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[1] In southern and central Alaska the subduction and active volcanism of the Aleutian
subduction zone give way to a broad plate boundary zone with mountain building and
strike-slip faulting, where the Yakutat terrane joins the subducting Pacific plate. The
interplay of these tectonic elements can be best understood by considering the entire
region in three dimensions. We image three-dimensional seismic velocity using abundant
local earthquakes, supplemented by active source data. Crustal low-velocity correlates
with basins. The Denali fault zone is a dominant feature with a change in crustal thickness
across the fault. A relatively high-velocity subducted slab and a low-velocity mantle
wedge are observed, and high Vp/Vs beneath the active volcanic systems, which indicates
focusing of partial melt. North of Cook Inlet, the subducted Yakutat slab is characterized
by a thick low-velocity, high-Vp/Vs crust. High-velocity material above the Yakutat slab
may represent a residual older slab, which inhibits vertical flow of Yakutat subduction
fluids. Alternate lateral flow allows Yakutat subduction fluids to contribute to Cook
Inlet volcanism and the Wrangell volcanic field. The apparent northeast edge of
the subducted Yakutat slab is southwest of the Wrangell volcanics, which have adakitic
composition consistent with melting of this Yakutat slab edge. In the mantle, the Yakutat
slab is subducting with the Pacific plate, while at shallower depths the Yakutat slab
overthrusts the shallow Pacific plate along the Transition fault. This region of crustal
doubling within the shallow slab is associated with extremely strong plate coupling and
the primary asperity of the Mw 9.2 great 1964 earthquake.
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1. Introduction

[2] Southern Alaska, at the north end of the subducting
Pacific plate, has been the end of the road for accreting
displaced terranes since the Cretaceous (Figure 1) [e.g.,
Plafker and Berg, 1994]. A trench bounds the Pacific plate
on the north, and strike-slip faults on the east, leading to a
‘‘corner’’ geometry. The accreting Yakutat terrane, or micro-
plate, currently occupies this corner [Plafker, 1987] and is
bound by right-lateral transform faults on the east and a
subduction zone on the west (Figure 2). This area is
associated with a gap in volcanism between the Aleutian
arc and the Wrangell volcanoes. The subducted extent of the

Yakutat terrane and its relation to the Pacific plate slab are
important targets for tomographic study, as are the bending
of the subducted Pacific plate in central Alaska [Ratchkovski
and Hansen, 2002], and variability in the upper mantle of
the Yakutat-Aleutian region related to patterns of volcanism.
[3] The Mw 9.2 great Alaska earthquake of 1964 high-

lights the seismic potential of the Aleutian megathrust in
central Alaska. The 800-km-long rupture zone includes
extreme variation in plate coupling [Zweck et al., 2002],
with the central rupture section being very weakly coupled
and the hypocentral area in Prince William Sound being
very strongly coupled. For consideration of earthquake
potential and rupture scenarios in subduction systems, it is
crucial to understand factors that may result in weak
coupling and in strong coupling.
[4] In this paper, we examine the subduction zone as a

whole from the offshore trench to 200-km depth, and across
the plate boundary region from the Alaska Peninsula to
northeast of the Denali fault. This large-scale study allows
interpretation of the combined features of this end zone of
Aleutian subduction, and provides input for future fully
three-dimensional (3-D) finite element models. The large
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aperture of the Alaska regional seismic network coupled
with the high level of seismic activity provides a unique
opportunity for three-dimensional studies. Our goal is to
obtain the 3-D image that is defined by the data, without
specifying a prescribed model. To this end, we incorporate
the extensive active source data directly into the velocity
inversion, and we start with a 1-D model without specified
layer boundaries.

2. Previous Work

[5] Over the past 25 years, a number of investigations of
the seismicity and tectonics of the southern and central
Alaska have been carried out. Early studies concentrated on

attempts to use earthquake locations to delineate geometry
of the subducting plate [van Wormer et al., 1974; Stephens
et al., 1984; Pulpan and Frohlich, 1985; Page et al., 1989].
Later seismicity studies worked on improving earthquake
locations and providing better seismological constraints
on tectonics of the region [Estabrook et al., 1992; Doser
et al., 1997; Ratchkovski et al., 1997, 1998; Doser et al.,
1999; Doser and Lomas, 2000; Doser and Brown, 2001;
Ratchkovski and Hansen, 2002]. A few tomographic studies
used regional seismic data to constrain the extent and
properties of the subducting plate [Kisslinger and Lahr,
1991; Zhao et al., 1995; Searcy, 1996] and upper plate
crust [McNamara and Pasyanos, 2002]. These tomographic
studies inferred the subducting Pacific plate to be 45–55 km

Figure 1. Tectonic setting of Alaska. Generalized terrane map by Nokleberg et al. [2000]. Rectangle
shows grid area for velocity inversion. Faults are TIF, Tintina; DF, Denali; TKF, Talkeetna; BRF, Border
Ranges; CF, Contact; TF, Transition. Terranes are YT, Yukon-Tanana; KH, Kahiltna; WR, Wrangellia
composite; CG, Chugach; PW, Prince William; YAK, Yakutat.
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Figure 2
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thick with a P wave velocity 3–6% higher than that of the
surrounding mantle, presumably because it is cold. How-
ever, the top of the plate shows much structure. High-
frequency guided waves at > 100 km depth beneath Cook
Inlet, show a 2- to 6-km-thick low-velocity layer, 5–8%
slower than surrounding mantle, inferred to represent oceanic
crust not yet metamorphosed to eclogite [Abers and Sarker,
1996; Abers, 2005].
[6] From the mid-1980s to early 1990s, the U.S. Geolog-

ical Survey and collaborators acquired geological and
geophysical data along the Trans Alaska oil pipeline
extending from Valdez to Prudhoe Bay [Stone et al.,
1986]. As part of this transect, the Trans-Alaska Crustal
Transect (TACT), several controlled source studies, includ-
ing both deep crustal reflection and refraction profiles,
provide a detailed and continuous velocity and structural
model for the crust along the transect. Transect results from
onshore were presented in numerous individual publications
[Fisher et al., 1983, 1989, 2004; Brocher et al., 1989, 1991,
1994, 2003, 2004; Brocher and Moses, 1990, 1993; Flueh
et al., 1989; Goodwin et al., 1989; Fuis and Plafker, 1991;
Fuis et al., 1991, 1997; Wolf et al., 1991; Beaudoin et al.,
1992; Beaudoin, 1994; Levander et al., 1994]. The crustal
structure of the southern continental margin in Prince
William Sound by TACT and in the Cook Inlet by EDGE
was studied using marine air guns, marine reflection pro-
filing, and ocean bottom and land-based recorders [Moore et
al., 1991; Brocher et al., 1994; Ye et al., 1997].
[7] A new data set has shown that the tectonic processes

inferred near surface can be followed into the lower mantle.
In 1999–2001, the Broadband Experiment Across the
Alaska Range (BEAAR) sampled at high density the
broadband wavefield beneath the Alaska Range. In this
data set, the upper 15–20 km of the downgoing plate
consists of a low-velocity layer, prominent on receiver
functions to depths of 120 km, which had been interpreted
by Ferris et al. [2003] to be subducted thickened crust,
likely the Yakutat terrane, which is presently colliding with
the trench. Subduction of this buoyant lithosphere was
speculated to drive the shallowing of the slab and mountain
building in the Alaska Interior, one of the first compelling
observations of subduction of thick crust. Observations
made in the present paper greatly expand on our under-
standing of this feature, and its relationship to Alaska

tectonics. In a complementary study, Veenstra et al.
[2006] has shown, via receiver function inversion, that the
upper plate crust varies in thickness only partly in compen-
sation of topographic loads and that terrane boundaries
correspond to important changes in the mechanism or
horizon of compensation.
[8] Several BEAAR results also highlight the structure of

the mantle wedge beneath central Alaska. Stachnik et al.
[2004] show that the wedge is highly attenuating (low Q)
where the slab is more than 80 km deep and therefore hot,
and they find the shallower mantle wedge has high Q,
indicating cold temperatures. With receiver function multi-
ples, Rossi et al. [2006] showed that the upper mantle
wedge beneath the Alaska Range exhibits unusually low
Poisson’s ratio <0.25. Abers et al. [2006] developed thermal
models that use realistic mantle rheology.

3. Tectonic Setting

[9] Alaska has developed where the northwestern part of
the North American (NAM) continental margin has over-
ridden various subducting plates since Jurassic time, includ-
ing Kula/Resurrection, Pacific, and Pacific plus Yakutat
(Figure 1). The tectonic syntheses by Plafker and Berg
[1994] and Nokleberg et al. [2000] are summarized here.
The Denali fault forms the southern boundary of the NAM
continental terranes (Figures 1 and 2). North of the Denali
fault, deformation of the NAM continental margin created
continental margin terranes such as the Yukon-Tanana
terrane, which was displaced 450 km along the Tintina
strike-slip fault inboard of the subduction zone. South of the
Denali fault, the subducting slabs transported oceanic and
arc terranes from great distances, and accreted them to the
margin of NAM.
[10] The Wrangellia composite terrane has variably meta-

morphosed magmatic arc and oceanic plateau material that
was transported northward about 20� by Late Jurassic time.
The Kahiltna terrane overlies the western part of the
Wrangellia terrane, and it is separated from the Yukon-
Tanana terrane by the Denali fault. The Kahiltna flysch
was tectonically thickened and underthrust during mid-
Cretaceous to Eocene time [e.g., Ridgway et al., 2002].
The collapse of the basin in which it was deposited is
thought to have occurred by northward subduction, and

