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Abstract
To better understand the seismic structure of the subducting Pacific plate under Alaska, we determined the three-dimensional P-
wave velocity structure to a depth of approximately 200 km beneath Alaska using 438,146 P-wave arrival times from 10,900 earth-
quakes. In this study an irregular grid parameterization was adopted to express the velocity structure under Alaska. The number of
grid nodes increases from north to south in the study area so that the spacing between grid nodes is approximately the same in the
longitude direction. Our results suggest that the subducting Pacific slab under Alaska can be divided into three different parts based
on its geometry and velocity structure. The western part has features similar to those in other subduction zones. In the central part
a thick low-velocity zone is imaged at the top of the subducting Pacific slab beneath north of the Kenai Peninsula, which is believed
to be most likely the oceanic crust plus an overlying serpentinized zone and the coupled Yakutat terrane subducted with the Pacific
slab. In the eastern part, significant high-velocity anomalies are visible to 60e90 km depth, suggesting that the Pacific slab has only
subducted down to that depth.
� 2007 Elsevier B.V. and NIPR. All rights reserved.
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1. Introduction

Alaska is located at the northern end of the active
plate boundary between the Pacific plate and the North
American plate. The Pacific plate subducts northwest-
wards beneath south-central Alaska at a rate of about
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54 mm/year (Brocher et al., 1994), which leads to the
formation of an island arc in the Alaska Peninsula in
western Alaska. However, in southern and eastern
Alaska the situation is more complex. The direction
of subduction changes from normal in the central Aleu-
tians to oblique beneath the transition zone and the
Wrangell subduction zone is characterized as right-
lateral strike-slip faulting on the surface along the
Queen Charlotte/Fairweather fault system east of
136�W (Lahr and Plafker, 1980; Stephens et al., 1984;
Page et al., 1989) (Fig. 1).
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Fig. 1. Map showing the main tectonic framework around Alaska and some location names. The Pacific plate subducts northwestwards beneath

south-central Alaska at a rate of about 54 mm/year (Brocher et al., 1994). The faults are shown as the lines with various lengths. The heavy black

lines encircle the range of the study area. The inserted map in the lower right corner shows the location of the present study region in the world

map with plate boundaries indicated.
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As a result of the subduction of an oceanic plate that
carried several continental fragments, southern Alaska
is composed of a series of terranes with different origins
(Jones et al., 1987). Among these terranes, the Yakutat
terrane is frequently studied and is regarded as the
linchpin to understanding the geodynamic process of
the subduction zone in this region (see Fig. 1). Currently
in the Gulf of Alaska, the Pacific plate and the overlying
Yakutat terrane are subducting beneath and colliding
with the North American plate (Plafker, 1987). Further-
more, a series of distinct phenomena in this area, such
as the world’s shallowest dip angle of subduction, the
Yakataga seismic gap (Page et al., 1989) and the Denali
volcanic gap (Nye, 1999), make this complicated region
more intriguing.

Although the tectonic characteristics of Alaska are
complicated, the subducting Pacific slab under Alaska
should exhibit strong seismic velocity anomalies and
so is very suitable for a tomographic study. Kissling
and Lahr (1991) and Zhao et al. (1995) produced the
first tomographic images of Alaska, revealing high-
velocity (high-V) anomalies corresponding to the
subducting Pacific slab and low-velocity (low-V)
anomalies in the mantle wedge under the active arc
volcanoes. However, in comparison with other well-
studied subduction zones such as Japan (e.g., Zhao
et al., 1992, 1994), the two Alaskan studies could not
image well the slab structure under Alaska. Recently,
Eberhart-Phillips et al. (2006) combined local earth-
quakes and active source data to improve the seismic
image of south-central Alaska and obtained better
results. In particular, a thick low-V zone at the top of
the subducting Pacific slab beneath north of Cook Inlet
is further confirmed, and this low-V zone is suggested to
be related to the Yakutat terrane subducted along with
the Pacific slab.
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In this work, we used a large number of arrival times
recorded by the Alaska Earthquake Information Center
(AEIC) during the last 25 years to determine a detailed
P-wave velocity structure under the entire Alaska down
to 190 km depth, and revealed new structure features of
the Alaska subduction zone. We modified the tomo-
graphic inversion program of Zhao et al. (1992) by
adopting an irregular grid parameterization to express
the 3-D velocity structure under Alaska. Thus the spac-
ing between grid nodes is approximately the same in the
longitude direction, allowing the tomographic inversion
to have more feasibility for polar regions such as Alaska.

