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We summarize petrological and seismic constraints on the temperature of arc lower
crust and shallow mantle, and show that published thermal models are inconsistent with
these constraints. We then present thermal models incorporating temperature-dependent
viscosity, using widely accepted values for activation energy and asthenospheric
viscosity. These produce thin therma boundary layers in the wedge corner, and an
overall thermal structure that is consistent with other temperature constraints. Some of
these models predict partial melting of subducted sediment and/or basalt, even though we
did not incorporate the effect of shear heating We obtain these results for subduction of
50 Myr old oceanic crust at 60 km/Myr, and even for subduction of 80 Myr old crust at
80 km/Myr, suggesting that melting of subducted crust may not be not restricted to slow

subduction of young oceanic crust.

1. INTRODUCTION

Modern therma models suggest that subducted
sediments, and subducted oceanic crust that is more
than 20 million years old, are unlikely to partialy
melt beneath arcs undergoing near-steady state
subduction. These caculations are essentially of
three types: (1) analytical approximations including
various assumptions about coupling between the
subducted crust and the overlying mantle and about
convection in the mantle wedge [e.g., Davies, 1999;
Molnar and England, 1995; Molnar and England,
1990], (2) purely plate-driven models with uniform
viscosity, in which the thermal regime is calculated
numerically using analytical expressions for corner
flow in the mantle wedge, with model results
depending on various input parameters including the
thickness of the arc “lithosphere” and the depth of
coupling between subducting crust and overlying
mantle [e.g., Peacock, 2002; Peacock and Hyndman,
1999; Peacock and Wang, 1999; Iwamori, 1997;
Peacock, 1996; Ponko and Peacock, 1995; Peacock
et al., 1994; Pearce et al., 1992; Peacock, 1991,

Peacock, 1990a; Peacock, 1990b], and (3) dynamic
models in which the mantle flow field as well as the
thermal regime are calculated numericaly, with
model results depending on parameters such as
thermal buoyancy, chemical buoyancy and mantle
viscosity [van Keken et al., 2002; Furukawa and
Tatsumi, 1999; Kincaid and Sacks, 1997; Furukawa,
1993a; Furukawa, 1993b; Davies and Stevenson,
1992]. These models differ in many respects, but
most agree that subduction of oceanic crust that is
more than 20 million years old at down-dip rates
greater than 20 km/Myr will not produce
temperatures at the top of the subducting plate that
are high enough to alow fluid-saturated melting of
sediment or basalt. The sole exceptions are recent
models by Conder et al. [2002] which, like ours,
incorporate only temperature-dependent viscosity,
and a model by van Keken et a. which incorporates
both temperature- and stress-dependent viscosity.

In contrast, a variety of geochemical and
petrological inferences suggest that partial melting of
subducted sediment and/or basalt is common in many



arcs. These inferences may be divided into two main
lines of reasoning.

(1) Partial melting of subducted metabasalt (or
metagabbro) at eclogite facies conditions is
inferred based on the similarity of trace element
patterns in rare, primitive andesites with partial
melts of eclogite [e.g., Defant and Kepezhinskas,
2001; Grove et al., 2001; Tatsumi et al., 2001;
Yogodzinski et al., 2001; Rapp et al., 1999;
Yogodzinski and Kelemen, 1998; Yogodzinski et
al., 1995; Yogodzinski et al., 1994;; Defant and
Drummond, 1990; Drummond and Defant, 1990;
Kay, 1978]. Such lavas are primarily observed
where subduction rates are slow, and/or the
subducting oceanic crust is young (< 20 million
years old), and/or the subducting plate terminates
aong strike allowing heating from the side as
well as from the top [Yogodzinski et al., 2001;
Defant and Drummond, 1990]. Thus, it is
commonly inferred that this evidence applies
mainly or exclusively to unusua thermal
conditions, and does not require modification of
2D, steady-state thermal models for arcs.

(2) Efficient recycling of elements such as Th
and Be from subducted sediments into arc
magmas in most arcs worldwide is inferred from
correlation of, eg., Th/La with Pb and Nd
isotope ratios in arc lavas [Class et al., 2000;
Elliott et al., 1997; Hawkesworth et al., 1997],
and from correlation of Th enrichment in arc
lavas with the flux of subducted, sedimentary Th
[Plank and Langmuir, 1998; Plank and
Langmuir, 1993]. Because Th and Be are
relatively insoluble in agueous fluids, even under
simulated subduction zone conditions, but are
highly mobile incompatible elements during
partial melting of both metasediments and
metabasalt, it is argued that their efficient
recycling requires melting of subducting
sediment [e.g., Johnson and Plank, 1999; Brenan
et al., 1995a; Brenan et al., 1995b;]. Unlike
inference (1), this second line of reasoning
applies to lavas formed via subduction of
relatively old oceanic crust (> 20 million years
old). For example, a sediment melt component
is apparently important in the Marianas arc,
where subducting crust is more than 140 Ma
[eg., Elliott et al., 1997].

These two types of evidence are often treated
separately, and indeed inference (2) is often
summarized with the aphorism “sediments melt,
basalts dehydrate”. However, the solidus
temperatures for fluid-saturated metasediment and
metabasalt are very similar [e.g., Johnson and Plank,

1999; Schmidt and Poli, 1998; Nichols et al., 1994].
Thus, geochemical data support the inference that
partial melting of subducted sediment and/or basalt is
common in present-day subduction zones.

The main objection to the conclusion that partial
melting of subducted sediment and/or basalt is
common comes from the therma models cited in the
first paragraph of this section. This hasled to along-
standing disagreement, with one group confident that
thermal models rule out melting in most subduction
zones, and another group maintaining that “sab
melting” occurs in the same subduction zones.
Debate has largely centered on geochemical
arguments, particularly ongoing research into the
possibility that super-critical, Na-rich aqueous fluids
have transport properties for elements such as Th
which are very similar to the transport properties of
melts [e.g., Keppler, 1996; Plank, 1996]. However,
incorporating temperature-dependent viscosity into
therma models may explain “dab melting” [e.g.,
van Keken et al., 2002], Appendix B, and this paper).
In general, thermal models for arcs deserve more
intensive investigation.

In the course of the debate over “slab melting”,
some useful constraints may have been temporarily
overlooked. First, thermal models predict
temperatures in the uppermost mantle and at the base
of arc crust that are hundreds of degrees lower than
petrological estimates of temperature at these depths
(Figure 1). Magmas and metamorphic rocks formed
at these shallow depths reach the surface with
relatively little modification, permitting more robust
pressure and temperature estimates than those
inferred for partial melting deep in subduction zones.
(For references, please see caption to Figure 1).

