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Abstract

Thermal models of subduction zones often base their slab-wedge geometry from seismicity at mantle depths and, conse-
quently, cannot be used to evaluate the relationship between seismicity and structure. Here, high-resolution seismic observations
from the recent Broadband Experiment Across the Alaska Range (BEAAR) constrain, in a rare instance, the subducting slab
geometry and mantle wedge temperature independent of seismicity. Receiver functions reveal that the subducting crust descends
less steeply than the Wadati-Benioff Zone. Attenuation tomography of the mantle wedge reveals a high Q and presumably cold
region where the slab is less than 80 km deep. To understand these two observations, we generate thermal models that use the
improved wedge geometry from receiver functions and that incorporate temperature- and strain-rate-dependent olivine rheology.
These calculations show that seismicity within the subducting crust falls in a narrow belt of pressure-temperature conditions,
illuminating an effective Clapeyron slope of 0.1 K/MPa at temperatures of 450—750 °C. These conditions typify the breakdown of
high-pressure hydrous minerals such as lawsonite and suggest that a single set of dehydration reactions may trigger intermediate-
depth seismicity. The models also require that the upper, cold nose of the mantle wedge be isolated from the main flow in the
mantle wedge in order to sustain the cold temperatures inferred from the O tomography. Possibly, sufficient mechanical
decoupling occurs at the top of the downgoing slab along a localized shear zone to 80 km depth, considerably deeper than
inferred from thrust zone seismicity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Forward modeling of the thermal structure of sub-
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lithospheric plate. In most cases, the interface between
slab and wedge is inferred from the Wadati-Benioff
Zone (WBZ) geometry, allowing estimation of thermal
structure in variety of subduction zones (e.g., [1]).
However, the lack of control of the top of the down-
going plate independent of seismicity makes it difficult
to rigorously test theories of how intermediate-depth
seismicity is generated. WBZ earthquakes likely result
from thermal and mineralogical changes within, rather
than on top of, the downgoing plate [2]. More gener-
ally, the lack of high-resolution constraints on proxies
for temperature in the mantle wedge and slab allow for
a wide range of thermal models to be consistent with
observations [3,4].

Recently, it has become possible to image the top of
the subducting plate to great depths, independently from
seismicity, using mode-converted phases either from
earthquakes within the downgoing plate [5] or from
teleseismic P to S converted phases that are often ana-
lyzed as receiver functions [6—8]. At the same time,
advances in dynamical modeling and our understanding
of mantle materials have made it possible to consider
more realistic thermal models that incorporate non-New-
tonian temperature-dependent rheology, hydrolytic
weakening and the effects of buoyancy (e.g., [3,9,10]).

In this paper, we will use new observational con-
straints to construct improved models of the central
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Fig. 1. The central Alaska subduction zone and BEAAR stations
(triangles), after [8]. Brackets labeled A—B show location of transect
in subsequent figures; open circle shows center of coordinates used in
plots. Barbed line shows Aleutian trench and contours, labeled, show
depth to Wadati-Benioff Zone. Dashed line shows presumed west-
ward extension of Yakutat terrane from magnetic anomalies [52].

Alaskan subduction zone (Fig. 1). In particular, seismic
measurements constrain the position of the subducting
crust from receiver functions in relation to intermediate-
depth earthquakes [8] and the broad thermal structure of
the mantle wedge from attenuation tomography [11].
These results can be used to constrain and evaluate
candidate thermal models. For a range of reasonable
parameters, we infer seismicity to lie upon a linear path
in pressure—temperature space rather than an isotherm,
which strongly suggests that a mineral reaction front
controls the position of the earthquakes in the subduct-
ing slab.

2. Observations
2.1. Downgoing plate from receiver functions

Teleseismic receiver functions from the Broadband
Experiment Across the Alaska Range (BEAAR; Fig.
1) reveal a thick low-velocity layer (LVL) at the top of
the downgoing plate from 60 to 120 km depth [8].
This LVL is hypothesized to be crust of the subduct-
ing Yakutat terrane, an accreted oceanic plateau or
tectonically thickened oceanic crust (Fig. 2). As
depth increases, the LVL exhibits a gradual increase
in seismic velocity consistent with progressive dehy-
dration and eclogitization. The LVL becomes indis-
tinct from the surrounding mantle at 125-140 km
depth, which coincides with the depth range over
which WBZ seismicity stops. These earthquakes all
lie within the LVL and traverse its entire thickness.
The WBZ dips slightly steeper than does the LVL,
descending into the subducting crust in a manner
reminiscent of a reaction front. In most other slabs,
the subducting crust is only 6 km thick, which makes
it much more difficult to see the relationship between
subducted crust and seismicity, with few exceptions
[7,12].