2. Data and method

The abundant seismicity in Alaska and the dense
seismic network including permanent and temporary
seismic stations as well as a long history of data collec-
tion provide an outstanding data set for this tomographic
Fig. 2. Hypocentral distribution of earth
study. We used first P and S arrival times recorded by
w500 AEIC permanent and temporary seismic stations
that operated for various scientific research projects
from January 1977 to December 2002 in the Alaska
region (Figs. 2 and 3). The majority of the stations are
located in south-central Alaska (Fig. 3), and the earth-
quakes are mostly clustered in the upper crust and in
the Wadati-Benioff zone (WBZ) to a depth of about
200 km (Fig. 2).

Earthquake selection is based on the following crite-
ria. (1) Events with clear P arrivals recorded at more
than seven stations. However in the crucial areas of
low seismicity, events with six P and three S arrivals
were also selected; (2) events with formal mislocation
errors less than 5 km, although most had much smaller
errors; (3) to achieve a uniform event distribution, earth-
quakes were filtered by small boxes with a size of
0.1� � 0.1� � 2 km. In each box only the event with
the greatest number of first P arrivals was selected.
quakes (circles) used in this study.



Fig. 3. Map showing the locations of seismic stations (black trian-

gles) used in this study.
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As a result, 10,900 earthquakes were selected. The
total number of P arrivals was 438,146 and that of S ar-
rivals was 118,858. S arrivals were only used to relocate
earthquakes together with P arrivals and were not used
for tomographic inversion. Comparing with a previous
similar study in this region (Zhao et al., 1995, who
used 142,908 P-wave data), this study had more data
Fig. 4. Configurations of the grid net in the horizontal plane in models with

the range of the region shown in Fig. 6.
of higher quality. The accuracy of arrival times was es-
timated to be 0.1e0.2 s for most of the data. The arrival
times were corrected for the ellipticity of the Earth
(Dziewonski and Gilbert, 1976).

To analyze the arrival time data, the tomographic
method of Zhao et al. (1992) was adopted. This method
has been used in many tomographic studies of regions
with different tectonic backgrounds, and has particu-
larly given good results for subduction zones (e.g.,
Zhao et al., 1992, 1997).

Alaska is located in the high latitude region near the
North Pole. It is not appropriate to adopt a conventional
regular grid parameterization on the basis of the Earth’s
longitude and latitude coordinate system. For example,
in the adopted model with regular grid parameteriza-
tion, the distance between two grid nodes separated
by 1� in longitude at 50�N latitude is w71.55 km. How-
ever, the distance is reduced to only w38.12 km at
70�N latitude. The grid nodes become closer to one an-
other nearer the North Pole (see Fig. 4).

In the present study, we have modified the computer
program of Zhao et al. (1995) according to the special
geographic location of Alaska. Instead of the regular
grid parameterization, an irregular grid parameteriza-
tion was adopted to express the velocity structure. In
this velocity model the number of grid nodes increases
from north to south in the study area so that the spacing
between grid nodes is approximately the same in the
longitude direction.
(a) the regular and (b) irregular grid parameterization. The boxes show



89C. Qi et al. / Polar Science 1 (2007) 85e100
3. Analysis

First we show the test results of the modified inver-
sion program. In Fig. 5 we compare the results of seis-
mic ray tracing in the case of direct P and Pn waves in
the regular and irregular grid models. For details of the
3-D ray tracing technique, see Zhao et al. (1992). The
test results show that the seismic ray paths and travel
times are exactly the same in the two models, suggest-
ing that the seismic ray tracing is completely indepen-
dent of the grid parameterization, which is very
important.

According to the distributions of events and stations
used in this study, the region in the longitude range of
w170e135�W, latitude range of w50e72�N, and
depth range of w0e190 km is taken as the model
space.
Fig. 5. Comparison of the ray paths in the models with (a and c) the regu

snapshots of the seismic ray paths in each step of the ray-tracing calculati

The seismic velocities in each layer are shown in (a).
Referring to the initial P-wave 1-D velocity model in
the previous study (Zhao et al., 1995), in this study P-
wave velocities of the upper crust, lower crust, and
uppermost mantle are defined as 6.0, 6.7, and 7.9 km/s,
respectively. For the upper mantle, we used the iasp91
Earth model (Kennett and Engdahl, 1991). The depths
to the Conrad and Moho discontinuities are 13.0 and
36.5 km, respectively.