Figure 2. (a) Crustal tectonics, after Haeussler et al. [2000] and Pavlis et al. [2004]. Dashed arrows show hypothesized
direction of motion of the Wrangell block with respect to NAM. Solid arrows show plate motion (mm/yr) for Pacific-NAM
[DeMets et al., 1994] and Yakutat-NAM [Fletcher and Freymueller, 1999]. Plate coupling shown with dashed black lines is
from geodesy [Zweck et al., 2002]: 1.0, fully coupled; +0.8, high coupling; 0.0, no coupling; �0.5, negative coupling or
trenchward motion. High topography is shown by 1800-m contour of 30-km median-filtered topography. Star, Mount
McKinley; solid triangles, active volcanoes; open triangle, Buzzard Creek Maar. BRFS, Border Ranges Fault System; KI,
Kayak Island; PZ, Pamplona Zone; DRZ, Dangerous River Zone. (b) Subducting plate as inferred by this study. Gray,
Pacific; striped, Yakutat; overlap, schematic region of Pacific underthrust Yakutat (actual amount not certain). Thick crust
east of the slab is in the overlying plate. Bold lines show slab depth as defined by seismicity. STFS, Subducted Transition
Fault System. Seamounts are from bathymetry. Gray arrows show cumulative plate motions for the last 20 Myr for a spot
on the Pacific plate with respect to NAM (e.g., the point labeled 19.9 Ma would have been at the initial point on the
outboard of the trench 19.9 Ma). For the end-member hypothetical case of zero Pacific-Yakutat displacement and a dipping
slab, the dashed line (labeled limit of potential slab) shows cumulative motion for a point of the oceanic Yakutat terrane and
thus limits the potential ‘‘missing’’ Yakutat slab. The plate motions are from Stock and Molnar [1988].
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collision of Wrangellia [e.g., Plafker et al., 1994a]. The
Border Ranges fault system forms the southern margin of
Wrangellia, and it is the backstop fault for several succes-
sive accretionary wedge terranes. The Chugach terrane is
the earliest part of the accretionary complex and consists of
mélange of oceanic rocks, deep marine turbidites, and
younger granitic plutons. The Prince William terrane is
dominantly turbidites, blocks of oceanic volcanic rocks,
and younger granitic plutons, and was sutured to the
Chugach terrane along the Contact fault.
[11] The Yakutat is the most recently accreted terrane,

outboard of the Prince William terrane (Figure 1). The
Yakutat terrane has two parts: on its east side are Cretaceous
accretionary complex rocks similar to the Chugach or
Prince William terranes; on its west side are Eocene
volcanic rocks with oceanic affinities [Plafker, 1987]. These
two parts of the terrane are thought by Plafker et al. [1994a]
to have been brought together by transform margin faulting.
Both parts of the Yakutat terrane are covered by late
Miocene to Plio-Pleistocene age marine to nonmarine
sedimentary rocks. The Transition fault bounds the south-
western margin of the terrane, and it is most likely an active
suture between the Yakutat and Pacific plates [Fletcher and
Freymueller, 1999, 2003].
[12] The current active crustal tectonics are summarized

in Figure 2a. The primary feature is the subduction of the
Pacific plate along the Aleutian subduction zone, which
extends several thousand kilometers to the west of Kayak
Island. This results in great thrust earthquakes, where the
shallow subducted plate is coupled to the overlying plate
and there is extensive arc volcanism farther inboard. The
plate coupling varies along strike with some patches where
it is very strong (�1.0) and others where it is very weak
(�0.0), and inboard it becomes negative or trenchward
[Zweck et al., 2002]. The Yakutat terrane has been inferred
to be essentially attached to the Pacific plate [Bruns, 1983;
Brocher et al., 1994] or to be deforming as a distinct
microplate [Pavlis et al., 2004, and references therein].
[13] The plate boundary deformation zone extends from

the trench to the Denali fault system, and perhaps even to
the North Slope [Plafker et al., 1994b]. The Denali fault
has about 10 mm/yr right-lateral slip [Matmon et al.,
2004]. The geodetic data from the Yakutat microplate
indicate about 45.6 mm/yr northwest motion parallel to
the Fairweather Fault [Fletcher and Freymueller, 2003].
Thus much of the Yakutat collision is accommodated as
thrust faulting in the region south of the Denali Fault
system, including extreme uplift of the Alaska coast ranges
and the St. Elias orogen. The southeastern active strand of
the Denali Fault system is the Totschunda Fault, which
projects toward and may, in the subsurface, connect with
the Queen Charlotte–Fairweather Fault system [Richter
and Matson, 1971]. South of the Denali Fault the region
has been referred to as the Wrangell crustal block [Lahr
and Plafker, 1980], which is being extruded to the west
[Haeussler et al., 2000], with most shear along the Denali
Fault system. This Wrangell block is also internally
deforming as indicated by the Castle Mountain Fault,
which is an active right-lateral strike-slip fault within
the broad deformation zone. Mount McKinley is the
highest peak in the Alaska Range and is actively uplifting
at 1 mm/yr [Fitzgerald et al., 1995].

[14] The relationship between the subducting slab and
arc volcanism is variable (Figure 2b). Southwest of Mount
Spurr, the chain of arc volcanoes lie above the 100-km
isobath of the subducted slab. North and east of Mount
Spurr, however, there is essentially no active volcanism
until the longitude of the Wrangell volcanoes, although
the subducted slab extends 300 km northeast of Mount
Spurr, as indicated by the slab seismicity (contoured in
Figure 2b). Quaternary volcanic rocks have been found
only at the Buzzard Creek Maars, a small, 3000-year-old
basaltic-andesite vent at the easternmost edge of the
intermediate-depth seismic zone [Nye, 1999] (open trian-
gle Figure 2b). The Wrangell volcanoes constitute a
separate volcanic field to the north of the Yakutat terrane
(Figure 2). Volcanism has occurred in the Wrangell
volcanic field over the last �30 Myr, but it appears to
have dramatically decreased in the last 500,000 years
[Richter et al., 1990].
[15] In this paper, we compute images of the subducted

oceanic Yakutat terrane beneath central Alaska. According
to Plafker [1987], the Yakutat terrane has subducted with
the Pacific plate for up to 600–1000 km north of the
Aleutian trench, and Ferris et al. [2003] show that it persists
in the mantle to 140 km depth, at least 500 km north of the
trench. The plan view shape of the Yakutat slab from our
results is summarized in Figure 2b so that the reader can
compare it to the 3-D velocity plots which follow. The
arrows in Figure 2b show how a point on the Pacific slab
might have subducted over the past 19.9 Myr.

4. Data

[16] First installations of the Alaska regional seismic
network date back to the late 1960s to early 1970s. The
current network configuration contains about 300 sites, the
majority of which are equipped with short-period vertical
sensors. The largest station concentration is in southern and
central Alaska where the post-1990 earthquake catalog is
complete to about magnitude 1.4 [Wiemer and Wyss, 2000].
Starting in 1998, a number of seismic stations were
upgraded with modern digital broadband seismometers in
addition to the installation of many new broadband sites.
Currently, the combined network includes over 40 broad-
band sites. The network is operated jointly by the Alaska
Earthquake Information Center (AEIC), Alaska Volcano
Observatory (AVO) and the West Coast and Alaska Tsunami
Warning Center (WCATWC). All data are collected at
the Alaska Earthquake Information Center in Fairbanks,
where the earthquake data are processed and archived. The
AEIC hypocenter determination procedures changed in
1998, which could bias tomography where such hypocen-
ters are held fixed. However, our method of simultaneous
inversion for hypocenters and 3-D velocity avoids this
problem. In addition to the regional seismic network, a vast
data set was collected during the BEAAR PASSCAL
experiment conducted in 1999–2000 across the Alaska
Range in central Alaska [Veenstra et al., 2006; Stachnik et
al., 2004] (Figure 3a). At its peak, 36 broadband sites were
in simultaneous operation. In November 2002, in the wake
of the Denali Fault earthquake, a temporary network of 26
broadband and strong motion instruments were installed to
monitor the aftershock activity [Ratchkovski et al., 2003].
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This network was in operation for seven months, and it is
also used in our study.
[17] The best tomographic image will be obtained from

evenly distributed ray paths, and hence we selected the most
appropriate data set based on spatial distribution and data
quality, rather than simply taking a temporal subset. There is
abundant seismicity recorded by AEIC. The data set
contained 1752 earthquakes, with 64,317 P arrivals and
19,937 S-P arrivals. Events from 1991–2003 were used,
with most from 1997 and later when the network was
improved. Location quality was inferred from the number
of observations, azimuthal gap, and ratio of depth to
distance to nearest station (RZD). Most selected events
were very well constrained with 30–70 observations,
gap < 120�, and RZD < 2, but weaker events were included
that improve spatial distribution. Most events had magni-
tudes of 2.5–4.0, and 364 events had magnitude >4.0.
During the BEAAR time period, 200 distributed events
with magnitude �2.0 were selected. The majority of the
AEIC’s S arrivals are from vertical component stations and
the S data may include some misidentified picks. Limiting
the data set to selected, well-constrained hypocenters means
that occasional bogus S picks will not affect the hypo-
centers, but they will have high residuals and be greatly
downweighted in the inversion.
[18] Controlled source data supplement the earthquake

data (Figure 3a). The TACT land profiles in southern Alaska
were reported and summarized by Fuis et al. [1991]. We
used their first arrival data and also timed arrivals on

additional TACT shots north of the Denali fault [Beaudoin
et al., 1992; Brocher et al., 2004], giving 2836 P arrivals.
The TACT 1988 and EDGE 1989 onshore-offshore data
constituted onshore recordings of air gun shots [Brocher et
al., 1994; Brocher and Moses, 1993], and 11,798 first
arrivals were incorporated as ‘‘shots’’ at the onshore re-
cording sites with ‘‘stations’’ at the air gun locations.
Bathymetry corrections are included, and station delays
are allowed for the air gun stations to help account for
near-surface sediments.