Error analysis [8] suggests that random errors in
depth to LVL and WBZ seismicity are both on the
order 2-4 km, consistent with the small scatter in
both datasets about smooth surfaces (Fig. 2). System-
atic errors have been minimized by using only stations
within or close to the BEAAR array to locate earth-
quakes, so that both the hypocenters and slab surface
are constrained by similar ray paths passing through
similar-velocity material. (Note that a small plotting
error in [8] has been corrected on Fig. 2, resulting in
the same slab geometry but conversion points relocated
farther up the dip of the slab.) We improve the results of
[8] by relocating earthquakes and the LVL in a prelim-
inary three-dimensional (3D) velocity model [13]. The
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Fig. 2. Cross-sections showing results from BEAAR, along cross-
section A-B in Fig. 1. (a) Attenuation (1/Qs) tomography [11]. Red
lines: crustal thickness from receiver functions [13]; yellow circles:
relocated earthquakes; dashed line: polynomial fit to slab surface. Top
shows topography and projected station locations, triangles, with 10 %
vertical exaggeration. (b) Receiver function results, modified from
[8]. Traces show interpolated receiver function wavefield, back-
projected in one-dimensional velocity model to P—S conversion
points. Red diamonds: top of slab LVZ from waveform inversion;
solid line: base of LVZ; yellow circles: earthquakes; dashed line: fit
slab surface. The LVZ and hypocenters differ from [8], in that both are
determined in a three-dimensional velocity model so more accurately
incorporate velocity gradients within the wedge. A minor plotting
error was also corrected.

velocity inversion uses an identical ray distribution for
P and S, to minimize the effects of resolution differ-
ences on the ratio of P to S velocities (Vp/Vs) [14]. The
resulting velocities exhibit a decrease in Vp/Vs toward
the northwest in the mantle wedge, from roughly 1.80
to 1.70. Receiver functions are inverted for LVL para-
meters in a velocity structure approximating the 3D
model, by vertically averaging crust and wedge veloc-
ities beneath each station. The resulting LVL differs by
less than 1 km from that published previously [8], but
hypocenters move up by 5 to 10 km depending on

depth (Fig. 3). The WBZ dips more steeply than the
LVL in both velocity models, such that deeper earth-
quakes lie farther from the top of the slab.

To further test the extent of systematic bias in these
locations, we relocate both the LVL and WBZ locations
of Ferris et al. [8] in a suite of 16 end-member one-
dimensional velocity models (Fig. 3). In each test, P-
wave velocity (Vp) and the Vp/Vs ratio for the crust
and mantle are perturbed to the limits of values allowed
by travel-time observations: Vp ranges over 6.5-6.8
km/s and 7.7-8.0 km/s, and Vp/Vs over 1.75-1.85
and 1.65-1.75, for crust and mantle, respectively. The
bounds constitute maximal limits allowed by regional
differential travel times and by receiver function multi-
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Fig. 3. Sensitivity of earthquake locations and slab surface depth to
assumed seismic velocity model. Both earthquakes and top of slab are
located in 16 one-dimensional velocity models, spanning the plausible
range of Vp and Vp/Vs for crust and mantle. (a) Location of earth-
quakes, circles, and base of LVZ, dashed line, as distance below top of
slab. Solid circles and thick lines show comparable result for three-
dimensional velocity model used in Fig. 2. (b) Top of the slab,
determined by inversion in the manner of [8] for all 16 models. In
all cases, earthquakes descend from top to bottom of the low velocity
layer as the subducting plate descends from 50—-60 km to 90-110 km.
Thus, the observation of earthquakes progressively getting deeper in
the slab is robust.
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ples [11,13]. The location of the top of LVL (Fig. 3a)
varies by 10-15 km between tests, but in all cases the
earthquakes progressively descend from the top to bot-
tom of the LVL with increasing depth (Fig. 3b). At the
deepest parts of the LVL, the slab depth shows higher
sensitivity to the assumed velocities, but here the rele-
vant signals are weak and the LVL velocity anomalies
are small. Overall, the relative location of the WBZ
relative to the LVL is a robust feature of these data and
earthquakes clearly descend into the downgoing plate
with increasing depth.