Velocity perturbations at grid nodes from the 1-D ve-
locity model are considered as unknown parameters.
The velocity perturbation at any point in the model is
computed by linearly interpolating the velocity pertur-
bations at the nearest eight grid nodes surrounding
that point. The efficient 3-D ray tracing technique
(Zhao et al., 1992) and derivative computation associ-
ated with the unknown parameters, which is used to
construct the observation equations, are included in
lar and (b and d) irregular grid parameterization. Lines indicate the

on (see Zhao et al., 1992). Dashed lines are velocity discontinuities.
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the inversion. According to the irregular grid parameter-
ization being used, these related problems in the pro-
gram were also dealt with. The LSQR algorithm
(Paige and Saunders, 1982) with damping and smooth-
ing was used to conduct inversions of the observation
equations. The nonlinear tomographic problem is
solved by iteratively conducting linear inversions.

Many models with different grid spacing were tried.
According to the results of the checkerboard resolution
tests, a grid spacing of 0.25� (hereinafter the unit of de-
gree is taken as the distance in degrees along the great
circle path, not a latitude or longitude measurement) is
finally chosen, which is w28 km on the Earth’s surface.
In the depth direction, 9 layers are adopted, the same as
those in the previous similar study (Zhao et al., 1995).

In this study, we conducted a number of inversions
with different damping and smoothness parameters. Ac-
cording to the trade-off between root-mean-square
(RMS) travel time residual and model variance, appro-
priate damping and smoothness parameters were se-
lected to obtain a reliable and coherent result. The
velocity structure and hypocentral locations are simul-
taneously determined in the inversion process.

The checkerboard resolution test (CRT, Humphreys
and Clayton, 1988; Zhao et al., 1992) is normally
used to assess the adequacy of the ray coverage and to
evaluate the final resolution as well as for making fur-
ther model adjustments as mentioned above. In Fig. 6,
results of two checkerboard resolution tests with regular
and irregular grid models are compared at 40 km depth.
In the irregular grid model, it is not easy to discern the
checkerboard pattern. A better method is to use a rela-
tive variation measurement, i.e., the ratio of the inverted
model to the input checkerboard model. At the bottom
of Fig. 6, star and cross symbols indicate positive and
negative values of the ratios, respectively. The larger
the star (cross) symbols are, the better (worse) the re-
constructed result is. Generally speaking, the resolution
of a tomographic image decreases when a smaller grid
spacing is adopted. In the regular grid model, it is
very easy to understand that the resolution is poor in
the north. However, in the irregular grid model, since
a larger spacing between grid nodes is used relative to
that in the regular grid model, the checkerboard image
is better reconstructed; not only the pattern but also
the amplitude of velocity anomalies are better
recovered.

Fig. 7 shows the results of a CRT. Random errors in
a normal distribution with a standard deviation of 0.1 s
are added to arrival times calculated for the synthetic
models. As mentioned above, stars represent good res-
olution. Here we show three typical layers of two
different results with grid spacings of 0.25� and 0.33�.
Most of the layers are of good resolution. The resolution
is generally high in the central part of the study area,
particularly along the subducting Pacific slab. The res-
olution of intermediate-depth layers is better than that
of other layers. From the two resolution tests with dif-
ferent grid spacings we can say that the tomographic
image obtained in the present study has a spatial resolu-
tion of 0.25e0.33�. Anomalies of larger size than this
can be discerned reliably.

To further confirm the reliability of the final images
and the geometry of the subducting Pacific plate in par-
ticular, a synthetic resolution test with a specific struc-
tural geometry and a restoring resolution test (RRT,
Zhao et al., 1992) were also used in this study. In the
synthetic resolution test, a slab-like anomaly with
a width of 50 km and 2% higher velocity than its sur-
roundings was introduced into the initial 1-D model.
We call the modified model the ‘‘input model’’. As
for the RRT, we take the tomographic image obtained
by inverting the real data set as the input model. Syn-
thetic arrival times are then calculated by three-dimen-
sionally tracing rays in the observed data set for the
input models. The same random error as that used in
the CRT is also added to the calculated synthetic data.
By inverting the synthetic data using the same inversion
procedure, we obtained the recovered images which are
called ‘‘output models’’. Comparing the input models
with the output models, we can know how well the
main trend or some special structures in the real result
are realistically reconstructed. Fig. 8 shows two exam-
ples with input models and output models obtained by
the synthetic test (Fig. 8a and b) and RRT (Fig. 8c
and d), respectively.