5. Method

[19] Arrival times of local earthquakes and shots were
used in a simultaneous inversion for hypocenters, three-
dimensional (3-D) P velocity, and Vp/Vs ratio [see Thurber,
1983, 1993; Eberhart-Phillips, 1990, 1993; Eberhart-
Phillips and Michael, 1998]. Vp/Vs is an important parame-
ter in characterizing rock properties and rheology [e.g.,
Christensen, 1996]. Directly obtaining Vp and Vp/Vs, rather
than Vp and Vs, makes it feasible to interpret Vp/Vs hetero-
geneity, including resolution. We have many more P arrivals
than S arrivals. Solving for Vp/Vs makes the assumption
that given a 3-D heterogeneous Vp model and unknown Vs,
it would be most reasonable to estimate a Vs model from
the Vp using a constant Vp/Vs than to assume a homoge-
neous 1-D Vs model.
[20] Seismic methods measure material properties along

the seismic propagation path from the source to the receiver.

Figure 3. (a) Stations and sources. Rectangle shows grid area for velocity inversion. Plus, inversion
earthquakes; diamond, shots. Stations are circle, AEIC; triangle, BEAAR; small square, TACT land;
small circle, offshore air gun. T (TACT) and K (Kayak) offshore profiles are shown in Figure 13. (b) Grid
for velocity inversion, with labeled features, for comparison to Figures 4–7, where annotation would
distract from images. Basins are CRB, Copper River; MTB, Middle Tanana. Triangles are volcanoes as
labeled Wr, Wrangell; BuzCr, Buzzard Creek Maar. Faults are labeled; BRFS, Border Ranges Fault
System. SMA, slope magnetic anomaly; PWS, Prince William Sound; MI, Montague Island.
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The source locations are unknowns in inverting earthquake
data. Thus consideration must be given during the inversion
procedure to obtaining a reasonable velocity model from the
nonuniform sampling of the 3-D volume. We desire a
crustal model that is useful for other applications, such as
defining 3-D rheology in numerical deformation models, so
we aim for a reasonable model even in areas where we have
little seismic resolution. This guides our strategy of grada-
tional inversions and linked nodes.
[21] The velocity of the medium is parameterized by

assigning velocity values at the intersections (nodes) of a
3-D grid (Figure 3b). The ray paths are calculated with an
approximate 3-D ray-tracing algorithm that produces curved
nonplanar ray paths which are defined by points more finely
spaced than the velocity nodes. This is a Cartesian grid with
conversions done using Alaska state plane coordinates and
an earth-flattening transformation [Buland and Chapman,
1983] for velocity during ray tracing. Only observations
with epicentral distances less than 300 km are included, and
distances from 75 to 300 km are downweighted. The
solution is obtained by iterative, damped least squares.
Damping leads to a conservative solution that fits the data
well with few artifacts. Thus selected damping parameters
greatly reduce data variance with moderate increases in
model variance [Eberhart-Phillips, 1986]. For each itera-
tion, new ray paths are determined, the hypocenter solution
is included, and parameter separation is carried out. The full
resolution matrix is also calculated. Throughout the inver-
sion, weighting is applied to each observation, based on
observation quality, source-receiver distance, and size of the
residual, so that residuals greater than 1.50 s are greatly
downweighted. When the model velocities are not close to
the actual velocities, high residuals may be more represen-
tative of velocity heterogeneity, and thus in initial inver-
sions, high downweighting was conservatively limited to
residuals greater than 6.00 s.
[22] We performed a series of inversions of increasing

complexity: 1-D, coarse 3-D and fine 3-D. Such a series of
progressive inversions will have a smooth regional model in
places of low resolution. The 1-D initial velocity model
(Table 1) and initial hypocenters were obtained through
simultaneous inversion of the earthquake data for 1-D Vp,
station corrections and hypocenters, with the AEIC south
central 1-D model as the starting model. Offshore, the
initial model had a 3-D model for the Pacific plate, because
the 1-D earthquake model is not representative and might

result in artifacts [Eberhart-Phillips and Bannister, 2002].
The Vp/Vs model is initially 1.75, which is the best fitting
uniform Vp/Vs.
[23] The coordinates of the velocity grid were chosen to

parallel the deep slab seismicity in the region (Figure 3).
The y axis is positive to the southwest and the x axis is
positive to the southeast. The z grids were chosen at �1, 2,
6, 15, 24, 33, 48, 65, 85, 110, 140, and 190 km depths. The
coarse 3-D inversion had x and y grids with 50–125 km
spacing, and the fine 3-D inversion had spacing halved with
grids spaced 25–63 km. The fine 3-D model achieved a
70% reduction in traveltime data variance from the 1-D
model. This included a larger solution norm for Vp than for
Vp/Vs and greater variance reduction for P traveltime (81%)
than for S-P traveltime (58%). The S times are harder to
pick accurately and so include more noise that is not fit by
the 3-D inversion.
[24] Resolution is shown in Figures 4 and 5. The resolu-

tion matrix describes the distribution of information for each
node, such that each row is the averaging vector for a
parameter. The relative size and pattern of the off-diagonal
elements show the way the information is smeared. For a
node to be adequately resolved, its resolution should be
peaked and should have no significant contribution from
nodes that are not adjacent. For a succinct way of assessing
the resolution, we calculate the spread function (SF)
[Michelini and McEvilly, 1991], which describes how strong
and peaked the resolution is for each node. For low values
of SF, <2.5, the resolution is good and the model Vp or Vp/Vs

is representative of the volume surrounding the given node.
For SF of 2.5–3.5, the nodes show meaningful velocity
patterns, but they may incorporate smearing and the size of
velocity perturbations may be relatively small. Nodes with
SF > 4.25 are masked in the velocity plots. We also
illustrate the pattern of image blurring in low-resolution
areas by showing contours of the averaging vectors for
nodes that have significant smearing. From each row of the
resolution matrix we compute smearing contours where the
resolution is 70% of the diagonal element [Reyners et al.,
1999]. Resolution contours are shown only for those nodes
which have smearing such that the resolution contour
extends beyond an adjacent node. At other nodes, we would
expect the spatial averaging to be represented by the grid
spacing.
[25] The pattern of Vp/Vs resolution is similar to Vp, but

there is overall less information because of fewer observa-
tions. Vp/Vs resolution is low offshore and weaker along the
TACT land profile where controlled source data are incor-
porated into the 3-D Vp model, but do not provide S arrivals.

6. Results

6.1. Hypocenters

[26] The 3-D hypocenters show improved locations based
on residuals, and also on seismicity patterns. The hypo-
centers do not differ in a systematic manner from the 1-D
hypocenters. The locations generally differ by less than
6 km horizontally and vertically with 10% changing more
than 10 km in depth from the 1-D hypocenters. The 3-D
seismicity in the subducted slab forms a narrow zone
bending smoothly, and appears more appropriate than the
1-D hypocenters for interpreting subduction features. The

Table 1. The 1-D Velocity Model

Depth (0 = SL), km Vp, km/s

�1.0 2.90
2.0 5.10
6.0 6.05
15.0 6.35
24.0 6.60
33.0 7.15
48.0 7.87
65.0 8.12
85.0 8.20
110.0 8.24
140.0 8.30
190.0 8.44
350.0 8.84
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Figure 4. Map views of resolution for Vp, showing spread function (SF) and 70% smearing contours for
nodes that have significant smearing. Darker gray (SF < 2.5) is good resolution. Z equals depth of image
in kilometers. Resolution area decreases with depth so Figures 4i and 4j do not cover the whole area.
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Figure 5. Map views of resolution for Vp/Vs, showing spread function (SF) and 70% smearing contours
for nodes that have significant smearing. Darker gray (SF < 2.5) is good resolution. Z equals depth of
image in kilometers. Resolution area decreases with depth so Figures 5i and 5j do not cover the whole
area.
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standard errors average 0.26 km horizontal and 0.47 km
vertical, and the average RMS residual is 0.14 s. This study
only uses a subset of the recorded data, but illustrates the
potential for more comprehensive relocations of deep seis-
micity with the 3-D velocity model.

6.2. Upper Crust

[27] Velocity variations in the upper crust (2–15 km
depth, Figures 6a–6c and 7a–7c) primarily reflect, on the
low-velocity end, thick Cenozoic sedimentary basins and,
on the high-velocity end, mafic crustal blocks. The spatial
resolution at these shallow depths is strongly affected by the
station and source distribution and so it is quite patchy,
especially for the Vp/Vs model (Figures 4a–4c and 5a–5c).
The model resolution is best near the center of the model,
where the station and source densities are highest. The
model resolution is poorest near the Totschunda and eastern
Denali faults and along the western periphery of the grid.
Thus the full geographic extent of some of the velocity
features identified in the models is not clear.
[28] The Vp model in the upper crust reflects low-velocity

anomalies colocated with a series of thick Cenozoic sedi-
mentary basins. Controlled source studies along the TACT
corridor found that as a rule of thumb, sedimentary rocks
filling these basins have compressional wave velocities less
than 4.5 km/s [Fuis et al., 1991; Brocher et al., 2004].
Velocities less than 4.5 km/s are not generally observed at
depths of 6 km or more, suggesting that none of these basins
approach this thickness, or that compaction increases ve-
locities at these depths.
[29] The most prominent basin is the Cook Inlet forearc

basin, with up to 5 km of Tertiary sedimentary deposits
[Kirschner and Lyon, 1973]. Cook Inlet is underlain by a
low-velocity anomaly to 24-km depth (CkI, Figure 8a),
having a compressional wave velocity of 5.2 km/s at 15-km
depth.We expect some vertical smearing of the low velocities
in the basin, because the inlet lacks hypocenters less than
15 km deep. The inlet is not distinctive in the Vp/Vs

solution, although it has slightly high Vp/Vs of 1.78 where
there is resolution, consistent with overpressured zones
inferred by Bruhn et al. [2000]. The laterally extensive,
5-km-thick Copper River Basin [Nokleberg et al., 1989;
Fuis et al., 1991] is associated with a broad region of
low P wave velocity, 5.5 km/s at 6-km depth, that is 75 km
wide at 15 km depth (CRB, Figures 6a–6c). It has
moderate Vp/Vs of 1.75. The Middle Tanana Basin is
associated with similarly low compressional wave veloc-
ity, 5.5 km/s, at 6-km depth (MTB, Figures 6a and 6b).
[30] The most prominent high-velocity anomaly in the

upper crust is located in the Chugach Mountains, where the
model yields a P wave velocity of 6.75 km/s at 6-km depth
and 7.0 km/s at 15-km depth (Figures 6b and 6c). This high-
velocity anomaly loses prominence below this depth, as it is
underlain by a velocity reversal, to Vp < 6.5 km/s. The

southern edge of the high-velocity anomaly is defined by a
sharp velocity gradient that may represent the Contact fault
system (Figures 9a and 9b). Our model is relatively coarse
and does not specify faults, but it is consistent with a north
dipping fault system, as previously mapped by Bol and
Gibbons [1992] in central and western Prince William
Sound. The Chugach Mountains are underlain by a series
of gently north dipping intermediate to ultramafic layers,
which are slivers of oceanic crust and mantle, thought by
Fuis et al. [1991] to be subcreted remnants of the former
Kula plate. The generally high velocities of the Chugach
Mountains originate from these accreted oceanic layers.
South of the Totschunda fault, there is an upper crustal
high-velocity anomaly having Vp of 6.8 km/s at 15 km depth
(Figure 6c), corresponding to a region with extensive mafic
plutons [Miller and Richter, 1994]. The East Glenn Highway
TACT line ran through the northwest corner of this anomaly,
and it provides evidence for localized high-velocity anoma-
lies of 6.6 km/s which were interpreted as a diorite body
[Goodwin et al., 1989].
[31] Another high-velocity anomaly is imaged between