2.2. Attenuation and thermal structure

Much of the overlying mantle wedge exhibits high
seismic attenuation (low Q; Fig. 2) [11]. At the high
pressures expected in the mantle, porosity should be very
low and attenuation should be dominated by thermally
activated processes [15,16], although small amounts of
melt and water could have an important secondary effect
[17,18]. Seismic attenuation is relatively unaffected by
composition. Hence, to first order, regions of low Q
should correspond to high temperatures. The overlying
mantle wedge shows high Q, indicating low tempera-
tures, where the slab is less than 80 km deep, but low Q
farther into the wedge. This “cold nose” is expected to be
a relatively rigid part of the upper mantle and indicates
relative isolation from wedge flow. It provides a region
cold enough for ultramafic hydrous phases such as ser-
pentine and chlorite, which hold large concentrations of
water [19] to be stable. A similar ““viscous nose” has been
observed on the basis of low attenuation in Japan [20]
and the central Andes [21], and is likely a common
feature of subduction zones. Heat flow data are available
for only a few subduction zones and generally show a
pattern of low heat flow between the trench and a region
10-30 km seaward of the volcanic arc. This coincides
with the location below which high Q is observed [22—
25]. Thermal models confirm that low heat flow can only
be matched with the presence of such a cold region
[3,26].

3. Thermal models

To explain these observations we have developed a
number of steady-state models for the central Alaska
subduction zone (Fig. 4). The model setup including the
governing equations and solution methods closely fol-
lows [3], but is calibrated to the slab geometry and
other parameters for Alaska. The slab surface below the
BEAAR array is constrained to intersect the trench at
the Earth’s surface and to roughly follow the major

velocity discontinuities thought to represent the active
thrust fault offshore [27]. At depths greater than 60 km,
the surface follows the top of the LVL (dashed line on
Fig. 2).

Flow in the mantle wedge is computed by solving
the equations of conservation of mass and momentum
for a viscous medium. The base of the mantle wedge is
prescribed to move with the slab, while the top of the
wedge is in rigid contact with the overriding plate. The
side boundary is a stress-free inflow/outflow boundary.
With these conditions, the velocity in the wedge is
determined only by the drag of the slab at the base
and the viscosity of the wedge, which in turn depends
on temperature and strain rate. The heat advection—
diffusion equation is solved for the entire domain as-
suming a rigid overriding plate and a prescribed descent
rate for the slab that is parallel to the top of the slab. We
take the depth of the rigid portion of the overriding
lithosphere to be 50 km.

For our base model, we use a convergence speed of
V=55 mm/yr based on the Nuvel-1A plate model [28]
and an age of the oceanic lithosphere of 38 Ma at the
trench [29]. We do not have strong constraints on the
effective shear heating along the seismogenic zone due
to the paucity of heat flow measurements in this region.
Based on the low estimates for effective shear rate in
other subduction zones [3,26], we will use a effective
shear stress of =10 MPa along the seismogenic zone
in our base model, which corresponds to a shear heating
of TV/=17 mW/m?. We will display temperature fields
only in the ‘region of interest’ defined in Fig. 4. Cal-
culations use a finite element method to solve the
governing equations following [3]. The model grid
has approximately 70,000 linear elements and 35,000
nodal points. The grid resolution in the corner flow
region, where the strongest boundary layers occur, is
slightly less than 1 km on average (Fig. 4b).

Fig. 5a shows the temperature structure (left panel)
for the model assuming an isoviscous rheology in the
mantle wedge and with flow allowed up to the end of
the seismogenic zone at 50 km depth. The phase dia-
gram (right panel) predicts the pressure (p) and tem-
perature (7) conditions at the earthquakes. These are
compared to the temperature at the top of the slab and at
the bottom of the thickened oceanic crust (black lines)
and the lawsonite—dehydration curves suggested by
field relations [30], experiments [31] and thermody-
namic calculations [32]. Lawsonite, a Ca—Al-rich sili-
cate with 11 wt.% H,O, is probably the main phase
holding H,O at pressures above 2.5 GPa in mafic rock
[33], although at lower pressures a sequence of hydrous
phases continuously breaks down in subducting crust to
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Fig. 4. (a) Model geometry. The slab velocity is kinematically described with a velocity parallel to the slab surface. The overriding plate is modeled
as a rigid body. The mantle wedge is driven by the subducting plate and the velocity is computed from the governing Stokes equations [3]; (b) close
up of computational mesh showing linear triangles. The average resolution near the corner point is less than 1 km.