Because arcs are magmatically active, and
crystallizing melt lenses do not have to lie on a
steady-state geotherm, it could be that the PT
estimates for magmas and metamorphosed igneous
rocks need not coincide with the steady-state thermal
structure predicted in models (Figure 2). However,
our second point is that therma models do not
account well for the shape of low velocity anomalies
in the mantle wedge beneath arcs. Observation of a
6% low P-wave velocity anomaly at the base of arc
crust for long distances along the strike of the NE
Japan and Tonga arcs [e.g., Zhao et al., 1997; Zhao et
al., 19924]) suggests to us that melt is present in the
mantle below a “permeability barrier” at the base of
arc crust. Because this is observed over long
distances aong strike, reasoning that “amost
everywhere” isindicative of “nearly al the time’, we
infer that melt is present near the base of the crust at
steady state.



Third, a key constraint used in al therma models
is that below a specified depth (40 to 100 km) the
subducting plate and the overlying mantle wedge are
mechanically coupled. However, this assumption is
apparently inconsistent with arc topography and
gravity data, which are better fit with a weak
coupling between the subducting plate and the
overlying mantle, implying a low viscosity mantle
wedge [ Billen and Gurnis, 2001; Zhong and Gurnis,
1992].

Fourth, the difference between predicted, steady
state temperatures in subduction zones and the fluid-
saturated solidii for metasediment and metabasalt is
small; it may be as narrow as 50 °C [e.g., Nichols et
al., 1994]. Also, the fluid-saturated solidii are not
precisely determined, and have poorly quantified
compositional dependence  (e.g., discussion in
[Johnson and Plank, 1999]). Thus, relatively small
changes in therma models, which make them
consistent with PT constraints from the lower crust
and uppermost mantle, might also lead to aresolution
of the apparent paradox in which geochemistry
suggests partial melting of subducted sediment and
basalt, while thermal models appear to rule this out.

This paper reviews PT estimates for mantle/melt
equilibration and for metamorphic rocks at the base
of arc crust, including new thermobarometric data for
the Talkeetna arc section in Alaska, and then presents
thermal models that are consistent with these PT
estimates. We show that, with a temperature-
dependent rheology, cooling of material in the mantle
wedge causes this material to adhere to the
subducting plate, advectively removing part of the
therma boundary layer in the wedge corner,
provided the thermal activation energy for mantle
deformation is sufficiently large (Q/(RT,) 3 10,
where T, is the asthenospheric temperature). Also,
when the asthenospheric viscosity is sufficiently low
(~ 10" Pas), adensity current carries relatively cold,
dense material downward along the dab, further
thinning the thermal boundary layer. Entrainment of
cold, viscous material with the subducting plate, and
convective flow, both drive enhanced return flow of
hot material diagonally upward into the wedge
corner. Thinning of therma boundary layers and
enhanced return flow raise temperatures at the top of
the subducting plate above the fluid-saturated solidus
for metabasalt and metasediment. Even though our
models do not include any shear heating along the
subduction zone, therma models that yield
subduction zone temperatures higher than the fluid
saturated solidus arise for widely accepted values for
mantle viscosity and thermal activation energy are
used, and for subduction of oceanic lithosphere as old

as 80 Myr at arate as high as 80 km/yr, suggesting
that melting of fluid-saturated subducted sediment or
basalt in normal, steady-state subduction may be
inevitable, rather than impossible.

2. PRESSURE AND TEMPERATURE IN THE
SHALLOW MANTLE AND LOWER CRUST
BENEATH ARCS

2a. Magma/Mantle Equilibration at High
Temperature and low Pressure

Over the past decade, methods have been
developed for estimating the composition of partial
melts of mantle peridotite as a function of the depth
and temperature of melting [KinZer, 1997; Kinzer
and Grove, 1993; KinZer and Grove, 1992b;
Langmuir et al., 1992]. These methods can constrain
the final depth and temperature at which a given,
mantle-derived melt, might have equilibrated with
peridotite. This is particularly straightforward for
basalts with known, low H,O-content. For such lavas
in the southern Oregon Cascades and in Indonesia,
last equilibration with the mantle was ~ 1290 to
1450°C and 1 to 2 GPa [Elkins Tanton et al., 2001;
Ssson and Bronto, 1998]. As shown in Figure 1,
Kinzler & Grove [KinZer and Grove, 1993; KinzZer
and Grove, 1992q] estimate uncertainties of 0.25 GPa
and 25°C for such estimates. Similarly, Tatsumi et
al. [1983] conducted phase equilibrium experiments
to determine the conditions at which primitive lavas
from NE Japan could have equilibrated with mantle
peridotite, over a range of possible H,O-contents.
They aso inferred conditions of ~ 1325 to 1360°C
and 1to 2 GPa. Similar conclusions have aso been
reached in phase equilibrium studies of primitive,
high auminum basalts [Draper and Johnston, 1992;
Bartelset al., 1991].

No published thermal models for subduction zones
predict such high temperatures in the uppermost
mantle, near the base of the arc crust (Figure 1).
Instead, all but one study predict temperatures less
than 900°C at depths of 45 km (~ 1.5 GPa) beneath
an arc. The exception is the recent paper by van
Keken et al. [van Keken et al., 2002], who used a
stress and temperature-dependent viscosity in the
mantle wedge, and predicted temperatures of ~ 950 to
1000°C at 45 km beneath NE Japan and the
Cascades. It isinstructive to extend this comparison
by asking, at what depth beneath the arc do thermal
models predict temperatures of 1300°C or more?
The shallowest 1300°C isotherms are at ~ 65 km in
the NE Japan and Cascades models of van Keken et
a. [van Keken et al., 2002].



Many thermal models do not predict temperatures
as high as 1300°C for the mantle wedge beneath the
arc at any depth, and thus appear to be inconsistent
with petrologic constraints. One caveat is that
trajectories of melt migration beneath an arc might
not be vertica. Porous flow might lead to melt
migration vectors that ascend diagonally toward the
wedge corner either due to pressure gradients in the
mantle flow [Spiegelman and McKenzie, 1987,
Phipps Morgan, 1987] or due to gravity driven
porous flow beneath a sloping permeability barrier
[Sparks and Parmentier, 1991]. Melt transport in
fractures might follow a similar trgjectory [eg.,
Davies, 1999]. However, most thermal models
predict a minimum depth of ~ 90 km for the 1300°C
isotherm in the wedge. Van Keken et al. [2002]
predict 65 km beneath the Cascades and NE Japan.
Thus, petrologic constraints are, indeed, inconsistent
with previous thermal models of the mantle wedge.

One possible explanation for the disagreement
between petrologic constraints and thermal models
might be that temperatures of magmatic equilibration
with mantle peridotite need not lie along a steady-
state geotherm. In this case, the PT estimates from
mantle/melt equilibration and from metamorphic
closure conditions would not be representative of the
pressure and temperature typical in the shallow
mantle and lower crust most of the time. For
example, melt in a transient magma chamber could
equilibrate with wall rock that was heated to
temperatures well above steady-state values at a
given depth (Figure 2). Elkins-Tanton et a. [2001]
noted that previous studies predict substantial partial
melting of the lower crust if mantle temperatures at
36 km are as hot as 1290°C [Mareschal and
Bergantz, 1990]. Because seismic data suggest that
arc lower crust is mostly solid, Elkins-Tanton et al.
suggested that relatively high, lower crustal
temperatures must be localized and transient.
However, models of lower crusta melting depend
critically on composition; lower crust composed of
refractory, plutonic rocks formed by partia
crystallization of primitive magmas a high
temperature could be entirely solid at the liquidus of
mafic basalt.