15- and 24-km depths in the vicinity of the Cook Inlet
volcanoes (Figures 6c and 6d), which is also a region of
extensive Late Cretaceous–early Tertiary plutonism [Reed
and Lanphere, 1973]. This anomaly trends southwest along
the Peninsula and south along western Kodiak Island such
that the Peninsula volcanoes lie in a region of moderately
low crustal velocity to the northwest rather than in this high-
velocity anomaly.

6.3. Crustal Faults

[32] Compressional wave velocities across the Denali
fault are relatively uniform in the crust and the fault does
not show up as a distinctive anomaly in the upper 24 km of
the crust. Brocher et al. [2004], using TACT refraction
profiles, also reported little velocity contrast across the
Denali fault zone along the Richardson Highway. The
Castle Mountain fault roughly bounds a low-velocity anom-
aly on its south side, along Cook Inlet and farther east
(Figures 6a–6d, 9b, and 9c). With our sparse station array
and 25-km node spacing, we would not be able to image
narrow low-velocity zones along the active faults. As noted
above, the Contact reverse fault forms the southern bound-
ary of a prominent high-velocity feature (Figures 9a and
9b). In Figures 6c and 6d, this high-velocity body can be
traced at least 200–250 km along the Contact fault. The
Border Ranges fault may similarly form the southern
boundary of a velocity low associated with the Copper
River basin.

6.4. Subducted Slab

[33] Throughout most of the study area, the subducted
slab of the Pacific plate is imaged as a high-velocity
anomaly extending to 110- to 190-km depth. The high-

Figure 6. Map views of Vp. Image is masked in gray where there is low resolution. Hypocenters (plus) are shown midway
to next slice. Coastline (white), active faults (magenta), volcanoes (triangles), and Mount McKinley (star) are shown.
Z equals depth of image in kilometers. For Figure 6i, 110 km depth, the yellow arrows indicate fast direction at 100-km
depth from SKS [Christensen et al., 2003]. In Figure 6b, basins are CRB, Copper River; MTB, Middle Tanana; CkI, Cook
Inlet. Faults are DF, Denali; TotF, Totschunda; CMF, Castle Mountain; Chug, Chugach Mountains. In Figure 6f, A, mantle
expression of STFS. In Figures 6h and 6i, B, low Vp near bend. In Figures 6i and 6j, triangle labeled BC, Buzzard Creek
Maar. See Figure 3b for further annotation.
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velocity slab is best defined in the central section of our
study area, in the vicinity of the Cook Inlet and the Spurr
and Redoubt volcanoes (Figures 8a and 8b). This region has
adequate resolution, with stations located both west of the
volcanoes and east across the Kenai Peninsula. The high-
velocity slab is imaged as a roughly 30- to 60-km-thick
zone extending to 140-km depth, with a high-Vp core
between 8.5 and 8.8 km/s and moderate to elevated Vp/Vs.
There is little resolution below the slab so its total thickness
is unconstrained. The slab tends to have less pronounced
high velocity at depth; however, that result may be due
to decreased resolution at depth. At 65-km depth, there
are a few nodes with unusually high Vp of 9.0–9.1 km/s
(Figure 6g). It may be that the velocity is extra high at
those locations, but our preferred interpretation is that the
inversion is trying to produce a stronger velocity gradient
than would be otherwise possible with our inversion grid
spacing.
[34] The high-velocity slab is similar to the previous

tomography image of Kisslinger and Lahr [1991], but the
zone of seismicity is much more tightly defined in our
inversion which includes hypocenter parameters in the
velocity inversion. Zhao et al. [1995] estimated the best
fitting uniform high-velocity slab to be 50 km thick, with
8.4–8.6 km/s Vp; and showed strong additional perturba-
tions at 65-km depth. Searcy [1996], through inclusion of
teleseismic observations, showed that the high-velocity slab
extends to 225 km depth, but not deeper than 250 km depth.
Abers and Sarker [1996] and Abers et al. [2006] found from
first-arrival traveltimes a 5–8% fast slab in both P and S at
100–150-km depth (relative to the iaspei91 1-D model
[Kennett and Engdahl, 1991]). They also infer the presence
of a thin (2–6 km) low-velocity channel (3–5% slow) at the
top of the slab from body wave dispersion, interpreted as the
subducted crust that has not been fully eclogitized at these
depths. Such a thin layer is unlikely to be resolved by the
data used herein our study, so it is not surprising that it is
absent.
[35] In the portion of the subduction zone lying beneath

the arc volcanoes, the slab seismicity is generally associated
with a sharp velocity gradient at the upper edge of the high-
velocity layer (Figures 8a–8d). Thus, from 40- to 190-km
depth, the seismicity forms a 10- to 20-km-thick band,
defining the top of the slab, with no seismicity in the
higher-velocity core of the slab. Because the thickness of
the subducting oceanic crust is less than 10 km [Brocher et
al., 1994; Abers and Sarker, 1996], at least part of the slab
seismicity might occur within the upper mantle of the
subducting slab, as inferred previously by Ratchkovski et
al. [1997], who determined a lower zone of earthquakes,
separated by 10–15 km from the upper zone and with fewer
earthquakes. Along most of the slab, Vp/Vs is higher within
the slab, 1.75–1.78, than in the overlying crust (<1.74), as
expected for mafic and ultramafic, quartz-free rocks
[Christensen, 1996; Hacker et al., 2003]. In the segment
lying beneath the arc volcanoes, the seismicity also tends
to be associated with a gradient in Vp/Vs with lower Vp/Vs

within the slab and higher Vp/Vs overlying the slab, again
indicating that seismicity lies at the top of the slab
(Figures 8a–8d).
[36] In map view, there are two bends in the high-velocity

slab, such that the northern and southern sections are
subparallel to each other but more easterly striking than
the central section (Figures 6g–6h). North of y = �125, it
bends sharply toward the east, such that the deep seismicity
(Figures 6h–6j) has a corner where the slab bends. South of
y = 250, it gradually bends toward the west. While there is
less velocity resolution on the southern periphery due to
lack of offshore stations, the seismicity also bends gradually.
It is intriguing that there is low velocity in the slab mantle,
at y = 175, where the southern bend begins (Figures 6i
and 8e).
[37] The northern part of the subduction zone shows a

different character in the subducted slab and has no asso-
ciated modern volcanism (Figure 9). The high-velocity slab
is apparent, but a distinct low-velocity zone overlies the
high velocity. This low-velocity zone is a roughly 20-km-
thick layer with Vp < 8.0 km/s to 85-km depth (Figure 9b),
exactly as previously imaged by receiver functions [Ferris
et al., 2003]. It appears the low-velocity layer may extend to
140-km depth, but there is less resolution at this depth and
only a weak broad low is imaged (Figure 9c). This distinct
slab layer is even more prominent in the Vp/Vs solution,
where it is imaged as a high-Vp/Vs zone, with Vp/Vs 1.78–
1.83 from 30- to 140-km depth (Figures 9b and 9c). The
seismicity also differs from the subduction zone beneath the
arc volcanoes. The northern slab seismicity is located solely
within this low-Vp high-Vp/Vs layer rather than at the
gradient in Vp or Vp/Vs, as previously observed [Ferris et
al., 2003; Abers et al., 2006], and the width of the slab
seismicity zone is as narrow or narrower than in the
volcanogenic region (Figures 6g and 7g). However, detailed
analysis of slab seismicity would require relocating a more
complete catalog than our inversion subset.
[38] The exception to a continuous subducted slab is the

region east of Cordova (x > 200), where the high-velocity
slab extends only about 50-km inland and does not extend
deeper than 60-km depth (Figures 6f and 6g). The slab-free
region is also the region without deep seismicity
(Figure 10c). In the 65-km depth plot (Figure 6g), seismicity
is associated with the eastern edge of the high-velocity slab.
While there is less resolution to the east where there are no
deep earthquakes, there are enough stations that the resolu-
tion is adequate, particularly at x = 150, and the lack of high
velocity does not appear to be a resolution artifact. Thus
rather than a resolution-related reduction in the amplitude of
high velocity, there is a decrease in velocity consistent with
a slab edge. However, since the resolution drops off below
65-km depth, there is a possibility that the slab extends
deeper to the east by dipping more steeply.