Zhao et al. (1995) introduced a priori high-V sub-
ducting Pacific slab into the model and called the inver-
sions ‘‘slab inversions’’. For the sake of convenience in
calculations, they simply estimated the depth of the slab
surface in the transition zone where no intermediate-
depth earthquakes occur between 144.5�W and 149�W,
according to the closest known depth contours of the
slab surface (Zhao et al., 1995), i.e., the Alaskae
Aleutian subduction zone to the west and the Wrangell
subduction zone to the east (see Fig. 9). Actually, due to
insufficient evidence in the transition zone and the
Wrangell region (141�W to 144.5�W), the location of
the upper boundary of the subducting slab is not reliably
determined and it may affect the final images. Thus in
this study, we did not introduce the high-V subducting
Pacific slab into the model. As shown in the next sec-
tion, just because the high-V slab was not introduced
into the initial model, we could acquire a variety of



Fig. 6. The top diagrams are the input and output images in the checkerboard resolution test for the models with (a and b) regular grid param-

eterization and (d and e) irregular grid parameterization adopted, respectively. Another expression with relative variation measurement is shown at

the bottom (c and f) (see the text). Stars and crosses indicate positive and negative values, meaning right and wrong recovery, respectively. The

scale for the ratios is shown at the bottom.
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Fig. 7. Results of the checkerboard resolution test for the models with grid spacing of 0.25� (left) and that of 0.33� (right), respectively. Depth of

each layer is exhibited in the lower right corner of each map. The scale for the ratios is shown at the bottom.
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new findings, such as the existence of a thick low-V
zone at the top of the slab instead of a simple high-V
slab. It should be noted that it is not contradictory to in-
troduce a priori information into the initial model be-
fore the inversion. Previous studies have testified that
introducing a priori information can improve the final
images (e.g., the tomographic studies of the Japan sub-
duction zone by Zhao et al., 1992; Zhao and Hasegawa,
1993). For the tomographic study of Alaska, it will also
be appropriate to introduce the subducting Pacific slab
into the model if the slab geometry is clearly known.
4. Results and Discussion

Fig. 10 shows the P-wave velocity perturbations in
horizontal planes. Earthquakes within a 1e10 km depth
range from the slices are shown in each layer. The
velocity perturbation was calculated from the average
of the inverted velocity values in each layer. In the
upper crust, we can see several low-V zones exist corre-
sponding to the large Cenozoic sedimentary basins in
southeastern Alaska, such as the Gulf of Alaska basin,
Cook Inlet basin, and Minchumina Holitna-Tanana



(a)

(c) (d)

(b)

Fig. 8. Results of (a and b) the synthetic resolution test and (c and d) the restoring resolution test for profile EeE0 and GeG0. Locations of the

profiles are shown in Fig. 9. Input and output models are shown on the left and right, respectively. White represents low-V while black denotes

high-V. White circles indicate background earthquakes within a 20 km width from the cross-sections. Dashed lines exhibit the upper boundary of

the subducting Pacific slab estimated by Zhao et al. (1995) for reference. The velocity perturbation scale is shown at the bottom.
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Lowlands basin, from south to north. Between these ba-
sins are ultramafic bodies that are imaged as high-V
anomalies. The most prominent high-V anomaly is lo-
cated in the Chugach Mountains. In general, strong
low-V anomalies appear in the crust and upper mantle
wedge beneath the active volcanoes denoted by red tri-
angles on the 8 km depth layer.

In the lower crust and upper mantle, the high-V
anomalies outline the subducting Pacific slab well
(Fig. 10). Most of the intermediate-depth earthquakes
occur within the slab toward the continental side. The
velocity within the slab is inhomogeneous, which may
be due to the uneven ray path sampling besides the ef-
fect of heterogeneous thermal distribution (McKenzie,
1969; Hsui and Toksöz, 1979) or petrological variations
structure (Ringwood, 1982).

The Denali fault appears to be a major crustal fea-
ture, and is particularly characterized by a prominent
velocity contrast at 40 km depth (Fig. 10). In the 3-D
velocity model made by Eberhart-Phillips et al.
(2006), there is a low-V zone in the slab mantle at
110 km depth south of Cook Inlet, where the slab bends
to become more parallel to the trench. In fact, our re-
sults show a prominent low-V zone in the slab mantle,
which is considered to result from some pre-
existing structural feature of the incoming Pacific plate
or some mantle deformation process related to the bend-
ing (Eberhart-Phillips et al., 2006).