Finally, many primitive arc magmas do not have
low H,O contents, and some could have equilibrated
with the mantle at temperatures lower than 1300°C.
Nonetheless, if current estimates of H,O contents in
primitive arc basalts (~ 2 to 4 wt%, e.g., [Sisson and
Layne, 1993]) are correct, the ubiquity of primitive
basdts and basdltic andesites in arcs worldwide
suggests that magmatic temperatures of 1200°C or
more must be common (see results for the Aleutian

arc in Kelemen et al., 2002, this volume). Together
with seismic data (Section 3), which suggest that melt
is present in much of the shallow mantle beneath
arcs, this suggests that the shallow mantle must
commonly be at 1200°C or more.

2b. Metamorphic Closure Temperatures at the Base
of arc Crust

Two tectonically exposed arc sections, the
Kohistan section in Pakistan [e.g., Tahirkheli et al.,
1979] and the Talkeetna section in south central
Alaska [e.g., DeBari and Coleman, 1989; Plafker et
al., 1989; Burns, 1985], include exposures of the base
of the crust and the uppermost mantle. In the
Kohistan section, metamorphic assemblages in the
lower crustal Chilas and Kamila complexes record
700 to 850°C at 0.5 to 0.8 GPa. Along the Indian-
Asian suture zone (the Main Mantle thrust), meta-
plutonic mineral temperatures record higher P/T.
However, the higher pressure end of this spectrum
may record partial subduction of and then
exhumation during continental collision.

For the Talkeetna section, DeBari & Coleman
estimated metamorphic conditions during garnet
formation in gabbros at the base of the crust at ~ 1
GPa, 825-900°C [DeBari and Coleman, 1989]. In
Figure 3 and Table 1, we present seven new PT
determinations for  hornblende-bearing  garnet
gabbros and garnet gabbronorites from the Talkeetna
section made with THERMOCALC v3.1 ([Holland
and Powdl, 1988], May 2001 database).
Calculations made with TWQ v1.02 [Berman, 1991,
Lieberman and Petrakakis, 1991; Berman, 1990;
Berman, 1988] confirm these results. Ellipses shown
in Figure 3 are 1s uncertainties determined by the
intersection of multi-variant equilibria The
equilibria with steepest PT dopes (thermometers) are
exclusively Fe-Mg exchange among garnet,
orthopyroxene, clinopyroxene, and amphibole,
whereas reactions with gentle PT dopes (barometers)
are generally net-transfer reactions involving garnet,
pyroxene, amphibole, and plagioclase, plus quartz in
quartz-bearing samples. Garnets show broad core-to-
rim zoning toward higher Fe/Mg, whereas pyroxenes
display only near-rim, steep decreases in Fe/Mg and
AlLQO;; plagioclase crystals are unzoned. We interpret
this to be the result of early cooling (during or after
garnet growth), which produced garnet zoning and
likely homogenization of pyroxene, followed by
later, more-rapid cooling that produced the steep
zoning in pyroxene rims. Because of the inferred
pyroxene homogenization, temperatures calculated
from mineral cores are minima



The mineral core compositions suggest that two
garnet gabbronorites at the base of the arc section
near Tonsina crystallized at ~980-1025°C, 1.0-1.1
GPa, and three garnet gabbros exposed as mafic pods
or thin garnet-bearing bands within garnet-absent,
layered gabbros indicate conditions of ~890-980°C,
0.8-1.0 GPa. Two samples from higher in the arc
section, in the Klanelneechina klippe, about 50 km
SW of the Tonsina area, indicate significantly lower
core temperatures and pressures of ~665-690°C, 0.6
GPa.

In addition to the data from exposed arc sections,
DeBari et al. [1987] estimated temperatures of 980-
1030°C in deformed, metaplutonic xenoliths from
Adagdak volcano in the Aleutian arc. The xenoliths
are presumed to be derived from the base of the arc
crust, which is about 35 km thick [Holbrook et al.,
1999].

The metamorphic temperatures described in the
previous paragraphs are almost certainly closure
temperatures, rather than peak temperatures; that is,
the plutonic protoliths of the rocks crystallized at
higher, igneous temperatures. Sisson & Grove [1993]
and Yang et al. [1996] developed methods for
estimating the temperature, pressure and water
content of crystallization for basaltic melts saturated
in olivine, clinopyroxene and plagioclase. Using
these methods, one can caculate that crystal
fractionation of primitive lavas beneath the southern
Oregon Cascades occurs at the base of the crust, at
conditions of 1100-1300 °C and 0.8 to 1.0 GPa
[Elkins Tanton et al., 2001]. Similarly, DeBari &
Coleman [1989] estimated that gabbronorites at the
base of the Talkeetna arc crust originaly crystallized
at temperatures of 1100°C or more, and then cooled
to the metamorphic conditions at which garnet
formed. Thus, it is likely that the metamorphic
assemblages in these rocks equilibrated along an arc
geotherm, at temperatures greater than or equal to the
closure temperatures they now record.

As for the magmamantle equilibration
temperatures described in  Section 2a, it is
conceivable that al the PT estimates for metaplutonic
rocks near the base of the crust in the Kohistan and
Talkeetna arc sections are “contact metamorphic”,
reflecting high temperatures associated with transient
melt lenses or magma chambers. In this latter view,
they do not necessarily represent constraints on a
steady-state arc geotherm. However, in the next
section we argue that consistent observation of low
seismic velocities in the uppermost mantle beneath
arc crust indicates that melt is commonly present at
Moho depths.

