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Abstract

A receiver function transect across the Alaska Range images the subducting Pacific plate at 50^150 km depth.
Across a 200 km long array of 30 receivers, the largest observed P-to-S conversions come from the top of the
subducting slab. This signal is coherent across the array and is strongly asymmetric, requiring a complicated interface
at the top of the slab. Waveform inversion shows that the conversion is generated by a 11^22 km thick low velocity
zone at the top of the slab, as much as 20% slower than the surrounding mantle. The velocity of this zone increases
with increasing depth of the slab, approaching velocities of the mantle near 150 km depth. All intermediate depth
earthquakes occur within the zone, along a plane dipping 5‡ steeper. The layer is too thick to represent
metamorphosed oceanic crust, as proposed for other subduction zones. It may represent a thick serpentinized zone or,
more likely, a thick exotic terrane subducting along with the Pacific plate.
; 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Buoyancy suggests that crustal sections thinner
than 15 km should subduct while those thicker
than 20 km should not [1]. With increasing depth,
crustal buoyancy should reverse as subducted
crust metamorphoses to eclogite [2]. In principle
this is testable through observation of the thick-

ness and velocities of subducted crust, because
gabbroic crust remains seismically distinct from
mantle rocks until it converts to eclogite [3]. How-
ever, subducted crust presents a small target and
has been di⁄cult to image. Recently, several un-
usual earthquake signals have been attributed
to subducting oceanic crust [4,5], revealing a 2^
10 km thick zone at the top of the subducting
plate with velocities 5^15% slower than the sur-
roundings [4,5]. While these observations gener-
ally con¢rm the presence of an un-equilibrated
(i.e. not yet eclogitized) oceanic crust to at least
150 km depth, they provide little indication of the
range of thicknesses that might subduct, and the
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observing methods provide only weak constraints
on the depths of eclogitization.
Teleseismic converted phases permit a direct

method to image slab structure, and they have
been used to image layering in slabs beneath cen-
tral Oregon and the central Andes. Beneath Cas-
cadia a prominent low velocity layer is observed
to 45 km depth and is interpreted as hydrated
subducted crust [6,7]. Presumably the low veloc-
ities do not extend deep because the slab is hot;
likewise, slab seismicity is absent. In the Andes,
beneath a region of highly thickened crust, a slab
low velocity zone (LVZ) is imaged in patches to
120 km depth where it disappears [8]. Seismicity
also ceases at this depth, and it is thought that the
oceanic crust has completely metamorphosed to
eclogite.
We use teleseismic P-to-S converted phases to

image a transect across the plate subducting be-
neath central Alaska (Fig. 1). Here, seismicity ex-
tends to 120^150 km depth, and the upper plate is
near 35^40 km thick. The most prominent feature
in the transect is a signal from the slab between
60 and 150 km depth. Waveform inversion indi-
cates that the signal represents a thick LVZ at the
top of the slab, which increases in velocity with
increasing slab depth. The LVZ is unexpectedly
thick, suggesting subduction of an exotic terrane
rather than just the Paci¢c plate. It metamorpho-
ses to similar wavespeeds as its surroundings at
120^140 km depth, near the deepest seismicity.

2. Tectonic setting

The Aleutian subduction system terminates at
the Gulf of Alaska. The subducting plate here has
an unusually shallow dip at depths less than
50 km, leading to one of the widest interplate
thrust zones anywhere [9]. Only in this part of
the Aleutian system are mountains being built,
and a volcanic arc is absent [10]. All of these
characteristics are shared by other regions of
£at-slab subduction [11] and may re£ect the sub-
duction of unusually buoyant lithosphere.
East of Mount McKinley the strike of the Wa-

dati^Benio¡ zone (WBZ) changes orientation
(Fig. 1), possibly indicating a tear or segmenta-

tion in the subducting plate [12] ; the WBZ also
shallows eastward. Most earthquakes are 6 150
km deep. Tomography reveals P-wave velocity
anomalies 3^6% faster in the slab than the sur-
rounding mantle with slow mantle velocities in the
overlying mantle wedge [13], similar to other sub-
duction zones [14].
Alaska is one of the few places undergoing ac-

tive accretion of exotic terranes, a process that
has continued since the Mesozoic [10]. At the
Earth’s surface, the Yakutat terrane presently im-
pinges on the North American continent (Fig. 1).
The terrane began colliding with North America
in the early Miocene [10]. GPS measurements in-
dicate that the Yakutat block presently moves at
44 mm/yr to the northwest relative to North
America [15], so that the terrane is kinematically
part of the Paci¢c plate. The western two-thirds
may be underlain by oceanic basement, and the
westernmost portion has been recently subducted