Several vertical cross-sections normal to the trench
axis were made in order to map the geometry of the sub-
ducting Pacific slab, and the resolution of these images
is also examined. Based on the cross-sections shown in
Fig. 11, the features of our results are discussed for the
subducting Pacific slab, arc magmatism and a specific
terrane.

4.1. The subducting Pacific slab

Resolving the geometry of the subducting slab is
very important for understanding the basic mechanics
of subduction. As mentioned above, the first-order fea-
ture of the subducting Pacific slab shown in our results



Fig. 9. Depth distribution of the upper boundary of the subducting

Pacific plate in Alaska is shown as contour lines for reference in

this study (in 25 km intervals, after Zhao et al., 1995). Thin dashed

lines exhibit the upper boundary of the subducting Pacific slab esti-

mated by Zhao et al. (1995). Eight heavy lines show the locations of

the vertical cross-sections in Fig. 11. The Alaska subduction zone can

be divided into three different parts, i.e., the western, middle and

eastern parts. Their boundaries are roughly shown by thick dashed

lines. Triangles are active volcanoes.
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is that it is imaged as a high-V anomaly. However, the
morphology of the subducting Pacific slab varies con-
siderably in different cross-sections (Fig. 11). From
the viewpoint of the slab seismicity, several researchers
have suggested segmentation of the subducting Pacific
plate (e.g., Ratchkovski and Hansen, 2002). From
both the slab seismicity and our tomographic results,
we suggest that the Alaska subduction zone can be
divided into three parts, i.e., the western, middle and
eastern parts, with boundaries between them near the
Cook Inlet and the Kenai Peninsula (Fig. 9).

In the western part, the cross-sections across the
AlaskaeAleutian subduction zone show typical images
similar to other subduction zones (Fig. 11aec). The
subducting Pacific slab associated with a high-V
anomaly can be seen clearly. The intermediate-depth
earthquakes occur along or below the upper boundary
of the slab, outlining the geometry of it. For the slab,
however, the upper and lower boundaries of the high-
V zone show an irregular shape in response to the
imperfect ray coverage and parameterization. In this
subduction zone the high-V slab is imaged as a roughly
50e80 km thick zone extending to 190 km in depth, the
bottom of the velocity model. For the profile along line
BeB0 (Fig. 11b), a strong velocity contrast allows us to
evaluate the thickness of the descending slab more
clearly, to be roughly 40 km at depths of 60e190 km.
However, heading eastward to view the cross-
sections across the eastern end of the AlaskaeAleutian
subduction zone, a very different character in the
subducting slab is seen. In cross-sections DeD0 and
EeE0, the high-V anomalies are visible, but a distinct
low-V zone with most of the earthquakes overlies the
high-V anomalies (Fig. 11). The synthetic resolution
test confirmed that a slab-like high-Vanomaly can be re-
covered well if there is a high-V anomaly in the input
model (see Fig. 8a and b). From the horizontal velocity
images at depths of 40e115 km (Fig. 10), we find this
low-V zone is mainly located in the north of the Kenai
Peninsula. In the profile DeD0 across the region north
of Cook Inlet, the high-V anomaly relating to the sub-
ducting Pacific slab extends to the bottom of the model
and departs from the earthquakes in the WBZ. On the
other hand, the high-V anomaly shortens eastwards as
the low-V zone thickens (see profile EeE0). A receiver
function study shows that a 11e22 km thick low-V
zone exists at the top of the slab (Ferris et al., 2003). An-
other suggestion comes from Eberhart-Phillips et al.
(2006) who found a distinct low-V zone overlies the
high-V zone to 140 km depth in the northern subduction
zone, consistent with our results. This observation is
very different from the slab images in other subduction
zones, leading to the question: What is the low-V
zone? We will discuss this issue in the next section.