3. SEISMIC CONSTRAINTS ON MELT
DISTRIBUTION IN THE UPPERMOST MANTLE

Teleseismic tomography reveals that a -4 to -6%
P-wave velocity anomaly and a -6 to -10% S-wave
velocity anomaly in the uppermost mantle underlies
at least 50% of the Moho beneath the NE Japan arc
over ~ 500 km along strike [Zhao and Hasegawa,
1994; Zhao and Hasegawa, 1993; Zhao et al., 19923;
Zhao et al., 1992b]. This low velocity anomaly —
relative to a reference model with mantle P- and S-
wave velocities from 7.7 and 4.34 km/s a 40 km
depth to 7.9 and 4.45 km/s at 90 km — extends from
the base of the crust at 35 km to ~ 50 km depth
beneath the arc, and has a width of ~ 50-75 km in
sections perpendicular to the arc. Similar results
have been obtained for the Tonga arc [Zhao et al.,
1997]. While the results for both NE Japan and
Tonga could be artifacts due to undetected seismic
anisotropy, preliminary anaysis suggests that the
actual effect of anisotropy in these areas is small
[Zzhao, pers. comm. 2000]. Similar seismic
anomalies in the MELT region beneath the East
Pacific Rise have been taken to indicate the presence
of melt in mantle peridotite at temperatures greater
than 1300°C [Forsyth et al., 1998a; Forsyth et al.,
1998b]. A similar inference may be warranted for
the mantle beneath NE Japan, though temperatures
could be lower because H,O will stabilize mantle
melts at lower temperatures.  Making another
analogy to mid-ocean ridges, we think melt fractions
are high near the base of arc crust due to the presence
of a“permeability barrier”, formed by crystallization
of cooling melt in intergranular porosity [e.g.,
Kelemen and Aharonov, 1998; Sparks and
Parmentier, 1991]. The regionaly extensive nature
of the seismic anomaly suggests that the presence of
melt is a steady-state feature of the uppermost mantle
beneath the NE Japan and Tonga arcs.

Tamura et a. [Tamura et al., 2001] have proposed
that groups of volcanoes in NE Japan are underlain
by low velocity anomalies as described in the
preceding paragraph, with an along strike extent of
50-100 km, separated by regions with higher seismic
velocity in the uppermost mantle. They suggest that
this is a result of three-dimensional mantle
convection in the wedge, perhaps due to transient
diapirs. We agree that advective heat transport via
three-dimensional mantle convection might give rise
to substantial lateral temperature variation aong
strike on a scale of 50-100 km. However, this
provides little insight into whether melt is present
along much of the Moho at steady-state, or not.



Obviously, subduction zones and arcs evolve with
time, so that the idea of a “steady state” is an over-
simplification. Also, seismic data can only tell us
about the present, so that one could ask if the
regionally extensive thermal anomaliesin the shallow
mantle, observed beneath the NE Japan and Tonga
arcs, are smply snapshots of an ephemeral though
widespread phenomenon. Perhaps, most of the time,
most of the shallow mantle does not have
anomalously slow seismic velocities. However, we
consider this alternative to be unlikely, and seek
thermal models that are consistent with petrological
PT constraints at steady-state.

4. RAPID ADVECTION IN THE MANTLE
WEDGE

Data in the preceding sections, taken together,
suggest that temperatures beneath arcs are higher
than 1000°C at ~ 30 km, and approach 1300°C or
more a 45 km. This is inconsistent with al
published thermal models for arcs, as seen in Figure
1. One potential resolution of this discrepancy is to
consider the effects of rapid advection of mantle
peridatite in the shallowest part of the mantle wedge.
In this section, we present results of numerical
models that incorporate temperature-dependent
viscosity to model solid-state flow by thermally
activated creep, with a range of activation energies
and “asthenospheric” viscosities.

4a. Experimentally Constrained Mantle Viscosities

As discussed by Hirth & Kohlstedt [Hirth and
Kohlstedt, 2002, this volume] viscosities in the range
of 10Y to 10% Pa s are within the range
experimentally measured for olivine at upper mantle
temperatures and pressures. Viscosities in the low
end of this range probably require both dissolved
hydrogen [Mei and Kohistedt, 2000; Hirth and
Kohlstedt, 1996; Kohlstedt et al., 1996], as might be
expected in the relatively H,O-rich mantle above a
subduction zone, and melt fractions greater than ~ 3
% [Kelemen et al., 1997; Hirth and Kohlstedt, 1995z;
Hirth and Kohlstedt, 1995b]. In particular, a
combination of partial melt and dissolved H,O could
produce mantle viscosities less than 10" Pa s at
pressures of 1to 6 GPa. However, to date no thermal
model of a subduction zone has incorporated such
low viscosities.

4b. Activation Energy in Solid Sate Creep of the
Mantle

The temperature dependence of viscosity during
diffusion creep of olivine aggregates can be written

w/u., = exp[ Q/(RT.)*(T./T-1)]

with an experimentally determined activation energy
Q of 315 kJmol [Hirth and Kohlstedt, 1995b],
equivalent to a value of Q/(RT,) of ~ 24 to 26 at
asthenospheric temperatures. u,, and T, are the
asthenospheric  viscosity and temperature,
respectively. Stress-dependence might lower the
“effective” activation energy [ Christensen, 1984]. An
activation energy of 250 kd/mol, yields Q/(RT¥) ~ 18
to 21, though higher values of Q might be appropriate
for cases involving dislocation creep in which stress
is maintained at a high value. In our modeling, we
have used values of Q/(RT,) ranging from 0 to 40.
Most of the models presented by Kincaid & Sacks
[Kincaid and Sacks, 1997] used Q/(RT,,) of 30.

4c. Description of Modeling Technique

Models of solid state flow and temperature in the
mantle wedge above a subducting slab are formulated
using a hybrid finite-element/finite difference
method. Viscous flow with large viscosity variations
is calculated using a standard penalty function finite
dement formulation with linear interpolation
functions on quadrilateral elements [cf. Reddy,
1993]. The resulting algebraic equations are solved
by a Gaussian eimination method, which is stable
and reasonably accurate for the large viscosity
variations expected with a strongly temperature-
dependent viscosity. The conservation equation
describing the advection and diffusion of heat is
solved using a finite difference or finite volume
approximation on a non-uniform rectangular grid
with volumes centered on finite element node points.
A second order accurate solution is obtained using
centered spatia differences for the diffusion terms
and a diffusion-corrected upwind  method
[Smolarkiewicz, 1983] for the advection terms. We
think that this advection method is preferable to the
first order accurate streamline upwind method
usualy employed in finite element discretizations of
the temperature field which can produce significant
numerical diffusion. Time-dependent steady-state
solutions are obtained by a simple forward time step
of the advection-diffusion equation with a stability
limited time step. These solutions represent
deviations from an adiabatic temperature gradient
which can be simply added to the solutions. We do



not account for the heat of melting or minera
reactions or the contribution of melt migration to heat
transport.

The models that we present in this paper use a
uniformly spaced mesh in a 900 km wide by 600 km
deep domain (see Figure 4). In the horizontal
direction nodes are spaced every ~10km, and in the
vertical direction every ~7 km. Thisis comparable to
the resolution in the recent models of [Kincaid and
Sacks, 1997]. The top of the domain is a no-dlip
boundary on which the temperature is set to zero. On
the bottom, we have experimented with both a free-
dlip, flow-through boundary on which the viscous
stresses vanish and a free-dlip, closed boundary on
which the normal velocity component vanishes. The
results presented here use the flow-through boundary,
but this choice makes little difference within about
300 km of the wedge corner. The right vertical
boundary is a flow-through boundary. In areas of
inward flow, temperature is set to the prescribed
mantle potential temperature, 1350°C for the cases
presented here.  This corresponds physically to
placing a back-arc spreading center at this boundary.
The choice of a mantle potentia temperature of
1350°C is by analogy to mid-ocean ridges.
Experimental and theoretical constraints on melt
productivity during decompression melting have been
combined with geochemical studies of the trace
element contents of mantle peridotites and mid-ocean
ridge basdts (MORB), and with seismic
determinations of oceanic crustal thickness, to yield
estimates ranging from 1280 to 1400°C for potential
temperature in the upwelling mantle beneath ridges
[eg., Braun et al., 2000; Langmuir et al., 1992;
White et al., 1992; McKenzie and Bickle, 1988;
Allégreet al., 1973].