Fig. 1. Map of central Alaska showing BEAAR station loca-
tions (black triangles); open triangles are stations omitted
from analysis because they are beyond the end of the slab.
Brackets show the receiver function transect in Figs. 2, 3, 7^
10); white circle is the zero coordinate in all cross-sections.
Barbed line delineates the Aleutian trench. Thin solid lines
are depth contours of intermediate depth seismicity. Hatched
region is the boundary of Yakutat terrane (modi¢ed from
[17]). Dashed line marks a magnetic anomaly inferred to be
the southwestern extent of subducted Yakutat terrane [18].
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entirely beneath the Aleutian megathrust, remov-
ing much of the overlying accretionary prism in
the process [16]. O¡shore seismic re£ection and
refraction data show that the Yakutat terrane is
a largely ma¢c layer which lies over the Paci¢c
plate, separated by a few km of low velocity ma-
terial, for an overall thickness of V15 km includ-
ing the underlying Paci¢c oceanic crust [17]. A
prominent magnetic anomaly, inferred to be the
subducted continuation of the western limit, ex-
tends at least 200 km west from the Aleutian
trench (dashed line in Fig. 1 [18]), indicating the
up-dip limit of the Yakutat terrane extends from
138‡W to 150‡W. The down-dip end remains un-
known, although the data presented below indi-
cate that it may extend to at least 150 km depth.

3. Data and methods

3.1. Experiment

Seismograms were collected during the Broad-
band Experiment across the Alaska Range
(BEAAR), a 2.5 year IRIS/PASSCAL experiment
ending in August 2001. A network of 36 broad-
band seismographs were deployed above the sub-
ducting Paci¢c plate where the WBZ lies between
50 km and 150 km depth (Fig. 1). Twenty-eight
stations were aligned at V10 km spacing, north
to south, while eight stations were aligned east
to west. Between June and September 2000 all
36 stations operated, after which 17 stations con-
tinued until August 2001. Seven stations operated
for an additional year in 1999^2000. The network
design provides crossing rays from teleseisms at
depths greater than 30 km and provides corre-
lated waveforms for teleseismic signals sampling
subcrustal structure. Data were continuously re-

corded at 50 samples per second and timing was
corrected to within 1 ms via GPS. The Gurlap
CMG3T and CMG3ESP sensors provide a £at
velocity response between 0.05 and 120 or 30 s
periods. All data collected are archived at the
IRIS Data Management Center.

3.2. Receiver functions

Receiver functions yield estimates of the P-to-S
converted arrivals generated at interfaces below a
seismic station [19,20]. Our receiver calculation
employs a time domain deconvolution between
single event^station pairs [21,22]. Before deconvo-
lution the data are decimated to 6.25 Hz and win-
dowed to contain 40 s of signal and 6 s of pre-
signal noise. After deconvolution a 0.6 Hz Gaus-
sian low pass ¢lter removes high frequency noise,
and the records for each station are stacked over
all events at a common back-azimuth range.
Beneath the BEAAR network, teleseismic sig-

nals arriving from the northwest intersect the slab
perpendicular to strike in the up-dip direction, an
orientation for which the incident wave¢eld pro-
duces strong P-to-S conversions o¡ the dipping
slab [23]. Because the up-dip signals maximize
the conversion amplitudes and are una¡ected by
out-of-plane ray bending, we limit analysis to sig-
nals from four well-recorded, western Asian
earthquakes with back-azimuths of 302^350‡ (Ta-
ble 1). Earthquake signals from the southeast also
arrive perpendicular to the slab strike, hence we
examine signals from ¢ve Central American earth-
quakes (Table 2). Numerous teleseisms at other
back-azimuths (e.g. 200^300‡) show e¡ects from
the slab but arrive obliquely to slab strike, so can
be a¡ected by slab geometry in complicated ways
and are not included in the simple analysis pre-
sented here.

Table 1
Events from western Asia used to calculate receiver functions

Origin time Latitude Longitude Depth Back-azimuth Distance
(‡) (‡) (km) (‡) (‡)

