
GEOLOGY, April 2008 275

INTRODUCTION
Subduction zones transport water into Earth’s 

interior. The subsequent release of this water 
through dehydration reactions may trigger 
intraslab earthquakes and arc volcanism, regulate 
slip on the plate interface, control plate buoyancy, 
and regulate the long-term budget of water on 
the planet’s surface (e.g., Peacock, 1990). While 
the seafl oor input and arc output of this system 
can be sampled directly, at least in principle, the 
transport and release of fl uids at depth are mostly 
investigated through indirect methods such as 
geodynamic modeling and experimental petrol-
ogy (e.g., Schmidt and Poli, 1998; Hacker et al., 
2003a). These studies show that the contribution 
of subducted water to the volcanic arc is critically 
dependent on the thermal structure, distribution 
of hydration, and petrology of the downgoing 
plate, none of which is well known.

Recent seismic observations of subduction 
zones show the presence of a dipping low-
velocity layer likely associated with the sub-
ducted crust (Abers, 2005). The layer generally 
extends to depths of 40–150 km and exhibits 
velocities 5%–15% slower than the surrounding 
mantle. It is commonly thought to be composed 
of hydrated metabasalts (Helffrich, 1996) and 
metastable gabbro (Hacker et al., 2003a), both 
of which have the appropriate velocities. At high 
pressures, these mafi c rocks convert to higher-
velocity eclogite, which cannot be distinguished 
seismically from mantle peridotites (Hacker 
et al., 2003a). The disappearance of the low-
velocity layer should thus constrain the depth 
of eclogitization. Unfortunately, most seismic 
observations of this layer rely on unusual signals 
that constrain layer velocities, but poorly resolve 

its spatial extent (e.g., Abers, 2005;  Matsuzawa 
et al., 1986). Clearly, a better knowledge of the 
spatial extent of this low-velocity layer and how 
it varies among slabs with different thermal 
structure would help to better evaluate what it 
reveals about subduction dynamics.

In this study, we present robust and self-
consistent seismic images of two subduction 
zones exhibiting very different thermal struc-
tures, Cascadia and Alaska (Fig. 1). These 
images allow for the fi rst direct comparison 
of different subduction zones in this manner. 
They show that the low-velocity subducted 
crust disappears at depths consistent with 
those at which dehydration reactions trigger 
eclogitization.

A TALE OF TWO SUBDUCTION ZONES
In central Alaska (Fig. 1A), the Pacifi c plate 

converges with North America at a rate of 
~55 mm/yr (DeMets et al., 1994). The plate is 
35–45 Ma in age at the trench (Atwater, 1989), 
placing it in the midrange of slab thermal struc-
tures globally (Kirby et al., 1996). The down-
going slab is fairly continuous beneath the 
region, as inferred from seismicity (Ratchkovski 
and Hansen, 2002) and seismic tomography 
( Eberhart-Phillips et al., 2006). However, it com-
prises an anomalous Denali segment character-
ized by (1) largely absent volcanism (although 
see Nye, 1999), (2) seismicity extending to only 
100–150 km depths and not 150–200 km as in 
the rest of the Alaska-Aleutian system, (3) active 
mountain building, and (4) a shallow subduction 
angle (see Fig. DR1 in GSA Data Repository1). 
The unusual nature of this segment may be attrib-
uted to the ongoing subduction of the  Yakutat 

terrane (Plafker and Berg, 1994), a composite 
block that translates with the Pacifi c plate. Por-
tions of this terrane that have subducted beneath 
the Aleutian megathrust are imaged by refraction 
as a 15–20-km-thick subhorizontal layer beneath 
coastal Alaska (Brocher et al., 1994).