Velocities along the left vertical boundary and in a
triangular region in the lower left corner of the
domain are prescribed to be the subducting plate
velocity.  The temperature distribution on this
boundary is an error function that would result from
vertical conductive cooling of the upper mantle. We
examine mantle thermal ages of 25, 50, 80 and 100
Myr, and convergence rates of 20, 40, 60, 80, and
100 km/Myr with a dab dip of 45°. This is a
reasonable value based on the wide range of dab dips
that are observed [cf. Jarrard, 1986].

A very viscous region develops near the cold top
boundary. In this region significant flow should not
occur by thermally activated creep. A maximum
viscosity that is afactor of 10 greater than that of the
deeper mantle was prescribed. To avoid concerns
that this very viscous material would “stick to” the
plate and be carried downward with it, alayer of very

weak nodes was introduced along the top of the slab
at depths shallower than 50 km (see Figure 4).
Kincaid & Sacks [1997] also used this method of
introducing a “fault” consisting of a dipping layer of
weak nodes. Shear heating along the fault would
increase temperatures in the subducting plate and
mantle wedge compared to our model results. In
contrast to the models of [ van Keken et al., 2002], we
introduce no heating on the fault. However, later in
this paper we estimate the temperature increase that
could be associated with this effect.

We consider u,, values ranging from 10 to 10
Pa-s. Each case is run to a time-dependent steady
state in which the temperature and velocity fields are
relatively constant and the overall thickness of the
thermal boundary layer no longer changes (Figure 5).
At the lower values of ., atime-independent steady
state is not attained because the cold, dense thermal
boundary layer beneath the overriding plate “drips’
into the mantle wedge (see Figures 4 and 5). This
behavior has only a small effect on temperatures
within a few hundred km of the wedge corner. The
time to steady state in the models is ~ 100 Myr.
However, temperatures in the wedge corner approach
asteady statein ~ 10 Myr (Figure 5).

4d. Model Results

As aso seen in ealier therma models
incorporating  temperature-dependent  viscosity
[Kincaid and Sacks, 1997; Furukawa, 1993a;
Furukawa, 1993b], cooling of the top and
subduction-side of the mantle wedge forms an
increasing volume of high viscosity material that is
incorporated in  therma  boundary layers.
Paradoxically, this leads to thinning of the thermal
boundary layers, especially near the wedge corner,
because of the enhanced entrainment of cold, viscous
mantle with the subducting plate. This advective
thinning of the thermal boundary layer in the wedge
drives rapid return flow of hot mantle into the wedge
corner. Also, in cases with low u.,, buoyancy forces
drive convection (a cold density current running
down the top of the slab and “drips’ from the bottom
of the overriding plate), so that mantle convection
velocities may actually exceed the subduction
velocity.

Perhaps the most obvious manifestation of this
effect is that flow of hot material into the wedge
follows a diagonal upward trgjectory toward the
wedge corner, accelerating at shallow depths, as seen
in previous studies. This contrasts with isoviscous
models, in which return flow into the wedge is nearly
horizontal. We illustrate this difference in Figure 6.



Panel A, for isoviscous corner flow with u,, = 10% Pa
s, has thick therma boundary layers at the top and
along the subduction zone side of the mantle wedge,
and horizontal return flow of the upper mantle into
the wedge corner. Panels B and C have Q/(RT,) =
20. Though the models in B and C differ by three
orders of magnitude in asthenospheric viscosity (u,, =
10% Pasin B, u. = 10® Pasin C), temperatures in
the two models are very similar, and both very
different from A, with thinner therma boundary
layers and diagonally ascending return flow into the
wedge corner. The upward flow induced by
temperature dependent viscosity could lead to
decompression melting of the mantle.

Our results for models with temperature-dependent
viscosity in Figure 6 show significant thinning of the
thermal boundary layer. The recent models of van
Keken et al. [2002] (seetheir Figure 3) and Conder et
al. [2002] aso show this thinning, although in their
models the amount of thinning appears to be limited
by the presence of a rigid “lithospheric” layer of
prescribed thickness. [Furukawa, 1993a; Furukawa,
1993b] also prescribed a fixed lithospheric thickness.
In contrast, we have assumed that the use of a
temperature-dependent viscosity should be sufficient
to alow the “lithosphere” to find its own thickness.

The results of Kincaid and Sacks [1997] do not
show the thinning we observe in our models. One
reason for this difference could be that our models
are run to “steady state”, whereas Kincaid & Sacks
concentrated on time-dependent results soon after the
initiation of subduction, within the first 2 to 4 Myr
for “fast” subduction at 100 km/Myr, and within the
first 20 to 40 Myr for “slow” subduction at 13
km/Myr. As can be seen in our Figure 4, thinning of
the top thermal boundary layer in the wedge corner
takes time; it is not present at the initial stages of our
models (e.g., after 2.6 Myr of subduction at 60
km/Myr in panel B) but is fully developed at “steady
state” (e.g., after 15 Myr of subduction at 60 km/Myr
in panel C).

In comparing our results to previous work, we
should also re-emphasize that our models extended to
much lower asthenospheric viscosities (uy as low as
10" Pa's, compared to u,, 3 10%° Pasin al previous
models). This does not make a first-order difference
in our models (compare Figure 6B with u,, = 10% Pa
s and 6C with p, = 10' Pa s), but models with u.. of
10" and 10" Pa s do show additional thinning of the
‘lithosphere’ due to the dripping of relatively cold
material from the base of the thermal boundary layer
(see Figures 4C and 5).

Figure 7 illustrates our model results in terms of
temperature variation at steady state, with depth

aong vertical sections where the top of the over-
riding plate is 100 and 150 km above the subducting
plate. We emphasize two major features of these
results. First, most of the models with temperature-
dependent viscosity provide a close fit to the
petrological constraints on pressure and temperature
in the lower crust and upper mantle beneath arcs.
Second, all models with w,, of 10Y, 10*® and 10%,
together with Q/(RT,) of 10 and 20, predict
temperatures near the top of the subducting plate that
are higher than experimentally constrained fluid-
saturated solidii for metasediment and metabasalt at
100 to 150 km depth in the subduction zone. Taken at
face vaue, comparison of mode results to
experimental solidii  suggests that a variety of
conditions can cause fluid-saturated melting of
subducted sediment, while melting of subducted
basalt might be rare. However, since metasediment
and metabasalt in eclogite facies both have the same
mineral assemblage (garnet, omphacitic
clinopyroxene, coesite and phengite), both probably
have approximately the same solidus, within the
bounds of variation due to bulk composition in both
rock types [Schmidt, pers. comm., 2000].