6/06/2000 2:41:49 40.69 32.99 10 350 76
6/07/2000 21:46:55 26.86 97.24 33 302 75
7/17/2000 22:53:47 36.28 70.92 141 330 75
12/06/2000 17:11:06 39.57 54.80 30 341 76
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To produce an interpretable image of the upper
mantle we back-project the receiver functions to
their nominal P-to-S conversion depths [24,25],
using an iasp91-like velocity model [26]. This cal-
culation assumes P-to-S conversions from hori-
zontal interfaces, so converted phases arriving
from dipping layers (i.e. the slab) appear slightly
shallower than the actual interfaces. For the slab
geometry imaged here, this apparent dip e¡ect
images the slab 1^3 km shallower than would
full migration. The waveforms are then projected
to a transect at 330‡ azimuth, perpendicular to the
slab strike mapped by [10] (Fig. 1). Stations close
to the center of this line project to points 6 5 km
apart, more near the ends of the transect. Lastly,
we take advantage of the redundancy o¡ered by
the close signal spacing and average nearby re-
cords with a Gaussian spatial smoothing function
similar to [27] (Fig. 2). Smoothing emphasizes co-
herent energy from nearby stations while minimiz-
ing e¡ects of scattering and noise. The half-width
of the Gaussian function is 10 km, so that stations
within a 10 km radius of a stacking point domi-
nate the stack.

4. Receiver function transect

The receiver function transect provides a 250
km long coherent image of the upper mantle to
200 km depth (Figs. 2 and 3). Its most striking
feature is a high amplitude arrival between 60 and
150 km depth, increasing in depth to the north-
west, which we interpret as a P-to-S conversion
from the top of the subducting plate. This signal
is quite large, usually the largest on the record,
and it correlates well in location with WBZ earth-
quakes. The increasing depth of this phase to the

Table 2
Events from Central America used to calculate receiver functions

Origin time Latitude Longitude Depth Back-azimuth Distance
(‡) (‡) (km) (‡) (‡)

9/30/1999 16:31:15 16.06 396.93 61 118 59
9/09/2000 11:41:47 18.20 3102.48 46 123 55
1/13/2001 17:33:32 13.05 388.66 60 111 65
4/29/2001 21:26:54 18.74 3104.55 10 125 54
5/20/2001 4:21:43 18.18 3104.45 33 125 54

Fig. 2. Receiver function transect using signals from four
teleseismic earthquakes from western Asia (V330‡ back-azi-
muth; Table 1). Panels A and B represent two di¡erent lev-
els of processing (see Section 3.2). (A) Spatially smoothed re-
ceiver function image generated from the data shown in the
bottom ¢gure. The direct slab and Moho P-to-S signals are
labeled, including the main Moho reverberation (gray arrow).
(B) Receiver function stacks for each station. Data are low
pass ¢ltered (0.6 Hz), projected to the station positions along
the transect line, and back-ray projected to P-to-S conversion
depths. Teleseismic signals from this back-azimuth intersect
the slab perpendicular to strike in the up-dip direction, pro-
ducing the strong slab signal seen between 60 and 150 km
depth. Black are positive amplitude arrivals and gray are
negative amplitude arrivals. Intermediate depth earthquakes
are shown for reference. See Fig. 1 for transect line location.
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northwest and its absence from the Central Amer-
ican signals reinforce its interpretation as a con-
version from a northwest dipping interface or in-
terfaces (Fig. 2). Ray theory predicts that signals
from the southeast should generate small slab
conversions due to their near normal incidence
angle with the slab [23] (Fig. 3).
Both images (Figs. 2 and 3) show P-to-S con-

version between 34 and 46 km depth, shallowing
to the northwest, interpreted as continental Moho
[28]. Crustal P-to-S arrivals are clearer in signals
arriving from the southeast and include a mid-
crustal phase near 20 km depth. Coherent Moho
arrivals fade near the center of the transect in Fig.
2, possibly from scattering o¡ topography at the
base of the crust. From both back-azimuths a
near horizontal arrival appears at 125^150 km
depth, modeled as the ¢rst arriving Moho rever-
beration (Figs. 2 and 3). It may interfere with the

slab P-to-S signal around 150 km depth in the
northeast section of the transect (Fig. 2). Negative
polarity arrivals within the upper 50 km indicate
additional crustal structure, but tests discussed
below show that they do not signi¢cantly alter
the slab pulse.
We observe two important properties of the

slab conversion. First, the signal exhibits strong
asymmetry: a negative polarity arrival precedes
the dominant positive polarity arrival. A negative
polarity P-to-S conversion requires a velocity in-
version, indicating that an LVZ lies at the top of
the slab. The raw data exhibit this asymmetry as
does the smoothed image, and the asymmetry is
seen when signals are low passed at 0.2 Hz (not
shown), indicating it is a robust feature. Second,
both positive and negative peaks are signi¢cantly
broader than the Moho P-to-S conversion, an ob-
servation that requires a bound on the LVZ struc-
ture. Speci¢cally, it requires the LVZ to be thick
compared to the quarter-wavelength of these sig-
nals.
Numerical simulations demonstrate that in-