release fluid into the wedge [31,32]. The earthquakes
follow a (p,T) path that is intermediate between the
predictions [30-32]. The temperature at the earthquake
hypocenters increases with pressure at a rate of approx-
imately 0.1 K/MPa but with a fair amount of scatter at
shallow pressures.

It is more realistic to model the mantle of the
wedge as a medium with strongly temperature- and
stress-dependent rheology, which is characteristic of
the deformation of the dominant minerals under man-
tle conditions. In Fig. 5b, we show the temperature
field obtained with rheology based on dislocation
creep in dry olivine [34]. Compared with isoviscous
results, the temperature-dependence causes a focusing
of the flow toward the nose of the wedge and the
temperature along the slab-wedge increases strongly

(also see [3.4]). The temperature at the base of the
thickened crust is relatively unaffected. The use of the
more realistic rheology causes a dramatic change in
the predicted temperature of the earthquakes at
p<2.5 GPa, which shift well above any of the exper-
imentally determined dehydration curves and enhances
the scatter at p<3 GPa.

One significant failure this model (Fig. 5b) is the
prediction of high temperatures and hence high seismic
attenuation throughout the mantle wedge below 50 km
depth, in conflict with observations (Fig. 2). Similar
behavior has been observed in several recent models
incorporating variable-viscosity mantle [3,4,35]. By
contrast, the O tomography indicates relatively cool
conditions in the nose of the wedge with a near-vertical
boundary between the high O (low 7) and low QO (high
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Fig. 5. Base model results for (a) isoviscous rheology, (b) non-Newtonian temperature-dependent rheology (based on creep law for dry olivine), (c)
as in (b) but with a non-convecting portion of the mantle wedge (the ‘cold nose’) above 80 km depth. Left column displays the temperature field
with a contour interval is 100 °C. Right column shows the (p, T) relationship at the top and bottom of the thickened crust (black lines) and the
earthquakes (red circles) after addition of a constant 0.3 K/km adiabatic gradient. Blue lines indicate petrological constraints on the lawsonite-out
boundary based on field relations (HO03) [30], from experiments (SP98) [31] and from thermodynamic calculations (CK02) [32]. EQs: earthquakes.

7). We simulate this pattern by adding a vertical bound-
ary in the tip of the mantle wedge where the slab
surface is at 80 km depth (see stippled line in Fig. 5c)
and we do not allow flow through this boundary, fol-
lowing previous work [3,26]. The slab surface is now
exposed to the high temperature mantle wedge at great-
er pressure and the earthquakes follow a coherent (p,7)
path. While the addition of this vertical boundary is ad
hoc, it does better resemble the attenuation observa-

tions. Thus, some process to decouple the cold nose
from the mantle wedge flow appears needed to explain
the O observations.

It is instructive to investigate the sensitivity of the
model to variations in the main input parameters. Fig. 6
shows the (p,T) conditions predicted in the earthquake
locations for variations in age of the lithosphere at the
trench (from 30 to 50 Myr; Fig. 6a), subduction speed
(from 45 to 65 mm/yr; Fig. 6b) and the amount of shear
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heating along the seismogenic zone (following stress
that varies from 0 to 40 MPa; Fig. 6¢). The black
circles represent the (p,7) conditions in the earth-
quakes in our preferred model. The straight lines rep-
resent the least-squares fit to the earthquake (p,7)
conditions. We indicate both the slope of the line and

%%, which gets smaller as the quality of the fit gets
better. The (inverse) slope of the best fit line in our
preferred model is 117 K/GPa. The slope or quality of
fit do not vary significantly for variations in speed or
age, but the earthquake (p,7) conditions are systemat-
ically offset to higher temperature for decreases in both
age and speed. Variations in shear heating have their
largest effect at shallow depths and consequently the
slope decreases with increasing shear stress. The pre-
dicted earthquake (p,T) conditions also tend to be less
coherent for shear stress values larger than 20 MPa due
to significant spread at lower pressures. These relation-
ships hold for hypocenters located in the tomographic
model as well as in the one-dimensional model.