For the eastern part, viewing sections FeF0, GeG0,
and HeH0 beneath the transition zone and the Wrangell
subduction zone, the high-V slab does not appear to ex-
tend deeper than 90 km depth and the seismicity is lo-
cated solely within the high-V anomaly and ends
abruptly at the strong gradient in P-wave velocity
(Fig. 11). This region with no deep subducted slab
was called the slab-free region by Eberhart-Phillips
et al. (2006) who found that the high-V slab does not ex-
tend deeper than 60 km depth in the region east of Cor-
dova in their results, denoting that there is a possibility
that the slab extends deeper to the east by dipping more
steeply. From our results, the Pacific slab subducts only
down to 60e90 km depth, which contrasts with previ-
ous results that there is a seismically defined subducting
Pacific slab to great depths (e.g., the Wrangell WBZ,
Stephens et al., 1984). It is possible that few rays sample
that region and so the deeper subducting slab cannot be
imaged even if it exists.

Several previous studies have investigated the geom-
etry of the subducting Pacific plate in Alaska (e.g.,
Yamaoka et al., 1986; Creager and Chiao, 1992). The
proposed candidate models can be summarized as fol-
lows: the plate is continuous; the plate is torn and the
western end of the Wrangell subducting plate is thrust



Fig. 10. P-wave velocity perturbations (in percent) in horizontal planes. Red and blue colors denote low and high velocities, respectively. Red

triangles denote active volcanoes. Earthquakes within a 1e10 km depth range from the slices are superimposed in each layer. The depth of

each layer is shown at the lower right in each map. Black lines at depths of 8, 25 and 40 km indicate the Denali Fault. The perturbation scale

is shown at the bottom.
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underneath the eastern end of the AlaskaeAleutian
subducting plate; the plate is torn and pulled apart form-
ing a gap between the AlaskaeAleutian and Wrangell
subduction zones. In our results the Pacific plate
appears to be continuous but becomes shallower east-
ward quickly. In addition, it is interesting to note that
in the area northeast of the Wrangell subducting plate,
there is a prominent high-V anomaly, and the question
arises whether it is related to the Pacific plate.

As for the reason why the Pacific slab to the east
cannot subduct so deeply, the mechanism behind
this geometry has to be sought from morphology
and knowledge of historic events such as slab window
subduction in respect of the subduction of the Kula-
Farallon related triple junction (Haeussler et al.,
2003) or the motion direction change of the Pacific
plate that occurred at w43 Ma (Gordon and Jurdy,
1986). Further promising information on the evolution
of the Pacific plate should come from teleseismic
tomography, which can provide constraints on the
deeper structure and the fate of the subducting Pacific
slab under Alaska.



Fig. 11. Vertical cross-sections of P-wave velocity images (in percent) along eight lines shown in Fig. 9. Red color represents low-V while blue

color denotes high-V. The regions with data absent were cut out. White circles indicate background earthquakes within a 20 km width from the

cross-sections. Red triangles on the top of each section represent active volcanoes. The velocity perturbation scale is shown at the bottom. Note the

various vertical exaggeration.
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4.2. Arc volcanism

The subduction zone is one of the main regions of
magmatism and volcanism in the earth. The three differ-
ent forms of the subducting Pacific slab mentioned
above result in three different forms of volcanism
accordingly.

The volcanoes in the cross-sections through the west-
ern portion of the subducting Pacific slab in Fig. 11 are
Aleutian volcanoes, exhibiting a general seismological
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characteristic of subduction zones. The chain of strato
volcanoes correlates strongly with the 100 km depth
contour of the western WBZ (Gill, 1981). The low-V
zones exist just beneath the active volcanoes and extend
along inclined paths to a depth of about 100 km at the top
of the descending slab, feeding the volcanoes above (see
profiles AeA0 and CeC0). The contorted low-V zone is
very likely to be the pathway for the magma or fluids that
rise from the subducting slab to the volcanoes. The path
for transportation is deflected in the direction of the plate
boundary by a convective circulation process in the man-
tle wedge above the slab, similar to those in other sub-
duction zones (e.g., Nakajima et al., 2001). The low
velocity may be attributed to the dehydration of the
downgoing slab at this depth range and to the serpentini-
zation of the forearc upper mantle wedge, which might
reduce the melting point of the rock above and trigger
partial melting to produce arc magmas.