creasing the velocity contrast between the LVZ
and the surrounding mantle increases the ampli-
tude of both P-to-S conversions, while increasing
the LVZ thickness broadens the signal [23]. With
synthetic receiver functions we examine several
possible LVZ models and their e¡ect on slab sig-
nal asymmetry, varying the thickness of the zone,
the velocity gradient on its boundary, and the
velocity contrast between the LVZ and the sur-
rounding mantle (Fig. 4). These tests indicate
that the observed signal requires either a constant
velocity LVZ (Fig. 4a) or an LVZ with a sharp
boundary at its base and a gradient at the top
(Fig. 4d). To understand how crustal complexity
a¡ects the overall signal we also analyze other
models that include a gradient on the Moho, mid-
crustal layers or a near surface low velocity layer.
A thin surface layer (0.5^2.0 km thick) is the only
complexity needed to explain the negative polarity
arrivals at 6 5 s. Such a layer does not cause
obvious interference with the slab signals (Fig.
4b). Although non-unique, these tests suggest
that the LVZ has sharp boundaries, particularly
at its base, and its signal is not systematically
a¡ected by upper plate structure.

Fig. 3. Receiver function transect using signals from ¢ve
events in Central America (V120‡ back-azimuth; Table 2).
Processing and layout are the same as in Fig. 2. (A) Spatially
smoothed receiver function transect. (B) Individual station
stacks. Teleseismic signals from this back-azimuth are inci-
dent normal to slab dip and, hence, do not produce an ap-
parent slab signal. Crustal phases are labeled (black arrows).
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Several alternative mechanisms for producing a
broad slab signal can be ruled out. (1) The spatial
smoothing ¢lter cannot provide the broadening,
because the pulse width does not vary with the
¢lter used. (2) Crustal conversions do not vary
across the array in the same direction as the
slab signal, hence, it is unlikely that crustal multi-
ples are constructively interfering with slab signals
to generate broadening or negative polarity arriv-
als. This includes a signal from near surface layers
(see above; Fig. 4b). (3) It is conceivable that
complicated crustal structure could act as a low
pass ¢lter on the slab signal, widening it with
respect to the crustal conversions. However, we
experimented with models of a number of com-
plex structures across both the Moho and the
midcrust and were unable to reproduce the pulse
broadening. (4) Attenuation could remove high
frequencies from the slab signal. However, at fre-
quencies between 0.1 and 1.0 Hz the slab pulse is
always broader than the crustal conversions, sug-

gesting that the frequency dependent e¡ects are
not signi¢cant. Also, any attenuation e¡ects
should increase to the northwest, where slab sig-
nals sample thicker more attenuative lithosphere
[29], but the pulse does not broaden down-dip. (5)
Complicated refraction e¡ects along the dipping
slab might in£uence the converted signal width.
However, numerical simulations with both ray
based and full waveform calculations (not shown)
could not produce these e¡ects. In conclusion, the
slab arrival is generated by an LVZ between slab
and wedge mantle. The broadness of the signal is
a consequence of the thickness of this velocity
inversion zone. In order to explain these features
the LVZ needs to be signi¢cantly slower than the
surrounding mantle and relatively thick.

5. Waveform inversion

The asymmetry of the slab signal becomes pro-

Fig. 4. Numerical simulations comparing six simple slab LVZ structures to select receiver functions. Synthetic receiver functions
are calculated assuming a slab dipping at 25‡ and a ray incidence angle perpendicular to slab strike. Velocity models used to gen-
erate the synthetic waveforms are plotted to the left of the waveforms. Synthetics (thin gray lines) are aligned with the slab arriv-
als by varying the slab depth. Data are plotted with heavy black lines. The di¡erent LVZ models are: (a) a 15 km thick LVZ
with a constant Poisson ratio, (b) a similar model as in (a), except with a 2 km thick, near surface layer, explaining most of the
negative polarity energy in the ¢rst few seconds of the record, (c) an LVZ with a gradient at both boundaries, (d) an LVZ with
a sharp boundary at its base and a gradient at its top, (e) an LVZ with a sharp boundary at the top and a gradient at its base,
(e) a thin LVZ representative of oceanic crust. Only models a, b and c produce slab signals similar those seen in the data.
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gressively less pronounced as depth increases, im-
plying that the LVZ anomaly reduces with slab
depth. To quantify this relationship, we invert a
portion of each waveform for parameters describ-
ing the LVZ as a homogeneous, dipping layer
(Fig. 5). The inversion estimates three parame-
ters: LVZ thickness, velocity, and depth of the
LVZ. It does so independently at each transect
point by ¢tting the observed to calculated wave-
forms. Full synthetic waveforms are generated as-
suming a LVZ dipping at 25‡ to the NNW, at a
nominal depth of 80 km beneath a 35 km thick
£at lying crust, using a ray based procedure [19].
The inversion ¢ts the data around aV6 s window
encompassing the slab signal low and high pulses,
although complete waveforms are calculated. This
parameterization simpli¢es the actual slab struc-
ture, but it should allow a robust description of
the variation of the LVZ with depth.
The inversion determines LVZ layer thickness