Shear heating in the fault zone between the
subducting and overriding plates will increase
temperatures aong the top of the dlab. Based on heat
flow in the forearc [Peacock and Wang, 1999], van
Keken, et al. [2002] adopt a shear heating rate of
about 30 mMW/m2 along this fault for NE Japan. A
simple estimate of the temperature increase along the
fault can be obtained from the solution for transient
heat conduction into a hafspace with a prescribed
heat flux at the halfspace surface [Cardaw and
Jaeger, 1959, p. 75, equation (8)] corresponding to
the fault. Thetemperature increase on thefaultis

or =Y [t
pc, Vm

where time in this, t, corresponds to distance along
the fault divided by the dlip velocity V, and o is the
effective shear stress on the fault. For a plate
thickness of 50 km with a 45° dipping fault, V = 60
km/Myr, and a fault heating rate o V = 30 mW/m?,
AT =40°C. Adding thistemperature to our calcul ated
temperature along the top of the slab gives the dashed
curve shown in Figure 7B. This increase in
temperature enhances the possibility of wet basalt
melting.

Figure 8 illustrates our results in terms of
predicted heat flow, compared to heat flow data from
northeast Japan (compiled by [Furukawa, 1993a))



and from southwestern Oregon [Blackwell et al.,
1982]. It is clear that the isoviscous modd fails to
account for heat flow in arcs, as previously noted by
Furukawa, for example. Modd heat flow is
calculated using thermal conductivity of 3.0 W/(m
K). Previous models have not been able to explain
heat flow in excess of 100 mw/m? and the
interpretation of such high values in terms of a
“steady state” geotherm has been controversial. Our
models provide a good fit to the high heat flow in
arcs and the large heat flow gradient toward the
forearc. An artifact of specifying a subducting plate
with constant dip is that the heat flow maximum in
our models with temperature-dependent viscosity
appears to occur very close to the “trench”. Models
with a more realistic plate geometry with low dip at
shallow depths, steepening below ~ 50 km, should
produce a more realistic distance between the trench
and the heat flow maximum.

In presenting these results, we do not mean to
suggest that we “know” that the mantle wedge in all
subduction zones has an asthenospheric viscosity
between 10Y and 10* Pa s, with Q/(RT.) of 20. As
noted in the previous paragraph, we have not yet
explored the effects of varying dab dip. Our models
do not incorporate shear heating and stress-dependent
viscosity (unlike the models of [van Keken et al.,
2002], nor have we incorporated pressure-dependent
viscosity. Further consideration could also be given
to specifying a suitable fault geometry in the upper
50 km of the subduction zone. Perhaps most
importantly, our models are two-dimensional,
whereas there is abundant evidence that mantle flow
in the wedge is three-dimensional.

However, our results clearly show that thermal
models for subduction zones can be consistent with
the petrological estimates for temperature at the base
of the crust and in the upper mantle beneath arcs.
Furthermore, some of these thermal models, using
widely accepted values for viscosity and thermal
activation energy, can explain partidl melting of
subducted sediment and basalt in subduction zones.
This is the case despite the fact that our models do
not incorporate shear heating along the “fault zone”,
which  would yield higher subduction zone
temperatures. We obtain these results for subduction
of 50 Myr old oceanic crust at 60 km/Myr, and even
for 80 Myr old crust subducting at 80 km/Myr,
suggesting that melting of subducted material is not
restricted to slow subduction of young oceanic crust.

5. GRAVITY AND TOPOGRAPHY IN
OCEANIC ARCS

Viscous coupling between the mantle wedge and
the subducting plate is assumed in purely plate-
driven, isoviscous models for arcs, and predicted in
dynamical models for arcs with mantle viscosities 3
10® Pa's. However, coupling between the mantle
wedge and the dense, subducting plate should
produce a Bouguer gravity low over arcs [Zhong and
Gurnis, 1992], whereas no such lows are observed.
This discrepancy can be resolved if the mantle wedge
has a lower viscosity, permitting mechanical
decoupling between the wedge and the subducting
plate [Billen and Gurnis, 2001]. Billen & Gurnis
estimate that a region in the wedge extending from ~
20 to 3 100 km depth, with a viscosity 3 10 times
weaker than the ambient upper mantle viscosity (~
10% Pasin their parameterization), yields the best fit
to topographic and gravity data for the Tonga
Kermadec and Aleutian arcs. Lowering the viscosity
to values 100 to 1000 times weaker than the ambient
upper mantle viscosity does not significantly affect
their results. Thus, the gravity and topography data
are consistent with the low viscosities in the wedge
corner produced by models with temperature-
dependent viscosity (e.g., Figures 6B and 6C), and
inconsistent with the results for an isoviscous wedge
with aviscosity of 10?* Pasin Figure 6A.

In detail, the results of Billen & Gurnis imply that
the low viscosity part of the mantle wedge should be
restricted to shallow depths, within ~ 200 km of the
surface. This suggests that pressure dependence of
mantle viscosity may be important in explaining
gravity and topography in arcs. Thisis an important
areafor future investigation.

6. CAVEATS
6a. Compositional Convection in the Wedge?

The wedge flow discussed in this paper is driven
only by viscous entrainment and thermal buoyancy,
and not from the buoyancy of retained melt and/or
reduced Fe/Mg in the residues of melting. Such
compositional convection has been predicted in
numerical studies of subduction zone magmatism
[lwamori, 1997; Davies and Sevenson, 1992].
Buoyancy forces arising from the presence of low
density melt within its mantle source are very
sensitive to assumptions regarding the permeability
of intergranular melt networks in mantle peridotite.
High permeabilities will yield efficient melt transport
and little melt buoyancy. Geophysica  and
geochemical studies, even at very fast-spreading mid-
ocean ridges suggest that very little melt isretained in
the mantle [e.g., Forsyth et al., 1998a]. As a resullt,



we suspect that permeabilities are high within
partially molten mantle peridotite, at least within
those regions with an adiabatic or hotter geothermal
gradient, in which ascending melt can dissolve
minerals and increase permeability downstream [e.g.,
Kelemen et al., 1995]. This implies that convection
driven by buoyancy due to the presence of melt
within partially molten aggregates in the mantle
wedge isunlikely.

A variety of evidence favor the hypothesis that
adiabatic decompression of the mantle isimportant in
the genesis of some arc lavas [e.g., Elkins Tanton et
al., 2001; Ssson and Bronto, 1998; Plank and
Langmuir, 1988; and Langmuir & Spiegelman, pers.
comm. 2002], and this is sometimes taken as
evidence for vertical diapirism due to melt buoyancy
[eg., Tatsumi et al., 1983]. However, models for
arcs that incorporate temperature-dependent viscosity
[eg., van Keken et al., 2002; Furukawa, 1993
Furukawa, 1993b] predict an upward component of
mantle flow behind and beneath the arc, in the
absence of melt-driven convection. Thus, adiabatic
decompression melting in arcs does not require
vertical diapirism due to melt buoyancy.