In the Cascadia subduction zone (Fig. 1B), 
the Juan de Fuca plate subducts beneath west-
ern North America at a rate of 35–45 mm/yr 
(DeMets et al., 1994). Along the trench, the 
subducting plate is very young (6–10 Ma; 
 Wilson, 2002), placing it at the warm end of 
plate thermal structures. A Wadati-Benioff zone 
is observed between 40 and 90 km depth north 
of 47°N, suggesting a slab dip steepening from 
10° to 30° in that region. Conversely, intraslab 
seismicity is absent in Oregon for reasons that 
are not well understood (e.g., Wells et al., 2002). 
Active volcanism, magnetotelluric analyses, and 
seismic images support the existence of a con-
tinuous, dehydrating slab to at least 150–200 km 
depth (e.g., Rasmussen and Humphreys, 1988; 
Wannamaker et al., 1989).

SEISMIC IMAGES
Images shown here are constructed by multi-

channel inversion of scattered teleseismic body 
waves recorded at dense arrays of broadband 
seismographs (Bostock et al., 2001). We use 
data recorded by the BEAAR array in Alaska 
(Fig. 1A) (Ferris et al., 2003) and the CASC93 
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array in Oregon (Fig. 1B) (Nabelek et al., 1993). 
Previous applications indicate that the expected 
volume resolution is 3–4 km for teleseismic 
signals in the 0.03–0.3 Hz frequency band used 
here (Rondenay et al., 2005). The applicability 
of the method is validated separately for Cas-
cadia (Rondenay et al., 2001) and Alaska (see 
GSA Data Repository).

Three robust features are apparent in the 
image of central Alaska (Figs. 2A and 2C). First, 
the Moho is observed as a positive (downward 
slow-to-fast) velocity gradient across the entire 
profi le at variable depths ranging from 25 to 
40 km. These fl uctuations generally refl ect iso-
static compensation of topography in the Alaska 
Range (Veenstra et al., 2006). Second, an upper-
mantle discontinuity is observed at ~60 km depth 
in the northwest portion of the seismic profi le. It 
is interpreted by Rondenay et al. (2004) as a ther-
mal and/or compositional boundary associated 
with a sharply defi ned base of the lithosphere. 
Third, we observe a dipping, low-velocity layer 
with thickness ranging from 23 km in the south-
east to 12–15 km in the northwest at 50–130 km 
depth. This low-velocity layer is reminiscent of 
subducted oceanic crust as imaged elsewhere, 
although it is signifi cantly thicker than average 
(usually ~8 km; White et al., 1992), even con-
sidering the 3–4 km resolution limit. Colocated 
receiver functions detected a similar, albeit 
 constant-thickness, layer that was interpreted 
as the subducted Yakutat terrane (Ferris et al., 
2003). The thickness difference between the two 
results can be reconciled if the top of the low-

velocity layer is bounded by a velocity gradient 
rather than a discontinuity, while the termination 
of the dipping low-velocity layer at ~120–130 km 
depth is a robust feature as supported by Ewald 
sphere analysis (see GSA Data Repository).

Several robust features are apparent in the 
Cascadia profi le (Figs. 2B and 2D) and have 
been discussed elsewhere (Rondenay et al., 
2001; Bostock et al., 2002). First, the horizon-
tal, positive discontinuity in the central/eastern 
portion of the profi le is interpreted as the conti-
nental Moho. Second, a dipping, 7–9-km-thick 
low-velocity layer observed in the western por-
tion of the model is interpreted as the crust of 
the subducted Juan de Fuca plate. Third, a dis-
ruption of the inferred oceanic crust is observed 
below the forearc at 40 km depth and is accom-
panied by a change in dip and signature of the 
subducting oceanic crust. The velocity increase 
in the crust has been attributed to eclogitization 
(Rondenay et al., 2001), and the wide, low-
velocity region near the intersection of the plate 
and the continental Moho was attributed to ser-
pentine alteration (Bostock et al., 2002).

SLAB DEHYDRATION AND 
METAMORPHISM

The two similar images of two distinct subduc-
tion zones provide insight into the links between 
seismic properties of the slab and its petrologi-
cal evolution. For each subduction zone, we 
compare the locus of velocity increase in the 
crust with the expected petrological changes 
as a function of P-T paths predicted by geo-

dynamic models (Fig. 3). From this comparison, 
we observe an overall correspondence between 
the depths at which dehydration is predicted to 
occur, in either hydrated metabasalts or serpen-
tinized harzburgites , and the depth range at which 
the low-velocity channel is observed. Various 
explanations for this correspondence have been 
proposed in the literature, but most of them ulti-
mately rely on dehydration triggers for eclogiti-
zation. We discuss the four main models below.