Along the western WBZ, however, volcanic activity
ends abruptly with Spurr and Hayes, roughly 320 km
west of the eastern termination of seismicity. This paucity
of volcanism has been called the Denali volcanic gap
(Nye, 1999). However, many studies have shown that
the lack of volcanism does not arise from a lack of mag-
matism, and it is interesting to note our results for the
cross-section EeE0 across the Buzzard Creek Maars at
the eastern extreme of the volcanic gap (Fig. 11), which
are a 3000 year old small-volume monogenetic volcanism
erupting arc-basalt magmas. In this figure we can see that
an anomaly with velocity lower than its surroundings
shapes a conduit linking the Maars volcano to the thick
LVZ. In addition, beneath the Denali volcanic gap, obser-
vations of high values of Poisson’s ratio suggest that the
mantle wedge contains melted material that is unable to
reach the surface due to increased compression in the
crust at the northern apex of the curved Denali fault
(McNamara and Pasyanos, 2002). It is believed that the
ongoing accretion of the Yakutat terrane to the southern
Alaska margin is responsible for the compressed crust.
In our results it is interesting that in the horizontal velocity
image at the depth of 25 km (Fig. 10) there is a widely dis-
tributed high-V anomaly, which may represent the com-
pressed crust inhibiting the rise of magma from
supplying the surface volcanoes, or prescribe the ‘‘vis-
cous nose’’ of the mantle wedge characterized mainly
by high-Q and low temperatures (Stachnik et al., 2004;
Abers et al., 2006) in this region. Alternatively, teleseis-
mic observations on the BEAAR (Broadband Experiment
across the Alaska Range) array to the west revealed the
anisotropic fast directions are roughly parallel to the strike
of the subducting plate north of the 70e75 km contour of
the subducting plate, assuming a sub-lateral mantle flow
in the mantle wedge due to a significant portion of the sig-
nal coming from the mantle wedge indicated by observa-
tions from local slab events (Christensen et al., 2003).
Hence, the inferred sub-lateral mantle flow possibly fi-
nally finds its way out to the Maars volcano at the eastern
end of the volcanic gap.

East of the Denali volcanic gap is the famous Wran-
gell volcanic field (WVF), which features an extensive
volcanic terrain with a mass of lava flows that have been
erupting during the past 26 Ma (Richter et al., 1990). In
the WVF, Mt. Wrangell, a massive shield volcano, still
occasionally signals its active presence with steam ris-
ing from its vents, and is still considered active. In the
cross-section HeH0 across Mt. Wrangell (Fig. 11),
a low-V anomaly exists below the volcano, but some
distance from the ground surface, which may reflect
the presence of a magma reservoir of partial melt be-
neath it. A similar low-V anomaly in the lower crust
in the region is also supported by Eberhart-Phillips
et al. (2006). Thus it is most likely that the current
Wrangell volcanism is linked to magma at great depths.
Unlike the Aleutian volcanoes in western Alaska, the
Wrangell volcanism has been related to Miocene and
younger Yakutat subduction (Plafker, 1987; Plafker
and Berg, 1994). The steady dehydration of the sub-
ducting Yakutat slab may release fluids, which may mi-
grate laterally from the seismogenic slab toward the
WVF (Eberhart-Phillips et al., 2006).

4.3. Yakutat terrane

As mentioned above, our results reveal a distinct thick
LVZ with a great number of earthquakes occurring
within, overlying a high-V anomaly associated with the
subducting Pacific slab in the north of the Kenai Penin-
sula. This kind of abnormal thick LVZ has attracted
much attention. In an early seismic tomographic study
of the Alaska region, Kissling and Lahr (1991) found
that a large number of WBZ earthquakes occur in
a zone of relatively low P-wave velocity, and the low-V
anomaly is parallel to and overlies a region of relatively
high P-wave velocity associated with descending litho-
sphere. This is very different from the finding of a sharp
velocity contrast at the upper plate boundary for the sub-
duction of the Pacific plate under Japan. They interpreted
this thick low-V zone as a subducted oceanic crust.

A b-value analysis in this area indicates that a region
of anomalously high b-value exists at depths of 90e
100 km as a response to the dehydration using the slab
(Wiemer and Benoit, 1996). In the receiver function
study of the BEAAR data, Ferris et al. (2003) found large
P-to-S conversion at the top of the slab is generated by



98 C. Qi et al. / Polar Science 1 (2007) 85e100
a 11e22 km thick low-V zone, as much as 20% slower
than the surrounding mantle, and all intermediate-depth
earthquakes that may be triggered by dehydration occur
within the zone. Many studies in other subduction zones
reveal that a 2e10 km thick zone with velocities 5e15%
slower than the surroundings can be attributed to the sub-
ducting oceanic crust (Helffrich, 1996; Abers, 2000;
Yuan et al., 2000; Cassidy and Ellis, 1993; Matsuzawa
et al., 1986). Hence, the layer is too thick to represent
metamorphosed oceanic crust because the LVZ thick-
ness is at least twice that normally observed for oceanic
crust (White et al., 1992; Mutter and Mytter, 1993). Ac-
cordingly, it may represent a thick serpentinized zone or,
more likely, a thick exotic terrane subducting along with
the Pacific plate (Ferris et al., 2003).