6b. Analytical Corner Flow Models, arc Position,
and arc Magma Composition

As mentioned in Section 1, analytical, isoviscous
corner flow calculations have long been a popular
and simple way to estimate flow and temperature in
the mantle wedge above subduction zones. The
results of these physically simple calculations are
strikingly similar to those of more complicated
numerical calculations, which accounts for the lasting
appeal of the analytical approach. In this paper,
however, we argue that analytical, isoviscous corner
flow calculations, together with their more
complicated numerical siblings, systematically fail to
predict the first-order temperature distribution in the
shallow mantle and lowermost crust beneath arcs.

Recent work has demonstrated that simple corner
flow solutions provide insight into subduction-related
magmatism. England [England, 2001] found that
analytical estimates of temperature in the mantle
wedge are correlated with the depth to the subducting
plate beneath arcs and with the major element
composition of arc basalts. A similar correlation is
expected in models like ours that incorporate realistic
mantle viscosity variation. The wedge thermal
structure, while necessarily different than in
isoviscous models, is expected to have a qualitatively
similar dependence on parameters such as age of
subducting plate and subduction rate. From

correlations like those observed, we would infer that
the temperature distribution in the mantle wedge is,
indeed, a strong control on the location of arcs and
the composition of lavas. This should be a fertile
areafor future research.

7. CONCLUSION

In sections 2 and 3, we show that published
thermal models fail to account for a variety of
important constraints on the temperature and
viscosity structure of the mantle wedge beneath arcs.
A clear dternative is that thermal boundary layers at
the base of arc crust and along the subduction zone
are thinner than has been assumed or calculated in
models thus far. This would satisfy constraints from
petrology on the temperature in the wedge at the base
of arc crust and at ~ 45 km depth within the mantle
wedge. Also, temperatures in subducted metabasalt
and metasediment could rise above the fluid-
saturated solidus, permitting partial melting if fluid is
available.

In section 4, we show that therma models
incorporating temperature-dependent viscosity, using
widely accepted values for activation energy and
asthenospheric viscosity, produce a thin thermal
boundary layer beneath the arc, and an overal
thermal structure that is consistent with petrological
constraints on temperature in arc lower crust and
shalow mantle. Some of these models are hot
enough to allow for partia melting of subducted
sediment and/or basalt, even though we have not
incorporated the effect of shear heating. We obtain
these results for subduction of 50 Myr old oceanic
crust at 60 km/Myr, and even for faster subduction of
older crust, suggesting that melting of subducted
crust may not be restricted to slow subduction of very
young oceanic crust.
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FIGURE CAPTIONS

Figure 1. Predicted gectherms beneath arcs from thermal
modeling (small symbols and fine lines), compared to
petrological estimates of PT conditions in the uppermost
mantle and lowermost crust in arcs (large symbols and
thick lines). Most petrological estimates are several
hundred degrees hotter than the highest temperature
thermal models at a given depth. Wide grey linesillustrate
a plausible therma structure consistent with the
petrological estimates. Such a thermal structure requires
adiabatic mantle convection beneath the arc to a depth of ~
50 km, instead of minimum depths of ~ 80 km or more in
most thermal models.

Petrological estimatesfor arc crust:

Kohistan arc section, northern Pakistan:  Chilas
complex, lower crust (KC, [Jan, 1988; Jan and Howie,
1980] Kamila “amphibolites’, lower crust (KK
[Anczkiewicz and Vance, 2000; Yoshino et al., 1998; Jan
and Karim, 1995; Yamamoto, 1993; Jan, 1988]. In
addition, high P/T metamorphism is recorded by the Jija
complex, along the Main Mantle thrust at the base of the
section (KJRAV [Anczkiewicz and Vance, 2000; Ringuette
et al., 1999]; KJY [Yamamoto, 1993]) and by late veins in
the Kamila amphibolites (KK veins [Jan and Karim,
1995]). This late, high P/T is probably related to
continental collision and exhumation of high P rocks along
the Indian-Asian suture zone [e.g., Gough et al., 2001;
Treloar et al., 2001; Treloar, 1995]. Oceanic Aleutian arc,
Kanaga volcano xenoliths, base of crust? (AX [DeBari
et al., 1987]). Talkeetna arc section, south-central
Alaska: Tonsina area, garnet gabbros a few hundred
meters above the Moho (TT [DeBari and Coleman, 1989]
and this paper, Figure 3 and Table 1); and Klanelneechina
klippe, lower crust (TK, this paper, Figure 3 and Table 1).
Petrological estimates of mantlemelt equilibration
conditions:

NEJF, NE Japan arc front, and NEJC, NE Japan, central arc
[Tatsumi et al., 1983]; SOC, southern Oregon Cascades
[Elkins Tanton et al., 2001].

Thermal models with symbols:

Open squares and circles, NE Japan and Cascadia, non-
linear rheology [van Keken et al., 2002]; open diamonds
and closed circles, 40 km and 70 km decoupling models,
NE Japan [Furukawa, 1993a]; closed squares, fast
subduction of thin plate, assuming mantle potential
temperature of 1400°C [Kincaid and Sacks, 1997], heavy
solid line with no symbols, isoviscous corner flow, NE
Japan [van Keken et al., 2002].

Other thermal models:

NE and SW Japan [Peacock and Wang, 1999]; Izu-Bonin
[Peacock, 2002]; Aleutians [ Peacock and Hyndman, 1999];
100 km decoupling model, NE Japan [Furukawa, 1993a];
slow subduction of thin plate, old plate and young plate,
plus fast subduction of old plate and young plate, all
assuming potential temperature of 1400°C [Kincaid and
Sacks, 1997]; Alaska Range hot and cold models [Ponko
and Peacock, 1995]; fast and slow subduction, with and

without shear heating [Peacock, 1996]; genera models
[Peacock, 1990a]. Triangular grey field encloses geotherms
inferred from heat flow data in the Oregon Cascades arc
[Blackwell et al., 1982]; athough interpretation of heat
flow data is often controversial, the inferred geotherm is
broadly consistent with metamorphic PT estimates for arc
crust.

Figure 2. Schematic illustration of why petrological
estimates of pressure and temperature for meta-plutonic
rocks and mantle-melt equilibration do not haveto lie along
a dteady state geotherm, and instead could represent
temperature depth conditions for transient magma
chambers and/or contact metamorphism. However, as
argued in the text, seismic data suggest that high
temperatures are present in the uppermost mantle and
lowermost crust beneath arcs at steady state.