and P velocity (Vp), via a grid search for the rms
mis¢t between the time windowed slab signals and
the synthetics. We estimate the third parameter,
LVZ depth, from the cross-correlation of the slab
signal to the synthetics at each step in the grid
search. The depth is that of the slab P-to-S con-
version point at the top of the slab, accounting
for slab ray bending. Because interferences do not
complicate the slab signals and mantle wedge ve-
locity varies little, the phase isolation method we
use for ¢tting parameters will give results equiv-
alent to full waveform ¢tting. Prior to ¢tting,

both the data and synthetics are low pass ¢ltered
at 0.4 Hz, the highest frequency at which results
are stable. Con¢dence limits in the LVZ parame-
ters are shown at 95%, based on a F-test of the
mis¢t variance in the grid search [30]. For the
F-test we estimate 1.0 degree of freedom per sec-
ond of data following [31].
We test two suites of LVZ models, each with a

di¡erent constraint on the Poisson ratio (X) of the
LVZ, to constrain the S velocity (Vs) from Vp.
The ¢rst suite mimics the transition from a dry
harzburgite (X=0.26) to a serpentinized harzbur-
gite (X=0.38; HS model in Fig. 6). The second
inversion assumes a constant X of 0.26 (CP mod-
el ; Fig. 6). These represent endmembers of possi-
ble ways in which Vp and Vs could be related.
Velocities of the endmembers are mixed with Ha-
shin^Shtrikman averaging [32]. Endmember com-
positions and velocities are from [33], calculated
at 2.5 GPa and 700‡C. In all grid searches the P
velocity varies between 5.5 and 8.15 km/s, and the
LVZ thickness varies between 0 and 40 km at
1 km intervals.

5.1. Inversion results

We invert a total of 16 waveforms along the

Fig. 6. The relationship between Vp/Vs and P velocity of the
LVZ, used to generate the suite of synthetics for the wave-
form inversion. The HS model represents the mixing between
a harzburgite and a serpentinized harzburgite, assuming 2.5
GPa and 700‡C. The CP model has a constant Vp/Vs value
of 1.76. See text for de¢nition of NlnVp values.

Fig. 5. Velocity model used in the waveform inversion (see
Section 5).
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transect (Figs. 7^10). All show clear slab signals
from stations between x=50 and x=150 km (hor-
izontal axis in Fig. 7), the densest sampled portion
of the transect. Two waveforms from the north-
west end of the transect (x=140 km and x=150
km) may contain interference from Moho multi-
ples, but elsewhere signals from upper plate struc-
ture do not obviously a¡ect the slab arrivals (see
Section 4). Signals generated by a near surface
layer (Fig. 4b) do not systematically interfere
with the slab signal or alter the rms mis¢t in the
inversion.
Both models ¢t the data well : the global mis¢t

variance normalized to the power in the data of
the HS model is 0.112 and of the CP model is
0.191, a di¡erence of 6% which is not statistically
signi¢cant even at 90% con¢dence. In both sets of
inversions the LVZ velocity increases with in-
creasing slab depth, becoming indistinct from sur-
rounding mantle velocities near 150 km depth.

Between 70 and 150 km depth, the HS model
shows NlnVp (fractional P-wave velocity anomaly
in the waveguide) increasing from 30.26V 0.05 to
30.05V 0.01 (Fig. 8). Our velocity model does not
take into account long wavelength variations due
to thermal structure, so we report waveguide ve-
locities as NlnVp = (Vp3Vp ref )/Vp ref , where Vp ref

(8.15 km/s) is the background mantle velocity,
rather than Vp directly. The results in the CP
model give an equivalent increase, NlnVp =
30.34V 0.09 at 70 km depth increasing to
30.07V 0.02 at 150 km depth (Fig. 9). The aver-
age uncertainties in NlnVp are V 0.04 for the HS
model and V 0.07 for the CP model, while uncer-
tainties in NlnVs are both near V 0.05. The di¡er-
ence in uncertainties can be understood from the
receiver functions’ greater sensitivity to Vs [34]
and the non-linear relationship between Vp and
Vs in the HS model (Fig. 6).
The LVZ has a relatively constant thickness

along the transect. The mean thickness in the
HS model is 15 km with average uncertainties of
5 km, and measurements range between 6 and
20 km (Figs. 8 and 10). In the CP model the
mean thickness is 16 km (Fig. 9). Thickness is
mostly constrained by the broadness of the slab
signal (see Section 4) and shows no trend with
depth. These results require that the LVZ be sig-

Fig. 7. Synthetic waveform ¢ts for the HS model (top) and
CP model (bottom). Only the slab phase is shown. Dark
lines are the observed data and the gray lines are best ¢t
synthetics. Black triangles are station positions along the
transect.