Later, a similar LVZ was observed from scattered
wave migration by Rondenay et al. (2004), who
proposed that the thickness of the LVZ varies from
20 km at shallow depths, where it is interpreted as
oceanic crust plus an overlying serpentinized zone or
coupled exotic terrane, to 8e10 km at 140 km depth,
where it is interpreted as only oceanic crust. The thick
LVZ was also highlighted in the recent counterpart
seismic tomographic study by Eberhart-Phillips et al.
(2006). In their results the thick LVZ was interpreted
as the Yakutat terrane.

Southern Alaska is undergoing a series of exotic ter-
ranes. The Yakutat terrane, as the last terrane to arrive
transported by the Pacific plate, docked about 26 Ma
and impinges against the continent and resists subduc-
tion (Plafker, 1987). The terrane directly causes the
formation of the composite plate, which consists of
Eocene age oceanic crust of the Yakutat terrane coupled
to the underlying Oligocene to late Eocene age Pacific
plate (Fuis and Plafker, 1991; Brocher et al., 1994).

In our interpretation, all of the previous results lead
us to believe that the extensive and thick LVZ is most
likely the oceanic crust plus an overlying serpentinized
zone and the coupled Yakutat terrane. If this is true, the
buoyancy of the thickened crust causes crustal compres-
sion that leads to slab flattening, mountain building in
the Alaska Range and perhaps the shutting off of mag-
matism. This may interpret the Yakataga seismic gap
(Page et al., 1989), the Denali volcanic gap (Nye,
1999), and the generation of giant earthquakes such as
the M 9.2 Alaska earthquake in 1964.

5. Conclusions

A detailed three-dimensional P-wave velocity struc-
ture to a depth of approximately 200 km in Alaska was
obtained. By the use of an irregular grid parameterization
in the model, the number of grid nodes increases from
north to south in the study area so that the spacing between
grid nodes is approximately the same in the longitude di-
rection. Checkerboard resolution tests suggest irregular
grids can provide a uniform resolution for better judgment
of the final images, since denser grids may decrease the
final resolution to the north. In addition, we did not intro-
duce the slab into the initial model because the geometry
of the subducting Pacific slab is still unclear.

Our results suggest that the tomographic image of
the upper crust correlates well with the major surface
geological features. The subducted Pacific plate is
imaged as a high-V anomaly to the bottom of the model
in most regions and a widespread low-V zone exists in
the mantle beneath the high-V slab. However, a series of
vertical cross-sections reveal that the geometry of the
subducting Pacific slab is very complicated. Based on
its geometry, we suggest the subducting Pacific plate
in Alaska can be divided into three different parts.

In the western part in the AlaskaeAleutian subduction
zone, the subducting Pacific plate is clearly visible as
a 50e80 km thick continuous high-V zone. Inclined
low-Vanomalies extend from the top of the slab to the sur-
face beneath volcanoes, which may reflect the arc magma
caused by the slab dehydration and convective circulation
process in the mantle wedge, similar to those in other sub-
duction zones. In the central part we found that a thick
LVZ is imaged at the top of the subducting Pacific slab be-
neath north of the Kenai peninsula with a great number of
earthquakes occurring within, which are believed to most
likely be the oceanic crust plus an overlying serpentinized
zone and the coupled Yakutat terrane subducted along
with the Pacific slab. The existence of the exotic terrane
makes the underlying Pacific plate more complicated,
and the thickened crust drives crustal compression that di-
rectly inhibits the rise of magma through it to supply the
surface volcanoes as far as the Buzzard Creek Maars,
leading to the formation of the Denali volcanic gap. How-
ever, in the eastern part where the plate boundary type be-
tween the Pacific and North American plates changes
from oblique subduction to strike-slip, the subducted
Pacific plate is only imaged as a high-V slab down to
60e90 km, which is different from a previous study that
suggests a seismically defined subducting Pacific slab to
great depths. In addition, the volcanism in this region is
still considered to be related to the subducted Yakutat
terrane than simple arc volcanism.
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