4. Discussion
4.1. Dehydration and seismogenesis

The deepest earthquakes along this section lie near
120 km depth, close to the point at which seismic
velocities within the LVZ become indistinct from sur-
roundings. The coincidence of the depth cutoff with
velocities supports the notion that dehydration process-
es in the downgoing plate are in some way triggering
seismicity here and that (in Alaska) dehydration is
confined to the subducting crust [8]. In other subduc-
tion zones, the LVZ and WBZ are harder to distinguish,
because low-velocity layers are of a few km thickness.
In general, an LVZ has been observed at depths that
seismicity is present but not deeper [2,36]. In Alaska
the WBZ earthquakes gradually descend from the top to
bottom of the LVZ, as the slab surface descends from
60 to 120 km depth, a result that appears robust and
well within uncertainties (Fig. 3). As a consequence,
they lie within a narrow band of (p,T) conditions (Figs.
5 and 6). The narrow (p,7) range of the earthquakes
suggests that a simple reaction front is responsible for
the triggering of the earthquakes. The effective Cla-
peyron slope of 0.1 K/MPa is a robust feature of all our
models except in the case of high shear heating along
the fault. Shear heating is not directly constrained in
Alaska, but based on other subduction zones with
reliable heat flow data the effective shear stress is
probably 10 MPa or less [37]. The events do not
occur at isothermal conditions, as would be expected
for models of seismogenesis appealing to runaway
thermally activated creep. Thus, we infer that phase
changes, likely involving dehydration, control the nu-
cleation of earthquakes.

The linearity of seismicity in (p,T) is intriguing.
Dehydration reactions in metabasalts occur nearly con-
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tinuously over a wide range of depths [31,38], which
would predict earthquakes throughout the thickness of
the hydrated layer. In Alaska, such a seismic zone
should be 15-20 km thick zone where the slab is
shallow, but this would be much thicker than observed.
One possible explanation is that dehydration reactions
are more univariant than predicted in the laboratory, at
least for the lithologies subducting here. Alternatively,
the dehydration reactions at pressures below 2.5 GPa
for some reason cannot trigger earthquakes, but they
can be triggered by a subsequent, major univariant
reaction associated with large H,O release and volume
change. The main dehydration reaction at 2.5-6 GPa
within mafic rocks is the breakdown of lawsonite [33],
which should occur at roughly the conditions at which
WBZ seismicity is seen. There is some uncertainty in
the actual location of this reaction boundary; field
relations indicate lawsonite breaks down in mafic
rocks at <500 °C [30], while experiments [31] and
thermodynamic calculations [32] indicate that lawso-
nite is stable up to 600-700 °C. The dehydration
reaction appears to be complex and continuous below
the lawsonite-boundary [31], potentially complicating
the distribution of available H,O. Also, kinetic effects
may delay the reaction [39]. Given these uncertainties,
the seismicity could be associated with lawsonite
breakdown, or along some other similar univariant
reaction (for example, serpentine in ultramafic rocks
breaks down at similar temperatures [30]). It therefore
is possible that a simple dehydration reaction may be
controlling seismicity, as suggested by the linearity of
seismicity in (p,7).

Even if such reactions occur, other conditions for
seismogenesis could be absent except at certain points
of the dehydration path. Simple models of dehydration
embrittlement [40] produce earthquakes by elevating
pore pressure upon dehydration, so that only reactions
with sufficiently positive Clapeyron slopes will gener-
ate positive pressure changes. The rate of reaction-
driven pressure increase must exceed the rate of fluid
escape, so slight volume increases may not generate
earthquakes depending upon permeability. While the
final lawsonite-out reaction shows a positive Clapeyron
slope at 3-8 GPa [31,38], many earlier reactions may
not, and a gradual breakdown of hydrous phases might
not proceed rapidly enough to outpace intergranular
fluid flow. The structure and evolution of permeability
within the downgoing plate is almost completely un-
known, and its influence on seismogenesis is difficult to
quantify. Finally, recent experiments [41] indicate that
serpentine dehydration can lead to fault formation even
at a negative Clapeyron slope, indicating a more com-

plex relationship may exist between dehydration and
unstable slip.