6.5. Upper Mantle Wedge

[39] In the volcanogenic subduction zone, the arc upper
mantle wedge is imaged as a broad low-velocity region

Figure 7. Map views of Vp/Vs. Image is masked by beige where there is low resolution. Hypocenters (plus) are shown
midway to next section. Coastline (white), active faults (magenta), volcanoes (triangles), and Mount McKinley (star) are
shown. Z equals depth of image in kilometers. For Figure 7i, 110 km depth, the green arrows indicate fast direction at
100-km depth from SKS [Christensen et al., 2003]. See Figure 3b for further annotation.
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Figure 8. Vp and Vp/Vs cross sections through the Cook Inlet volcanic region, with hypocenters (plus)
within 50 km of section. Image is masked where there is low resolution. Spr, Spurr; CkI, Cook Inlet; Red,
Redoubt; Aug, Augustine; Kat, Katmai; Ilm, Iliamna. In Figure 8e, B, low Vp near bend.
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overlying the slab from 30- to 110-km depth, with Vp from
6.8 km/s at 30-km depth to 7.8 km/s at 85-km depth
(Figures 8a–8e). The mantle wedge low velocity was
imaged by Kisslinger and Lahr [1991] as a roughly
40-km-wide zone with velocity as low as 7.6 km/s. The
mantle wedge is associated with a high Vp/Vs between 1.78
and 1.83. The region of high Vp/Vs is most strongly imaged
in the Spurr volcano region and has a well-defined subhor-
izontal upper boundary at 30 km (Figure 8a), similar to the
high Vp/Vs seen in the mantle beneath volcanoes in Japan
[Nakajima et al., 2001]. There are lateral variations in Vp/Vs

along the volcanic chain (Figure 8e). The resolution of Vp/
Vs is relatively uniform along the volcanic chain (Figure 5)
and thus the Vp/Vs variations are not artifacts.

[40] In the northern part of the subduction zone, our
inversion reveals a different type of mantle wedge. In our
Vp/Vs solution, the mantle wedge above the subducted slab
is characterized by low Vp/Vs, between 1.68 and 1.72
(Figure 9a), similar to that from receiver functions [Rossi
et al., 2006]. The wedge tends to have moderately low Vp,
but it is not a broad region of low velocity. There is a small
low-Vp region in the region underlying Mount McKinley
and extending 150 km to the northeast (Figure 6g), with Vp

as low as 7.5 at 65-km depth (A, Figure 9b). However, there
is a layer of normal to slightly high-velocity mantle between
the mantle low and seismicity associated with the subducted
slab, from 33- to 85-km depth (B, Figure 9b). An analogous
along-strike variation is seen in the central Andes, where a

Figure 8. (continued)
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segment with normal dip exhibits a low-Vp, high-Vp/Vs

wedge, but the unusual flat slab segment shows low-Vp/Vs

in the mantle [Wagner et al., 2005]. There, the low-Vp/Vs

wedge also correlates with the absence of volcanism, and is
inferred to represent metasomatized mantle converted to
orthopyroxenite.
[41] Where the slab is less than 70–90 km deep, the low-

Vp, low-Vp/Vs body in the mantle is absent, and instead the
mantle has moderate velocities (>8.0 km/s) and Vp/Vs near
1.75 (Figure 9). In the northern segment this region corre-
sponds to a low-attenuation (high Q) region, while Q is
uniformly low in the mantle wedge [Stachnik et al., 2004].
Such high-Q forearcs characterize many mantle wedges,
and likely reflect low temperatures [Abers et al., 2006].

6.6. Isovelocity Plots and Crustal Thickness

[42] Global and regional variations in crustal thickness
are widely used for interpreting tectonics and comparing
geophysical data sets [Mooney et al., 1998]. It is valuable to
relate our work to that framework. Although the crustal
thickness is not directly computed in our velocity inversion
because we do not explicitly include a Moho, isovelocity
plots can be used to infer variations in crustal thickness.
These plots show a contoured surface at a given velocity
and can better convey some features than standard slices of
Vp. These maps plot the shallowest occurrence of the
specified Vp at each grid point, so they do not show low-
velocity zones. Also isovelocity is not really a ‘‘surface’’
like a refractor; in fact refractors often are fit with varying
velocity. On the basis of our comparison to TACT refraction
models, the 7.5 km/s plot is best for conveying a sense of
the Moho geometry (Figure 11a). The 2-D TACT profile
revealed a 50- to 60-km crustal root beneath the Copper
River Basin [Fuis et al., 1991], and a similar root is
apparent in the 3-D isovelocity plots.
[43] The region north of the Denali fault, which consists

of displaced fragments of North American continental
margin [Plafker and Berg, 1994], shows a relatively flat
transition to mantle velocities at about 40-km depth
(Figure 11a). Because upper mantle Vp is generally low
south of the Denali fault and above the subducted slab, the
Vp contrast at the crust/mantle boundary is low, and the
plot primarily shows the shape of the subducted slab, as
the mantle velocities are picking up the Pacific plate Moho,
from 15 to 70 km depth (Figures 11a and 11b). Note the slab
extends deeper and farther north, but it underlies some
upper plate mantle. The crust west of the Wrangellia terrane
(the Kahiltna overlap assemblage/Farewell terrane) appears
to have a higher-velocity upper mantle (Figures 11a and
11b); although the Moho appears to have been perturbed
by crustal thickening under the Alaska Range. The odd-
looking ‘‘depression’’ offshore (Figure 11a, y = 75, x = 300)
is not a deeper Moho, but rather a region of relatively low

upper mantle velocity (7.7 km/s) as observed on TACT by
Brocher et al. [1994] using refraction data.
[44] The reliability of the inferred crustal thickness var-

iations is corroborated by the receiver function study of
Veenstra et al. [2006] for the McKinley-Denali region
BEAAR stations, and Searcy et al. [1996] farther north.
Their receiver function crustal thickness is most similar in
pattern to the 7.5 km/s isovelocity plot (Figure 11a),
although 5–10 km thinner. Their greatest inferred crustal
thickness is also at the edge of the accreted terranes (A,
Figure 11a) where the receiver function also images the
subducted slab. Additionally, secondary features are similar
in the two methods. For example, both techniques show a
less than 100-km-wide area north of the Talkeetna fault with
crustal thickness less than 38 km (B, Figure 11a). Farther
north, the apparently thinner crust east of Fairbanks (C,
Figure 11a) is confirmed by both methods, with receiver
functions showing thinner crust, 27–32 km beneath Fair-
banks [Searcy et al., 1996] and 25–30 km at BEAAR
stations [Veenstra et al., 2006; Rossi et al., 2006].
[45] The isovelocity plots also show features of the

subduction zone. For example, a very deep swath in the
7.8 km/s image, in front of the arc and trending in front of
the Alaska Range may illustrate the serpentinized forearc
wedge. This is roughly the same region where Stachnik et
al. [2004] image a high-Q zone, which may be cold enough
for serpentine to be stable, and where Blakely et al. [2005]
show a positive magnetic anomaly.

6.7. Comparison to TACT Refraction Profiles

[46] Comparison of our 3-D model to the onshore TACT
refraction model [Fuis et al., 1991] reveals important
similarities (Figure 12). The refraction model uses refracted
and reflected secondary arrivals to estimate layers within the
crust. It includes a few PmP arrivals to infer the Moho
geometry, and the basic refraction models will have a
uniform crust with a sharp velocity discontinuity at the
base. The 3-D model only solves for velocity at nodes and
does not have layers or discontinuities; and the nodes are
relatively coarsely spaced both horizontally and vertically. It
only uses first arrivals, but it also includes earthquake
sources to 45-km depth in the vicinity of the TACT transect.
Thus deeper velocities may be better constrained in the 3-D
model because of the earthquakes, but the velocity model
will be fairly smooth. For the TACT profile the major
crustal velocity features in the two models are similar.
The Copper River Basin is imaged as a broad low-velocity
feature in both models with Vp � 3.0 km/s at the surface.
The TACT profile defines the base of the basin at a velocity
discontinuity between 4.6 and 6.1 km/s at a depth of 5 km.
Our inversion defines a comparable basin thickness using a
Vp of 4.5 km/s to define the base of the basin. In our
inversion, however, velocities as low as Vp � 6.3 km/s

Figure 9. Vp and Vp/Vs cross sections parallel to Fairweather/Totschunda fault (downdip Yakutat slab), with hypocenters
(plus) within 50 km of section. Color image is masked where there is low resolution. In Figure 9b, fast directions at 100-km
depth from SKS [Christensen et al., 2003] are indicated by the yellow/green arrows for parallel to the section and by the
yellow/green circles for normal to the section; A, unusual mantle low Vp, low Vp/Vs; B, high-Vp shallow mantle. MTB,
Middle Tanana basin; DF, Denali fault; Wrang, Wrangellia terrane; CRB, Copper River basin; CF, Contact fault; PW, Prince
William terrane; McK, Mount McKinley; CMF, Castle Mountain fault; Chug, Chugach Mountains; MI, Montague Island;
TF, transition fault system. The region of strong plate coupling (Figure 2a) is indicated in Figure 9c.
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Figure 10. (a, b) Vp and Vp/Vs cross sections normal to central Denali fault, with hypocenters (plus)
within 50 km of section. Image is masked where there is low resolution. TF, transition fault system;
Chug, Chugach Mountains; DF, Denali fault; CF, Contact fault; WrV, Wrangell volcano; edge, apparent
edge of Yakutat slab. (c, d) Vp and Vp/Vs cross sections across the Yakutat slab, with hypocenters (plus)
within 50 km of section. Color image is masked where there is low resolution. Spr, Spurr; Red, Redoubt;
Aug, Augustine; Ilm, Iliamna; WrV, Wrangell volcano; TotF, Totschunda fault; CRB, Copper River
basin; P-Yak, Pacific-Yakutat boundary (STFS).
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extend beneath the basin to as much as 20-km depth. The
northern edge of the basin is distinct in our inversion and
corresponds to the West Fork fault system. The Contact
fault is distinct in both models as the north dipping
boundary of the low-velocity crust of the Prince William
terrane. The 6.5 km/s contour in the 3-D model is most
similar to the refraction model. Using the 7.5 km/s contour
in the 3-D model as a proxy for the crust/mantle boundary,
based on our comparison of our 3-D model with models for
several TACT refraction lines, the general variations in the
approximate depth to Moho is similar in both models. Our
3-D model shows a deeper Moho beneath the Contact fault
than the refraction model whereas our Moho is shallower
beneath the Copper River Basin.