Fig. 8. LVZ parameters from the waveform inversion for the
HS model. Results are corrected for ray bending using the
velocity model in Fig. 5. (Top) LVZ NlnVp and 95% uncer-
tainty bounds. (Bottom) LVZ thickness and 95% uncertainty
bounds. See Section 5.1 for a de¢nition of NlnVp values.

EPSL 6784 5-9-03 Cyaan Magenta Geel Zwart

A. Ferris et al. / Earth and Planetary Science Letters 214 (2003) 575^588582



ni¢cantly thicker than oceanic crust, unlike esti-
mates of LVZ for other subduction zones [5,8].
The inversions gives a slab dip of 22‡ from 65

to 153 km depth with depth uncertainties of V 2.5
km. The depth to the top of the LVZ depends on
the velocity of the overlying mantle wedge, and at

least two e¡ects may slightly bias these results.
First, it has been shown that mantle velocities
are slower above deeper portions of the slab in
Alaska [13], which is typical for many mantle
wedges [14]. Low wedge velocities are also sug-
gested by low Q [29]. The e¡ect of a 5% variation
in wedge velocity, the maximum commonly ob-
served in many wedges, would yield a V2‡ shal-
lower slab dip with our calculation. Second, our
transect may not be exactly perpendicular to slab
strike, hence true slab dip might be steeper. Slab
strike de¢ned by [10] is roughly 030‡, however
some seismicity studies show it near 040‡ [12].
Also, the mean back-azimuth range of our signals
is 331‡, varying by V 21‡. If the maximum dis-
crepancy between the down-dip direction and
event back-azimuth is 25‡, our dip calculation
would steepen by 2‡. These systematic biases sug-
gest that our estimation of slab dip might be o¡
by 2‡, in either direction.
The LVZ boundaries from the inversion results

di¡er slightly in depth from the amplitude peaks
in the back-projected receiver functions (Fig. 10).

Fig. 9. LVZ parameters from the waveform inversion for the
CP model. Format is the same as in Fig. 8.

Fig. 10. Waveform inversion results compared to the receiver function transect. Black diamonds represent the top of the LVZ de-
termined from the waveform inversion for the dipping slab model. The black line is the base of the LVZ. Both are corrected for
ray bending from a 025‡ dipping interface. Circles are intermediate depth earthquakes located in the same velocity model as used
in the LVZ inversion. Receiver functions are plotted in the same manner as Fig. 2. The back-projection used to plot the wave-
forms does not account for ray bending due to the layer dip, which results in a slight discrepancy between the peaks of the slab
negative and positive pulses and the LVZ boundaries (see text).
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This apparent disparity re£ects two simpli¢cations
in the back-projection method used to plot the
waveforms, simpli¢cations that allow objective
imaging at all depths. First, the projection does
not account for ray bending due to the slab dip,
so the negative polarity arrivals appear shifted
upwards. The waveform inversion shows that
the top of the slab (diamonds in Fig. 10) is 1^
3 km deeper than negative polarity peaks. Second,
the projection does not account for slab low ve-
locities, increasing the apparent depth of the base
of the LVZ. Finally, applying a low pass ¢lter to
the data slightly distorts the apparent width of the
LVZ in the waveforms.

6. Discussion

Our results indicate the presence of an LVZ
atop the subducting plate between 60 km and
150 km depth. Throughout this depth range the
LVZ remains seismically distinct from the sur-
rounding mantle, suggesting that it has not fully
equilibrated to eclogite [3]. This observation is
consistent with what has been observed in several
other arcs [4,5], although most previous studies do
not resolve the depth variation in velocity seen
here. Low velocity layers appear to be a common
but not ubiquitous features at the tops of sub-
ducting plates.