First, the low-velocity layer may be subducted 
crust largely composed of hydrated metabasalt, 
in which case its disappearance refl ects equi-
librium dehydration to eclogite. While the pre-
dicted pressure for dehydration agrees well with 
the 40–45 km depth at which the low-velocity 
crust disappears in Cascadia, the 130 km depth 
of disappearance beneath Alaska corresponds to 
temperatures near 600 °C and exceeds tempera-
tures of dehydration predicted by Hacker et al. 
(2003a). The experimentally derived dehydra-
tion curves (Forneris and Holloway, 2003) show 
closer agreement with the maximum depth of 
low velocities beneath Alaska. It may be that 
Hacker et al. (2003a) underestimate dehydration 
temperatures, but it also may be that metastable 
blueschists could persist in the absence of free 
fl uids (John and Schenk, 2003).

Second, the low-velocity layer may be sub-
ducted crust composed of metastable dry gabbro , 
in which case its disappearance corresponds to 
delayed eclogitization (Hacker et al., 2003b). 
There is no need to invoke metastability of  gabbro 
in Cascadia. The observation of low velocities 
in the wedge directly above the termination of 
low velocities in the slab is indirect evidence 
for hydration-serpentinization of the wedge, so 
water must be released from the slab (Bostock 
et al., 2002). In Alaska, the subducted crust has 
ambiguous origin but may comprise multiple 
 layers: layers of hydrated basalts or sediments 
that release fl uids below 60 km depth where the 
low-velocity layer tapers, and layers of meta-
stable gabbros that persist to 120 km depth. More 
generally, the metastability of gabbro is regulated 
by fl uid interaction, in that dry gabbros have been 
found occasionally well into the eclogite stabil-
ity fi eld, but gabbros showing evidence of fl uid 
interaction generally react to eclogite (Hacker, 
1996). The introduction of water into subducted 
crust should catalyze the formation of eclogite, 
presumably as a consequence of dehydration 
occurring nearby, perhaps in underlying faults 
where hydrated minerals such as serpentinized 
peridotite are present. In this scenario, the layers 
vanish seismically where reactions that release 
catalyzing fl uids occur.

Third, the low-velocity layer may be a ser-
pentinite layer beneath the subducted crust in 
the underlying mantle (Ranero et al., 2003). 
While appropriate degrees of serpentinization 
could produce the 5%–15% velocity reduction 
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Figure 1. Regional setting of the Alaska (A) and Cascadia (B) subduction zones. Toothed 
lines show trenches, red triangles show major Quaternary volcanoes, white arrows show 
plate convergence direction, and white circles show locations of seismic stations. A: Solid 
gray and orange lines show the surface contacts of the Pacifi c plate and Yakutat (Yk) terrane 
(Plafker and Berg, 1994). The dashed orange line marks the southwestern extent of the sub-
ducted Yakutat terrane based on aeromagnetic anomaly (from Ferris et al., 2003). Line A–A′ 
indicates the surface projection of the seismic profi le in Figures 2A and 2C. B: Solid orange 
lines show the outline of the Juan de Fuca plate. Line B–B′ indicates the surface projection 
of the seismic profi le in Figures 2B and 2D.
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associated with the low-velocity layer (e.g., 
Bostock et al., 2002), a comparison of our two 
subduction systems argues against this model. 
We note that in both subduction systems, there 
is a good match between the thickness of the 
subducted  oceanic crust at depth derived from 
the teleseismic images, and the thickness of 
the oceanic crust entering the trench derived 
from active source profi les (Brocher et al., 
1994; Flueh et al., 1998). From one subduction 
zone to the other, however, the thickness of the 
subducted oceanic crust is signifi cantly differ-
ent (~23 km in Alaska versus ~7–9 km in Cas-
cadia in the upper portion of the model). There 
is no reason why the deep serpentinized layer 
should be equal in thickness to the oceanic crust 
entering the trench in each subduction system. 
Moreover, the crustal (meta)gabbros and/or 
meta basalts should be stable in the updip por-
tion of both systems, and hence, visible as 
additional low-velocity material in the seismic 
image. If the low-velocity layer is interpreted as 
a serpentinite layer, then where is the crust?