4.2. Deep interplate slip and the cold nose

The interplate seismogenic zone extends 30-50 km
deep in most subduction zones [42]. To mimic this
behavior, subduction-zone thermal models often im-
pose some form of mechanical decoupling to a depth
of 50 km [1,4]. Such an assumption clearly oversim-
plifies the actual rheology at the plate interface down-
dip of the thrust zone, where there is likely to be an
extended transition between localized, frictionally un-
stable sliding and completely distributed flow. Imme-
diately down-dip of the seismogenic zone, a region
should exist which is conditionally stable with respect
to friction, in which earthquakes cannot nucleate but
rupture of large earthquakes can propagate seismically
[43]. The recent observation of transient creep events,
at time scales of days to months (e.g., 44,45]) suggests
that localized slip occurs down-dip of the seismogenic
zone in an episodic manner. Steady localized creep
has been inferred down-dip of thrust zones in south—
central Alaska from geodetic observations [46]. While
the contribution to total slip from such phenomena is
not yet well constrained, their existence implies a
region of highly localized deformation not well de-
scribed by the wedge rheology used here. Finally,
studies of exhumed faults show that localized ductile
shear occurs through a range of processes at increas-
ing pressure and temperature, by a variety of plastic
processes (e.g., 47]). Hence, some form of localized
shear probably occur down-dip of subduction zone
thrusts, potentially aided by the likely presence of
frictionally weak phases such as serpentine and talc
in hydrated peridotites.

Such a shear zone provides an explanation for the
observation of a frequent “cold nose” seen in seismic
attenuation data [11,21,48], which indicates some me-
chanical decoupling of the shallow mantle wedge. The
cold nose is difficult to reproduce without special
boundary conditions that either force the flow down
along the vertical boundary (as in Fig. 5¢) or simulate a
weak shear zone atop the slab. Separate work [49] has
suggested that a gradual coupling of the slab to the
overlying wedge can accurately reproduce the apparent
temperature structure. Another suggestion comes from
Conder [50] who shows that the use of a parameteriza-
tion of the brittle—ductile transition can also lead to
deeper decoupling and reproduce similar distributions
for temperature. In Fig. 7, we show the effects of partial
decoupling between the slab and the wedge on the
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range of 50-80 km. (b) Same for a velocity reduction of 10%.
(c) Sensitivity of the predicted (p, T') conditions.

Alaska subduction zone model. In this case, we reduce
the velocity prescribed at the base of the slab to 0-25%
of the velocity of the subducting slab in the region
where the slab surface is between 50 and 80 km
deep, while allowing flow into the wedge corner. This
slip geometry resembles that inferred from inversion of
geodetic measurements, which also indicate localized
slip to 70-80 km depth beneath Alaska [51]. A strong
vertical division occurs in these thermal models for

coupling up to 10%, similar to that seen in the Q
tomography, between hot and cold regions. We con-
clude that the cold wedge nose may be generated by a
mechanically weak, localized shear zone, and that the
shear zone persists a considerable distance down-dip
from the thrust zone earthquakes.

5. Conclusions

We present a rare example of a thermal model tied to
a subduction zone with a geometry constrained inde-
pendently of seismicity. The results confirm that dehy-
dration reactions can explain the changes in seismic
velocities seen within subducting crust. Seismicity
within the WBZ lies along a narrow band of p,7 con-
ditions, showing a positive slope of 0.1 K/MPa for most
consistent models. This geometry is strongly suggestive
of a single reaction or step in a sequence of dehydration
reactions, which increases pore-fluid pressure in the
manner predicted for dehydration embrittlement. Such
a pattern has not been seen in the small number of well-
instrumented subduction zones, although the small
thickness of normal oceanic crust makes such a pattern
hard to see elsewhere. Also, the strong effects of layer-
ing within normal oceanic crust may dominate the
evolution of dehydration and pore pressure, for exam-
ple by isolating earthquakes near permeability barriers.
Finally, simple flow models cannot reproduce the cold
viscous nose observed in several subduction zones, a
region of low temperatures (usually inferred from seis-
mic attenuation) in the mantle overlying the slabs less
than 80 km deep. To reproduce the observed geometry
requires that this region be mechanically isolated from
the rest of the wedge, perhaps by a localized shear zone
extending down-dip from the seismogenic thrust to 80
km depth.
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