[47] The offshore crustal structure was determined from
several TACT refraction profiles by Brocher et al. [1994].
Comparison to the 3-D velocity along lines TACT and
Kayak is shown in Figure 13, including additional Prince
William Sound seismicity [Ratchkovski et al., 2002]. The
crustal velocities are similar, with Vp < 6.0 to about 15-km
depth on the southeast and a sharp change to higher
velocities on the northwest that includes a thick 6.9 km/s
zone. The 6.9 km/s refractor is inferred to be Eocene
oceanic crust by Brocher et al. [1994], and the 6.9 km/s
velocity material in the 3-D model is similar in depth and
orientation, within our resolution. The southeastern offshore
edge of this feature appears related to an increase in the
seismicity in the subducting slab (Figure 13a, distance

Figure 10. (continued)
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150 km). The offshore mantle Vp in the 3-D model is
surprisingly variable, with a region of 7.7 km/s adjoining
a region of >8.0 km/s (A, Figure 6f). Such variation was
also found in the forward modeling of the refraction profiles
with well-constrained mantle Vp of 7.7 km/s along the
TACT line (Figure 13a) and 8.0 km/s along the Kayak line
(Figure 13b).

7. Discussion

7.1. Subducted Yakutat Terrane

[48] The composition and emplacement of the Yakutat
terrane (Figure 2a) are described by Plafker [1987] and
Plafker et al. [1994a], who infer that terrane development
began at 48 Ma when the Transition fault system acted as a
transform fault at the eastern end of the Aleutian subduction
zone. East of the fault, this dextral motion stranded an
approximately 200-km-wide nonsubducting section of the
Pacific plate plus a fragment of a Cretaceous accretionary
prism. At 30 Ma, the Queen Charlotte–Fairweather trans-
form fault formed farther east, allowing the Yakutat terrane
between the two transform/transpressional faults to migrate
toward the trench and subduct. On the northeastern end of

this terrane, subduction of the Yakutat terrane resulted in
shortening and uplift of the Chugach–St. Elias Mountains.
In this model, about 1200 km of Pacific plate motion has
been accommodated along the Transition and Queen
Charlotte–Fairweather faults. A portion of the Eocene
Transition fault system is mapped at the surface (Figure 2a),
and has been extrapolated beneath the Aleutian Megathrust
westward by magnetic anomalies [Bruns, 1983]. Following
Plafker’s [1987] model, the fault system must extend farther
west within the downgoing subducted slab as the western
boundary of the Yakutat terrane. We denote this extensive
fault system as the subducted Transition fault system (STFS).
[49] Plafker [1987] estimated that 600–1000 km of the

Yakutat terrane has been subducted and that Yakutat sub-
duction is responsible for the Wrangell volcanism. He infers
that several hundred km of Pacific plate may have sub-
ducted under the Yakutat terrane. Currently the Yakutat
terrane is moving at close to the velocity of the Pacific plate
[Fletcher and Freymueller, 2003], but with a more north-
westerly azimuth, and thus it has been termed a distinct
microplate [e.g., Pavlis et al., 2004].
[50] Our study area includes only the western ‘‘oceanic’’

part of the Yakutat terrane, and not the Cretaceous accre-

Figure 11. Depth contoured plots of (a) 7.5 and (b) 7.8 km/s isovelocity. Image is masked in gray where
there is low resolution. BEAAR stations (white triangles), TACT land profile, coastline (white), active
faults (magenta), volcanoes (black triangles), and Mount McKinley (star) are shown. Features A, B, C are
discussed in text.
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tionary prism rocks forming its eastern margin. The mafic
oceanic terrane should be similar to other oceanic subducted
plates that generally exhibit crustal seismicity and high-
velocity slab mantle, and descend into the asthenosphere as
coherent slabs to several hundred kilometers depth. Such
characteristics are readily imaged with seismic tomography.
Thus we use the term ‘‘Yakutat slab’’ to mean the oceanic
part of the Yakutat terrane (Figure 2b). Its thick oceanic
crust means that it is not a typical oceanic slab and it may
have formed as an oceanic plateau [Pavlis et al., 2004].
Mantle of the continental eastern part of the Yakutat terrane
is less likely to form a simple slab since continental
rheology results in gravitational instability of the mantle
and crustal thickening [Pysklywec et al., 2002].
[51] The Yakutat terrane is associated with relatively low

Vp and high Vp/Vs in our 3-D model (Figure 9). Where the
terrane is mapped offshore and southeast of Kayak Island, it
has low Vp < 5 km/s in the upper 6 km, increasing to 7 km/s
at 20-km depth (Figure 6). These velocities correspond to
the sedimentary cover and the underlying Eocene basalt and
oceanic crust. Yakutat slab seismicity is confined to material
with Vp > 6.5 km/s, which is the basaltic crust (Figure 9).
Throughout the region of relatively flat subduction, the
uppermost subducting plate has an approximately 20-km-
thick section of material with Vp between 6.8 and 7.5 km/s
and Vp/Vs > 1.77 (Figure 9). This region also contains a 15-
to 20-km-thick zone of slab seismicity that forms a rela-
tively smooth surface. The seismic properties of this zone

are consistent with thick mafic crust, such as of an oceanic
plateau. This is the type of crust inferred for the western half
of the terrane by Plafker [1987].
[52] Plafker [1987] proposed deep subduction of sedi-

mentary rocks. Our results are relatively coarse and would
not distinguish such a feature unless it was relatively thick
(>5 km) and had a large velocity reduction. Where the
Yakutat terrane underthrusts the PrinceWilliam and Chugach
terranes, in the vicinity of the Contact fault, there is
a low-velocity zone dipping under the Chugach terrane
(Figure 10b). This represents accretion of underthrust
sedimentary rocks within the overlying plate.
[53] The low-Vp, high-Vp/Vs feature associated with the

Yakutat terrane subducted slab extends to the 110- to
140-km depth (Figures 9a and 9b). Thus the Yakutat terrane
has subducted to at least 140-km depth (the depth of the
deepest seismicity in the northern subduction zone). The
low-velocity subducting plate was also imaged with re-
ceiver functions by Ferris et al. [2003]. Their waveform
inversion shows an 11- to 22-km-thick low-velocity zone
at the top of the slab to 150 km depth, up to 20% slower
than surrounding mantle. They show that this requires about
600 km of subduction from the Aleutian trench, which is
consistent with Plafker’s [1987] tectonic reconstruction.
From our results we infer the western edge of the Yakutat
slab as shown in Figure 2b, with an uncertain amount of
Pacific plate underthrust. This can be compared to map
views (Figures 6, 7, and 11).

Figure 12. Comparison to main features of onshore refraction model, indicated by heavy line and large
numbers [Fuis et al., 1991]. Vp cross section, 2:1 vertical exaggeration, with hypocenters (plus) within
50 km of section. Image is masked where there is low resolution. BRFS, Border Range fault system.
Red dashed lines denote sequence of north dipping reflectors seen in parallelogram-shaped region by
Fuis et al. [1991]. Dashed white line approximates the edge of the Yakutat oceanic slab.
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Figure 13
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[54] The western edge of the subducted Yakutat terrane
should show an abrupt change in crustal thickness across
the STFS, as seen in seismic reflection profiles [Fisher et
al., 2005]. This offset is seen in the 7.8 km/s isovelocity plot
(Figure 11b) where there is northwest trending feature with
approximately 10 km thicker crust on the northeast (inter-
pretation shown on Figure 2b). In cross sections across the
top of the subducting plate (Figures 10c and 10d), the
seismicity defines a relatively smooth top of the subducting
plate across the edge of the Yakutat terrane (labeled P-Yak).
The subducting Transition fault is inferred to be an old
oceanic strike-slip fault that separates different types of
crust with different thicknesses, but the combined Pacific
plate and western part of the Yakutat terrane seem to be
subducting together, as there is no sharp change in seismic-
ity that might be expected for a tear.
[55] Following this trend offshore to the southeast is the

area with relatively low velocity at 33- to 48-km depth
(Figures 6e and 6f; labeled ‘‘A’’), which may also be a
signature of the STFS. East of Montague Island, the STFS is
imaged with low velocity below 30 km. This characteristic
may be best explained by the partial subduction of Pacific
plate under Yakutat as suggested by Plafker [1987]. Thus, in
cross section (Figure 10b), the broad low velocity (under
‘‘TF’’, at y = 50) may be a region of doubled oceanic crust
and the high velocity at 48-km depth to the north may
represent the upper mantle of the Yakutat slab, under which
the Pacific plate has partially subducted. This would suggest
50–100 km of Pacific-Yakutat subduction, although the
amount is poorly constrained by our coarse 3-D model,
which has a sharp drop in resolution southward (Figures 4e
and 4f). The abrupt western end of the low-velocity feature
(Figure 6f) may be related to some preexisting structure on
the STFS such as a short ridge segment from Plafker’s
[1987] tectonic model. Brocher et al. [1994] found a similar
region of lower-velocity mantle (7.7–7.8 km/s) subparallel
to the Transition fault.
[56] The apparent northeastern edge of the subducted

Yakutat oceanic terrane is imaged as the edge of the high
Vp/Vs and underlying high-Vp slab, and the edge of the deep
seismicity (>50 km), as seen in the 48- to 65-km depth map
views (Figures 6e, 6f, 7e, and 7f). The northeastern edge is
most apparent in cross sections parallel to the strike of the
slab (Figures 10c and 10d). The slab seismicity ends
abruptly above the edge of the 65- to 85-km-deep high-
velocity layer (Figures 10c and 10d, under label ‘‘edge’’).
The edge is not simply a tapering off of resolution, and the
mantle velocity east of the Yakutat slab has decreased from
the initial model. The apparent slab edge can also be
inferred from the TACT profile, as the end of a feature that
produces reflected arrivals in wide-angle data and a 5-km-
thick band of reflections in seismic reflection data
(Figure 12) [Fuis et al., 1991].
[57] The apparent northeastern edge is drawn as the