Fourth, the low-velocity layer might be a 
layer of serpentinite, ponded fl uid, or melt 

overlying the downgoing plate, as recently 
inferred for northern Honshu (Kawakatsu and 
Watada, 2007). This explanation is diffi cult to 
reconcile with the geometries observed in our 
images. The observed layer exhibits velocities 
that are lowest in the updip portion of each 
profi le and gradually increase as the plate sub-
ducts, causing the layer to disappear at depth. 
Conversely, fl uid release, serpentine formation, 
or melt accumulation should result in a layer 
that grows at depth, at least initially where 
the dehydration products fi rst encounter the 
fl owing part of the mantle wedge. This should 
occur at depths greater than ~80 km (Abers 
et al., 2006), consistent with the inferred 
serpentinization in Japan (Kawakatsu and 
 Watada, 2007). Moreover, we recall that the 
layer thickness at depth corresponds to that of 
the subducted crust at the trench, and that there 
is little room in the interpretation to accom-
modate any additional low-velocity material. 
Therefore, a thin layer of serpentine or melt 
(<3 km thick) above the subducted crust cannot 
be ruled out, but it is not the main source of the 
observed low-velocity signal.

Based on this analysis, it is most likely that the 
low-velocity layers observed in the tele seismic 
profi les represent subducted oceanic crust on its 
path to eclogitization. Whether the crust is heav-
ily hydrated or metastable remains diffi cult to 
determine. However, in either case, the release 
of fl uids via dehydration of water-bearing min-
erals is required to catalyze the transformation 
to eclogite. In this framework, high-resolution 
seismic images and dynamical models provide 
constraints on dehydration reactions that are 
complementary to those inferred from experi-
mental and fi eld-based thermodynamic consid-
erations alone. They reveal the pattern of these 
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Figure 2. High-resolution seismic images across central Alaska (A and C) and Cascadia 
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Figure 3. Predicted pressure-temperature 
(P-T ) paths for the subducted crust beneath 
central Alaska (blue shading) and Cas-
cadia (red shading), over phase diagram 
for hydrated metabasalts of Hacker et al. 
(2003a)—see this reference for a complete 
facies description. The thermal model of 
Alaska is from Abers et al. (2006), and that 
of Cascadia is modifi ed from van Keken 
et al. (2002) (see GSA Data Repository for 
a description of the models). The shading 
ends at the pressure corresponding to the 
termination depth of imaged crust. Red and 
blue lines denote the top (dashed) and base 
(solid) of the subducted crust. The modeled 
crust is 20 km thick in Alaska and 7 km thick 
in Cascadia; the blue dot-dashed line indi-
cates the P-T path of the coldest point in the 
Alaskan crust. The thick dashed lines denote 
transformation boundaries associated with 
the largest release of water and the greatest 
increase in seismic velocity (15%–20%). For 
hydrated metabasalts, these are estimates 
of the onset of eclogitization from blue-
schist and amphibolite at pressures below 
1.6 GPa, and from lawsonite breakdown at 
higher pressures: H03 (fi eld-based; Hacker 
et al., 2003a) and FH03 (laboratory experi-
ment by Forneris and Holloway, 2003; simi-
lar to Schmidt and Poli, 1998). For ultramafi c 
systems, these are the stability limits for 
serpentine (Serp out) and chlorite (Chl out), 
both from Hacker et al. (2003a).
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reactions and the depth at which they occur, and 
show that dehydration processes dominate the 
structure of slabs at 40–150 km depth.
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