6.1. WBZ earthquakes and the LVZ

Our estimate of LVZ depth is independent of
earthquake locations, so allows the position of the
WBZ to be determined relative to the slab struc-
ture. In order to examine the relationship of the
LVZ to the WBZ, we relocate 121 intermediate
depth events, using direct P and S arrival times
from the BEAAR network and the Alaska Earth-
quake Information Center (AEIC) network. The
events occur during three months in 2000 when all
BEAAR stations operated. Hypocenters are deter-
mined in the same 1-D velocity model as that used
in the receiver function analysis (Fig. 6) to mini-
mize systematic biases (see Section 5.1). We ex-
clude phase arrivals at stations s 150 km from
the epicenter to limit potential e¡ects of long

ray paths along the slab [35], although their in-
clusion yields similar results. Also, events less
than 50 km deep or greater than 50 km from
the transect line are excluded.
The relocated earthquakes delineate a thin

band that lies within the LVZ but dips at a 5‡
steeper angle (Fig. 8). Earthquakes vary from
the top of the LVZ near 65 km depth to its
base at 120 km depth. Deeper earthquakes were
not recorded by BEAAR. Relocation of 10 years
of AEIC data [12] shows occasional seismicity
extends to 150 km depth, in a zone dipping
steeper than our LVZ, but most deeper events
lie west of the BEAAR main transect. These deep-
er earthquakes may represent a di¡erent slab seg-
ment [12], or may occur below the LVZ. The
BEAAR based locations also lie in a narrower
band than the previous relocations, with less
than 5 km scatter about a surface compared to
10^20 km scatter from other data [12], presum-
ably re£ecting the greatly increased station density
and use of S arrivals.
These observations can be understood in the

context of physical models for intermediate depth
earthquakes. At the high con¢ning pressures of
these events, frictional sliding is possible only if
some unusual process facilitates failure [36]. The
release of H2O through dehydration reactions
may in some way embrittle rock [36^38], an inter-
ference supported by correlation between seismic-
ity and the predicted depth range for dehydration
[39]. In Alaska, earthquakes occur only within the
LVZ, as expected if the LVZ is a dehydrating
layer and earthquakes are triggered by dehydra-
tion. Hence, the earthquakes lie only within the
LVZ because that is where dehydration takes
place. The decay in velocity anomaly with increas-
ing depth resembles what one would expect from
gradual dehydration of this layer, as does the de-
cay in seismicity. It is not clear why earthquakes
step deeper within the LVZ with increasing depth;
possibly, they de¢ne a critical reaction boundary
or a low permeability channel. It is conceivable
that some other process unrelated to £uids is lo-
calizing the earthquakes within the LVZ, but the
pattern of intermediate depth seismicity suggests
that the presence of the LVZ is critical to seismo-
genesis.
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6.2. The nature of the LVZ

Any explanation for the LVZ in Alaska must
satisfy four main observations: (1) the LVZ thick-
ness is between 11 and 22 km, (2) its thickness
does not change with depth, (3) its velocity in-
creases with depth but is slower than surrounding
mantle even at 150 km depth, and (4) intermedi-
ate depth earthquakes occur only within it. In
other subduction zones LVZs have been imaged
and are explained as dehydrating oceanic crust.
At least six circum-Paci¢c arcs show LVZs that
are 2^8 km thick at v 100 km depth from high
frequency wave dispersion [5], including a nearby
region in Alaska [40]. It is possible that these
studies image only a thin layer due the high fre-
quencies they sample (0.5^8.0 Hz), while the 0.01^
0.4 Hz band used here is sensitive to broader fea-
tures. However, after several numerical simula-
tions we have been unable to ¢nd a single struc-
ture that could simultaneously reproduce both
kinds of observations. In other subduction zones,
receiver function studies also reveal thin LVZs,
including a 5^10 km thick LVZ at 120 km depth
beneath the Andes [8], and a V6 km thick LVZ
at 75 km depth beneath Cascadia [41]. Beneath
northeastern Japan, P-to-S converted phases
from local earthquakes show a 5^10 km thick
layer with a 6^12% velocity anomaly, thought to
represent subducted oceanic crust [42]. Hence, the
observations presented here appear to be unusual;
the LVZ thickness is at least twice that normally
observed for oceanic crust [43,44].
Dehydration of subducting slabs can lead to

serpentinization of overlying mantle wedge, pro-
vided temperatures remain low in some region
[45]. Serpentinization can also occur in the slab
mantle from the introduction of £uids at mid-
ocean ridge fracture zones, or seaward of the
trench by normal faulting [46]. Because isotherms
lie generally subparallel to the slab, either scenar-
io could lead to a thick layer of serpentinite par-
alleling it. The slow velocities are consistent with
a moderate degree of serpentinization (Fig. 6).
For most ma¢c and ultrama¢c rocks stable at
s 2.5 GPa (the depths of interest), each 1 wt%
H2O corresponds to a 2% decrease in P velocity
[47]. Hence, if serpentinization produces the LVZ

velocities, then the LVZ should have 10V 5% wt%
H2O at 65 km depth, decreasing to 3V 2% wt%
H2O at 125 km depth (Fig. 8). Such a decrease in
water content could correspond to some form of
gradual serpentine breakdown, or a more complex
sequence of dehydration reactions involving loss
of serpentine and chlorite, as predicted for several
subduction zones [39].
However, it is di⁄cult to understand why a

