mantle wedge and make more quantita-

tive predictions. Preliminary models with viscous dis-

sipation and more experimentally based low-

temperature rheology give rise to similar results but

with higher strain rate in the forearc mantle and

temperature and stress in the B-type fabric stability

field. If the forearc mantle is partially coupled, aseis-

mic slip may occur at depth following large subduc-

tion thrust events. This motivates long-term geodetic

monitoring of the region surrounding the M N9.0

Sumatra–Andaman earthquake of 2004.

Questions also remain about whether or not enough

strain can develop across the predicted B–C transition.

Previous finite strain calculations for isoviscous rheol-

ogy show greater than 600% strain accumulation for

particles traveling through the forearc mantle [69].

The introduction of temperature- and stress-dependent

viscosity increases strain accumulation by localizing

deformation. Preliminary finite-strain calculations

show greater than 200% strain accumulation across

the predicted B–C transition for particles traveling

into the forearc mantle from the low-strain–rate

boundary layer below the overriding plate. This is a

subject of future research.
7. Conclusions

We have developed steady-state subduction zone

models with low-temperature forearc mantle defor-

mation that are consistent with attenuation and velo-
city tomography and heat flow. Only minor viscous

coupling between the slab and wedge in the forearc

can exist in order to match observations. This sets an

upper limit on the amount of deformation occurring

in the forearc mantle. These models predict that

temperature and stress in forearc mantle and slab–

wedge interface are suitable for B-type fabric (Fig.

9a). This thin layer with B-type fabric above the slab

will not produce significant shear wave splitting but

may explain receiver function studies which show an

anisotropic layer above the slab. The larger forearc

mantle could produce splitting up to 1 s. This sug-

gests that trench-parallel shear wave splitting in the

forearc mantle of subduction zones can be explained

by deformation associated with simple 2D corner-

flow. This B-type fabric anisotropy hypothesis ade-

quately predicts trench-parallel anisotropy without

trench-parallel flow in the following subduction sys-

tems: Northern Honshu, Kyushu, Hokkaido, Ryukyu,

and Central Andes. Our models also predict the

rotation of fast direction from trench-parallel in the

forearc to trench-perpendicular in the back-arc that is

observed in these subduction systems. The core of

the mantle wedge is characterized by high-tempera-

ture and low-stress conditions which are more suita-

ble for A-, C-, or E-type fabrics depending on water

content. Therefore we predict that trench-parallel

shear wave splitting in the arc and back-arc mantle

is more likely caused by A-, C-, or E-type fabrics

with trench-parallel flow. If a significant component

of trench-parallel shear is present in the arc and

forearc mantle, than B-type fabric could also explain

the pattern of anisotropy in parts of the Kamchatka

and Alaska subduction systems.
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