Figure 3. Peak metamorphic PT estimates for the lower
crust of the Talkeetna arc section, south central Alaska
(based on mineral core compositions in Table 1, with
equilibria calculated using Thermocalc v. 3.1 and the May
2001 thermodynamic database). Ellipses with heavy lines
are quartz-bearing samples from newly discovered garnet
gabbros in the Klanelneechina klippe, about 50 km SW of
the Tonsina area. Ellipses with thin lines are for Tonsina
area samples, from a thin layer of garnet gabbro
immediately above the petrological Moho at the base of the
arc section in the Tonsina area [DeBari and Coleman,
1989]; these lack quartz, so the PT estimates are based on a
variety of equilibria involving amphibole as well as
pyroxenes, plagioclase and garnet.

Figure 4. A. lllustration of the entire model domain with
“steady state” isotherms and flow lines for model with u,,
of 10* Pa s and Q/(RT,) of 20. Prescribed subduction
angle in all models is 45°. Subduction velocity is aso
prescribed. Dashed lines indicate position of
temperature/depth sections in Figure 6. B, C. Viscosity
contours and flow lines (white) for the upper righthand
corner of a model with u, of 10% Pa's and Q/(RT,) of 20.
Panel B shows an early time (2.6 Myr) with the thermal
boundary layer in the overthrust plate increasing in
thickness from ~ 50 km on the right to ~ 75 km adjacent to
the subduction zone, and subduction initiating with a ~ 75
km thick plate. A dipping zone of weak nodes in the upper
50 km at the top of the subducting plate is used to model
the presence of afault zone (see text for discussion). Panel
C illustrates the “steady-state” model (developed by about
15 Myr) after mechanical erosion of wedge corner due to
entrainment of viscous mantle with the subducting plate.
Time dependence arises from buoyantly-generated cold
drips that form in the thermal boundary layer beneath the
overthrust plate at a depth where the viscosity increases by
about one order of magnitude (light blue) from the uniform
temperature asthenosphere (dark blue).



Figure 5. Temperature as a function of time at depths of
40 and 60 km, at x=120 km where the subduction zone is
110 km below the surface, for models with 50 Myr old
plate subducting at 60 km/Myr, and ., of 10 Pa s (solid
lines) and 10%* Pa s (dashed lines), both with Q/(RT,,) of 20.
Temperatures increase dramatically in thefirst ~ 10 Myr of
subduction, as the therma boundary layer is thinned by
viscous entrainment with the subducting plate, and then
approach time-dependent, near steady-state values after
several tens of Myr. In the model with u, of 10" Pas,
quasi-periodic density instabilities drive downwelling of
relatively cold materia from the base of the thermal
boundary layer, reflected in the temperature fluctuations
shown. Dripping of cold material from the base of the
thermal boundary layer leads to generaly higher shallow
mantle temperatures in the model with u, of 10 Pa s,
compared to that with u_, of 10 Pas.

Figure 6. Temperature contours, velocity vectors (white,
scaled to subduction velocity of 60 km/Myr), and flow lines
(black) for the upper lefthand corner of the model domain
in Figure 4A after 20 Myr of subduction (lefthand column)
and 100 Myr or more (righthand column). Temperatures
are nearly steady state so that temperature distributions are
amost identical in the two different columns. Top of
subducting plate is indicated by the straight line to which
streamlines of wedge flow converge. (A): u, = 10 Pas
and Q/(RT,) = 0 (isoviscous model) (B): . = 10* Pasand
QI(RT,)) = 20; (C): u., of 10" Pasand Q/(RT,) = 20. Note
horizontal return flow into wedge for the isoviscous model
(top), compared to diagonally ascending flow for
temperature-dependent viscosity..

Figure 7. Steady-state temperatures (from the righthand
columnin Figure 6) in vertical sections where the top of the
subducting plate is at a depths of 100 or 150 km (Panels A
and C-F), and along the top of the subducting plate (Panel
B). Panels A-E are for asubducting plate thermal thickness
of 75 km (50 Myr) and a convergence rate of 60 km/Myr.
Panel A shows selected results compared to constraints on
arc temperature discussed in the text (100 km sections in
red, 150 km in blue). Thin lines are for isoviscous models
with u,, = 10* Pas. Bold linesarefor u, = 10%, 10%, and

10" Pas, al with Q/(RT,) = 20. Clearly, alarge variety of
thermal models with temperature-dependent viscosity
satisfy the constraints on arc lower crust and shallow
mantle temperature. Panels B-F also show experimental,
fluid-saturated solidii for sediment [Johnson and Plank,
1999; Nichols et al., 1994] and basalt [Lambert and Wyllie,
1972; Schmidt and Poli, 1998]. Panels C-E compare an
isoviscous model with u, = 10* Pa s to models with
different values of u, and Q/(RT,). Panel C emphasizes
variation in activation energy in a section where the
subducting plate is at 100 km depth, while panels D and E
emphasize variation in “asthenospheric” viscosity in
sections with subducting plate depth of 100 and 150 km,
respectively.  Panel F shows the effect of varying
subducting plate age and subduction velocity in a section
with subducting plate depth of 100 km. In Panel F, all
cases have u, =10* Pa s, and al but the isoviscous case
have Q/(RT,,) = 20.

Figure 8. Comparison of heat flow from selected models
with observed heat flow in NE Japan (data compiled by
[Furukawa, 1993a]) and SW Oregon (digitized distances
perpendicular to 100 mW/m? contour in Figure 2 of
[Blackwell et al., 1982]. All distances are in km from the
maximum observed or calculated heat flow. Models with
temperature-dependent viscosity account for the high heat
flow values observed at the arc and for the large variation
in heat flow from the forearc to the maximum in the arc.
The isoviscous model clearly does not explain these heat
flow characteristics. Our models do not incorporate a
realistic shallow plate geometry. Therefore the location of
the trench and the dimensions of the forearc region are not
well described in the models. For example, the distance
from the “trench” to the heat flow maximum is only ~ 50
km, whereas in most actual subduction zones, e.g. Oregon
and Japan, it is much greater. The shallow plate geometry
should not greatly affect the temperature distribution and
flow pattern in the mantle wedge, which account for the
high arc heat flow shown here.



Table 1.

Sample Minerals T(°C) P (GPa) Cor
0713B07C gar hbcpxopxplg 982+108 1.01+0.13 0.46
0713B0O7F gar hb cpx plg 954+92 093+0.15 0.26
0731L01 garhbcpxopxplg 1025+104 1.07+0.14 044
1709L03A gar hb cpx plg 978+ 113 1.00+0.19 041
1709L04 gar hb cpx plg 889+ 117 083+x0.19 043
1712P03 garopx cpx plggz 663+ 110 0.63+0.14 0.84
1719P02  gar opx gz 692+ 141 0.63+0.15 0.70

gar = garnet, hb = amphibole, cpx = clinopyroxene, opx = orthopyroxene,
plg = plagioclase, gz = quartz, Cor = correlation coefficient.
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Kelemen et al., 2002, Figure 8
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