thick serpentinite layer would be observed be-
neath Alaska and not beneath other arcs. There
is no obvious reason why the Alaska slab would
be unusually hydrated. The downgoing plate lies
in the middle of the range of thermal parameters
observed for slabs globally [48], so thermal struc-
ture should be similar to many subduction zones
previously sampled. The shallow part of the slab
(6 50 km depth) has unusually low dip which
should a¡ect temperatures at shallow depths
[11], but it is not clear how this enhances mineral
stability deeper.
Alaska is also unusual in that it is one of the

few places globally undergoing active terrane ac-
cretion, and it is possible that the thick layer ob-
served here represents a subducting terrane. As
discussed in Section 2, the Yakutat terrane may
be subducting at shallow depths. The LVZ thick-
ness measured here, 11^22 km, resembles the
overall thickness of V15 km for the Yakutat ter-
rane and underlying Paci¢c crust seen in marine
refraction studies [17]. If the inferred southern
boundary of the Yakutat terrane (dashed line in
Fig. 1) is extrapolated in the direction of plate
convergence, then the down-dip extent of this ter-
rane would lie near Mt. McKinley at 100 km
depth. In other words, the Yakutat terrane might
underlie the BEAAR stations on top of the sub-
ducting slab.
Several implication emerge from the inference

that the Yakutat terrane subducts with the Paci¢c
plate to 150 km depth. First, the terrane must be
V500 km long in the down-dip direction. At cur-
rent plate velocities (55 mm/yr [49]), that would
require Yakutat subduction for at least the last
9 Myr, consistent with geological constraints on
the timing of collision [10]. Second, the di¡erences
between the LVZ imaged here and that seen from
body wave dispersion [40] can be explained by the
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di¡erences in sampling area. The ray paths
sampled by the dispersion study all lie southwest
of Mt. McKinley, down-dip from where normal
Paci¢c plate subducts, while the BEAAR receiver
functions sample the slab farther to the east.
Third, the 15 km thickness observed here lies
just under the thickness limit predicted from
buoyancy [1], so should be buoyant but subduct-
able. Fourth, the presumed thick crust also lies
down-dip of where the Paci¢c Plate assumes an
unusually shallow dip at 0^50 km depth. Perhaps,
the buoyancy of the subducting crust provides a
driving force for slab £attening, driving mountain
building and perhaps shutting o¡ magmatism. Fi-
nally, the Alaska example may provide one of the
best examples on Earth of subduction of thick
crust, the sort of setting presumed to be respon-
sible for formation of many ultra-high pressure
metamorphic rocks now observed on the surface.

7. Conclusion

Beneath central Alaska, a high density receiver
function transect reveals strong signals from the
subducting Paci¢c plate (Fig. 10). On many re-
ceiver functions the slab signal is the largest on
the record, particularly for up-dip rays that inter-
sect the slab at high incidence angles. The signals
show characteristics of a conversion from a dip-
ping layer, but are too large (and asymmetric) to
be explained as a simple discontinuity. Instead,
both forward modeling and inversion require a
LVZ atop the subducting plate between 60 and
150 km depth. The LVZ is 11^22 km thick and
up to 20% slower than the surrounding mantle,
with a velocity anomaly that decays with increas-
ing depth.
The velocities and their pattern of decay resem-

ble that expected for a thick dehydrating layer at
the top of the subducting plate. The inferred
thickness is greater than that of subducted crust,
and greater than that observed with a variety of
techniques in other settings. Possibly, the slab sig-
nal illuminates a thick serpentinized zone either
above or below the subducting crust (or both).
However, the unusual characteristics of this zone
and its relationship to the accretionary tectonics

of southern Alaska suggest an alternative. Per-
haps, the unusually thick layer being imaged
here is a subducting exotic terrane, such as the
Yakutat terrane. The imaged Yakutat terrane o¡-
shore has a similar overall thickness and its west-
ern extent lies directly up-dip (in the direction of
plate motion) from the area sampled here. If so,
the image here may be one of the few direct pieces
of evidence that thickened crust can subduct, at
least to the 50^150 km depths at which many
ultra-high pressure metamorphic rocks form.
This idea is clearly speculative, but should be

testable. One test would be to extend the BEAAR
transect up-dip, to test for structural continuity
with structures imaged o¡shore. Another would
be to directly compare signals in BEAAR with
ones obtained along strike. Even if this interpre-
tations is incorrect, the image observed here is one
of the clearest images of a subducting slab at-
tained to date, and shows that the slab remains
distinct from surrounding mantle to at least 150
km depth.
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