Yakutat slab edge in Figure 2b. With such an abrupt change

in seismicity and material properties, this most likely
represents the edge of the Yakutat Eocene volcanics, which
may be oceanic plateau. However, we cannot rule out the
possibility that additional Yakutat material extends farther
east and deeper, because our resolution decreases with depth
(Figure 10d.) Fuis et al. [1991] consider that slab material
extends farther north of the boundary sketched in Figure 2b
but dips sharply steeper.
[58] Page et al. [1989] located four magnitude 2–3

earthquakes greater than 75 km deep in the Wrangell region
during the period 1971–1986 and denoted a Wrangell
Wadati-Benioff zone with a slab subducting northeastward.
This orientation is roughly normal to the direction of plate
motion. For our velocity inversion, we include only well-
constrained earthquakes magnitude >2.5, from 1991 to 2002
and did not find any events this deep in the Wrangell region;
and 3-D relocation of the entire catalog, 1971 to present,
has not yet been undertaken. However, occasional small-
magnitude deeper earthquakes are observed in regions of
crustal thickening [Kohler and Eberhart-Phillips, 2003] and
do not necessarily indicate continuous subducted oceanic
plate. Even if subducted Yakutat material extends farther or
deeper toward the northeast, it is still primarily a passive
edge of the large slab that is subducting northwestward
(Figure 2b).
[59] East of the Aleutian trench subduction, the Yakutat

deformation changes to oblique convergence dominated by
uplift of the St. Elias orogen with formation of a 400-km-
long, 70-km-wide region of high topography (Figure 2a)
[Pavlis et al., 2004]. This high-topography region is north-
east of the Yakutat slab. In the 3-D model, it is associated
with the region of thick crust between the Yakutat slab and
the Denali fault (Figures 10d and 11). The region of crustal
thickening is also shown in Figure 2b. Note that the
resolution drops off toward the eastern periphery, and it is
possible that the region of crustal thickening could continue
to the southeast along with the high-topography region.
However, it is also feasible that the crustal thickening is
more pronounced on the west than the high topography, as
implied in the 3-D image. Lower crustal rheology allows
lateral extrusion such that crustal thickening need not be
directly located under crustal uplift [Gerbault et al., 2002],
and in many convergent mountain ranges elastic plate
strength causes offset between roots and the highest topog-
raphy [e.g., Molnar and Lyon-Caen, 1988]. From the
7.5 km/s contour (Figure 11a), the crust thickens to ap-
proximately 50 km, which is similar to that estimated from
wide-angle reflections by Fuis et al. [1991] (Figure 12).

7.2. Relation Between Pacific Plate and Yakutat Slab

[60] The 3-D velocity does not provide specific Pacific-
Yakutat displacements, but because it images the entire
subducted slab, it provides some useful insights/constraints.
In a 2-D model, the Yakutat slab is a small microplate and
tectonic models based on observed surficial bounding faults

Figure 13. Comparison to onshore-offshore refraction models [Brocher et al., 1994] for (a) TACT and (b) Kayak lines
(see Figure 3a). Vp cross sections, 2:1 vertical exaggeration. Image is masked in gray where there is low resolution.
Hypocenters within 25 km of section: plus, inversion earthquakes; diamond, double-difference 1-D relocations of
seismicity from Ratchkovski et al. [2002]. The region of strong plate coupling (Figure 2a) is indicated in Figure 13a.
Dashed white line shows approximate location of the plate interface, which is not specified in the 3-D velocity model.
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may result in interpretations that are inconsistent with the
extensive subsurface subducted slab. In the mantle, we
consider that the Yakutat slab is subducting with the Pacific
plate and is not moving independently as a truly distinct
plate. However, its properties result in Pacific/Yakutat
relative displacement at shallow depths.
[61] It is thicker than normal Pacific oceanic crust, and

hence more buoyant, explaining why mountain building
occurs only where Yakutat crust subducts [Ferris et al.,
2003]. This means the descending slab dips more shallowly.
If the Yakutat slab is descending more shallowly, but is
welded to the more steeply dipping Pacific plate, this could
naturally lead to a small amount of relative displacement at
the Earth’s surface where the two sections have the same dip
(i.e., where have not yet subducted).
[62] Thus, within the viscous mantle, we presume there

would be little reason for deformation between the sections
of subducting slab since the primary force would be slab
pull of the large subducting Pacific plate, and the mantle
component of the subducting Yakutat plate. As both kinds
of crust metamorphose to eclogite, probably near 150 km
depth here [Abers and Sarker, 1996], the metamorphosed
crust also adds negative buoyancy [Hacker, 1996]. At
shallower depths, as the subducting Pacific plate pulls the
more buoyant Yakutat slab downward, the Yakutat slab
overthrusts the shallow Pacific plate as a secondary effect.
We infer this secondary effect is what is measured with
surface deformation observations.
[63] Alternatively, if there were no shallow Pacific-Yakutat

relative displacement, then there would be a tear between
the sections of subducted slab. We do not image such a tear
in the slab, although a gradual bend may be present.
Consider Figure 6h (85-km depth) which shows a distinct
bend, but the slab is a continuous high-velocity feature and
the slab seismicity is continuous. Also, if the Yakutat terrane
was attached to the Pacific plate at the surface, the north-
eastern edge of the Yakutat terrane should lie northeast of
the Totschunda fault, based on the Pacific–North America
relative plate motions in southern Alaska, which have
become more clockwise through time (Figure 2b). However,
this is not the case, but rather the inferred northeastern edge
of the Yakutat terrane lies roughly 150 km to the southwest
(Figure 2b). Thus the surficial Yakutat terrane has been
moving relative to the Pacific plate for a long time.
[64] Our 3-D interpretation may convey apparently

conflicting descriptions of relative motion depending on
the viewpoint. From the viewpoint of the entire Yakutat
slab, the slab is subducting together with the Pacific plate.
However, in the more common viewpoint of only the
portions of plates that are observed at the Earth’s surface,
the Yakutat block is moving relative to the Pacific plate, as
measured geodetically (Figure 2a).
[65] As mentioned previously, the geodetic data indicate

the Yakutat terrane is moving at close to the velocity of the
Pacific plate, but in a more northwesterly direction [Fletcher
and Freymueller, 2003]. Geologic mapping and structural
interpretations also support the idea that the Yakutat terrane
is being shoved westward just south of the Chugach–
St. Elias thrust [Pavlis et al., 2004; Bruhn et al., 2004].
The fact that the northeastern edge of the subducted Yakutat
slab (Figure 2) lies southwest of the line between the
Fairweather fault and the Totschunda fault suggests that

these indications of relative motions between the Yakutat
terrane and the Pacific plate represent a long-lived process,
perhaps since the initiation of the Yakutat terrane collision
around 25 Ma. Plafker [1987] and Fletcher and Freymueller
[1999] suggested the Transition fault may accommodate
this deformation, in that it was initially a transform fault, but
it is now a low-angle thrust. Our results do not constrain the
extent of underthrust Pacific plate and the amount of
sketched overlap is schematic (Figure 2b).

7.3. Terranes of the Overriding Plate

[66] South of the Denali fault, southern Alaska is com-
posed of a series of terranes accreted prior to mid-Cretaceous
time (Figures 1 and 2; for comparison of features, note
that the rectangle in Figures 1 and 2 corresponds to the
velocity plots in Figures 6 and 7). These terranes exhibit
differences in velocity among themselves and are different
from the preexisting North American continent, north of
the Denali fault (see Figure 1). If Vp of 7.5 km/s is con-
sidered a rough estimate of crustal thickness (Figure 11a),
there is a distinct change in crustal thickness across the
central Denali fault, yet west of x = 0, the gradient in crustal
thickness follows the northern boundary of the Wrangellia
terrane (Talkeetna fault) rather than the western Denali fault.
This suggests that the accreted terranes do not have their
own mantle and is consistent with ideas of subsequent
underplating [Fuis and Plafker, 1991] or that crust has been
subsequently deformed by reactivating terrane-bounding
faults.
[67] The accreted terranes tend to exhibit slightly higher

crustal Vp than the para-autochthonous terranes of North
American continental affinity, which have Vp < 6.5 km/s in
the upper 25 km (Figures 6c and 6d). There is also a distinct
change in Vp/Vs such that the continental crustal rocks have
lower Vp/Vs, <1.7 (Figures 7b and 7c). These differences
can be explained by the common presence of intermediate
to mafic volcanic rocks and sediments in the Wrangellia and
Peninsular terranes, south of the Denali fault, whereas the
continental margin terranes north of the Denali fault consist
dominantly of more felsic metasedimentary rocks [e.g.,
Plafker et al., 1994a].
[68] The younger Prince William terrane has relatively

lower velocity than the older, more inboard terranes, with
Vp < 6.5 km/s in the upper 20 km (Figure 9b). This terrane
consists of Paleogene sedimentary rocks, and interbedded
volcanics and granitic plutons. The velocity contrast makes
the terrane bounding Contact fault apparent where the
Prince William terrane underthrusts the older Chugach
terrane. There is also scattered seismicity in the vicinity of
the thrust boundary zone. This finding is remarkable in light
of geologic studies from western Prince William Sound
indicating no significant difference in the structure or
sedimentology of the rocks on either side of the inferred
trace of the Contact fault [Bol and Gibbons, 1992;Dumoulin,
1988]. The Contact fault in eastern Prince William Sound is
much more pronounced [e.g., Bol and Roeske, 1993], and
geophysical differences across the structure are expected.
[69] The Wrangellia and Chugach terranes generally have

Vp � 6.5 km/s at 15-km depth (Figures 6c and 9c). This
velocity is reasonable for the metasedimentary and meta-
volcanic rocks [Christensen and Mooney, 1995]. The Wran-
gellia terrane also includes underlying Talkeetna arc rocks
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that show a largely mafic bulk composition [DeBari and
Sleep, 1991]. The Wrangellia terrane is characterized by a
relative absence of upper crustal distributed seismicity
compared to the adjacent North America continent and
Peninsular and Chugach terranes (Figures 1, 6b, and 6c).
The relatively aseismic character may be the result of
different rheological properties.
[70] The Kahiltna flysch terrane is described by Plafker

and Berg [1994], Stanley et al. [1990], and Ridgway et al.
[2002]. It is a Mesozoic flysch sequence that formed in an
ocean basin on the northern margin of the Wrangellia
terrane. Cretaceous oblique subduction collapsed the basin
and imbricately sheared and underthrust large volumes of
schist under the Yukon-Tanana terrane. Stanley et al.’s
[1990] magnetotelluric surveys showed very conductive
rocks to at least 20-km depth, which are most likely
carbonaceous shales of the Kahiltna flysch. At greater
depth, increased metamorphic recrystallization is interpreted
to reduce conductivity and the ability to detect the flysch.
[71] In the crust, the Kahiltna flysch terrane is character-

ized by relatively low Vp (<6.5 km/s to 24-km depth,
Figure 6d) and low Vp/Vs (<1.7, Figure 7b), such that the
boundary with the Wrangellia terrane is apparent (see lab
measurements of Brocher et al. [2004]). Below 33-km
depth, a feature appears in the tomography that can be
interpreted as the Cretaceous subduction of underthrust
Kahiltna flysch, seen in Figure 9b as a north dipping
low-Vp zone to the north and overlying the Yakutat slab
separated by a high-velocity zone. This is also seen in the
65-km depth map view (Figure 6g) where a low-Vp

anomaly extends northeast of Mount McKinley and the
Denali fault, with Vp as low as 7.0 at 65-km depth. We
interpret the low-Vp feature as representing the underthrust
leading edge of Wrangellia emplaced during Cretaceous
collision, perhaps with a thick section of metamorphosed
Kahiltna flysch. The underlying adjacent high-velocity
layer (B, Figure 9b) may represent a portion of the
subducted oceanic slab that transported the flysch, meta-
morphosed to eclogite, or an intervening piece of mantle.
In Vp/Vs, the low-Vp feature is characterized by low Vp/Vs

(<1.7) in contrast to the Yakutat slab. Similar low Vp/Vs

for this part of the mantle have been inferred from receiver
functions [Rossi et al., 2006]. Low Vp/Vs may reflect a high
quartz content, which has a very low Vp/Vs [Christensen,
1996]. Brocher et al. [2004] report low Vp/Vs of less than
1.7 for some quartz-rich Yukon-Tanana terrane rocks.
[72] Any metasediment subducted to depths of 65 km

(>2 GPa pressure) would undergo substantial metamor-
phism, probably to garnet-granulite facies. At these con-
ditions, seismic velocities can be quite high depending upon
bulk composition [Rudnick and Fountain, 1995; Behn and
Kelemen, 2003]. The bulk composition of clasts comprising
the Kahiltna flysch are described as andesitic [Stanley et al.,
1990] although variable spatially [Ridgway et al., 2002],
and potentially modified by metasomatism, so it is unclear
what such rock would look like following subduction. The
one constraint is the low Vp/Vs, which likely requires that
quartz be abundant as sometimes seen in exhumed high-
grade rocks [Liou et al., 1998]. Quartz is the only common
mineral that might be stable at mantle conditions and which
has Vp/Vs < 1.73 [Christensen, 1996; Hacker et al., 2003].
At pressures above 2.5–3 GPa (60–85 km depth), quartz

will convert to coesite [Akaogi et al., 1995]. In order to
remain in the mantle for the approximately 110 Myr since
arc accretion, some process would have to isolate these
rocks from mantle flow associated with subsequent subduc-
tion. High temperatures have been inferred for this portion
of the mantle wedge from seismic attenuation [Stachnik et
al., 2004], so it is likely that these rocks are weak enough
to flow (particularly if quartz rich), but buoyancy may limit
mobility.
[73] In the terranes north of the Denali fault, there is one

unusual feature in the 3-D model. Near x = �100, y =
�350, there is a 50- to 100-km-wide northeast trending
region with shallow low velocity, 5.4 km/s at 6-km depth,
underlain by high velocity, 7.5 km/s at 24-km depth (MTB,
Figures 6a–6d and 9a). The shallow low velocity represents
the Middle Tanana basin [Ehm, 1983], which is character-
ized by a prominent 25 mGal isostatic gravity low [Frost et
al., 2002] and strong reverberations in receiver functions
[Veenstra et al., 2006; Rossi et al., 2006]. Sedimentary
cover inhibits accurate mapping of the basement rock in this
part of the Yukon-Tanana terrane and identification of the
underlying high-velocity rock. However, Stanley et al.
[1990], in a magnetotelluric profile, inferred a large body
of resistive rock (>1000 ohm m) from 5 to 20 km depth in
this region. Stanley infers that it represents high-grade schist.
Some mafic terrane fragment would be another possibility.
There is abundant seismicity associated with the high-
velocity crust, although it appears to be part of a larger
region of distributed seismicity.

7.4. Subducted Pacific Plate

[74] The subducted Pacific plate is imaged as a high-Vp

slab to 110–190 km, along the 600 km of the subduction
zone southwest of the subducted Yakutat slab (Figures 6g
and 8a–8d). However, there is one intriguing low-velocity
feature that departs from the uniform character of the slab.
At y = 150 km, the Vp of the slab mantle is low from 65- to
140-km depth, to 7.9 km/s at 110 km (labeled ‘‘B’’,
Figures 6h, 6i, and 8e). This is the location south of Cook
Inlet where the slab bends to become more parallel to the
trench. There could be some preexisting structural feature of
the incoming Pacific plate that is related to the low Vp. For
example, the Kodiak-Bowie seamount chain impinges upon
the trench just south of this feature [e.g., Silver et al., 1974]
(Figure 2b). Seamounts, or sediments trapped in their
surrounding moats, might provide a source and conduit
for fluids to alter the mantle. Alternatively, there may be
some mantle deformation process related to the bending that
results in the low Vp without a preexisting feature, allowing
fluids to more easily alter the oceanic mantle. In either
scenario, introduction of fluids into the downgoing mantle
could produce serpentine and chlorite, which are stable to
high pressures and low temperatures, and have low seismic
velocities [Hacker et al., 2003].

7.5. Plate Coupling

[75] The Pacific–North American plate interface is sig-
nificant because it is the location of seismic slip during great
subduction zone earthquakes. The 1964 Mw 9.2 earthquake
had a primary asperity, with 15–25 m slip, beneath Prince
William Sound and a secondary asperity, with 5–15 m slip,
east of Kodiak Island [Christensen and Beck, 1994; Johnson
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et al., 1996]. These two asperities are persistent features in
the paleoseismic record [Combellick, 1994; Gilpin, 1995]
that also correspond to current patterns of plate coupling,
including the intervening region of low 1964 coseismic slip
and near-zero plate coupling (Figure 2a) [Zweck et al.,
2002]. The Prince William Sound asperity has very strong
coupling (�1.0) and the Kodiak asperity has moderate
coupling (0.4). Strong coupling in the Prince William Sound
asperity has been related to the shallow dip and geometric
complexity in the region of the Yakutat subduction
[Christensen and Beck, 1994] and weak coupling has
been related to subduction of thick sediments [von Huene
et al., 1999].
[76] The location of the Prince William Sound asperity is

shown on the cross sections (Figures 9c and 13a), following
the strong coupling feature in Zweck et al.’s [2002] model. It
primarily corresponds to the region of the Yakutat plate, yet
it is centered on the southwestern boundary of the Yakutat
plate along the Transition fault system (Figures 2a and 2b).
This former oblique-slip feature adds significant complexity
to the subducting plate, which may have especially thick
crust where the Yakutat crust partially overthrusts the
Pacific crust. Our results do not address the Kodiak asperity
which is near the southern periphery of our study area,
where the shallow slab is poorly imaged (Figure 8d).
[77] In the low coseismic-slip region, Ye et al. [1997]

infer a 20-km-thick underplated low-velocity zone, from
forward modeling of the EDGE profile. The 3-D inversion
model has a similar velocity reversal at 15-km depth and
relatively low velocity above the slab in that area (Figure 8c,
x = 0 to �50). Von Huene et al. [1999] relate the thick
subducted sediment to the zone of weak coupling.
[78] The set of earthquakes selected for velocity inversion

have numerous observations and depths that are constrained
in single-event locations. Thus the set includes few small-
magnitude shallow offshore events. A more comprehensive
view of seismicity is provided by Ratchkovski et al.’s [2002]
double-difference relocations of Prince William Sound
seismicity, which are plotted in Figure 13. These used a
1-D velocity model and, for the few common events, they
average 6 km shallower than the 3-D hypocenters.
[79] The seismicity is most abundant in the Prince William

terrane, both where it is mapped and where it is underthrust
below the Chugach terrane (Figure 13). The shallow offshore
part of this terrane shows folding and numerous thrusts in
seismic reflection profiles [Plafker, 1987], and internal de-
formation throughout the accreting terrane is reasonable. The
distributed small earthquakes do not necessarily define sig-
nificant fault zones, however, they do indicate a broad region
of brittle deformation which may include numerous distrib-
uted small faults. It is notable that brittle deformation char-
acterizes the entire thickness of the overlying plate, all the
way down to the subducting slab. This is also true of the
strongly coupled portion of the Hikurangi subduction zone
[Eberhart-Phillips et al., 2005]. Thewestern downdip edge of
the Prince William Sound asperity is in the vicinity of the
Contact fault, which bounds the relatively low-velocity
underthrust Prince William terrane. Thus there may be
rheological or fluid transport properties of the PrinceWilliam
terrane that contribute to strong coupling. Alternatively, the
terrane boundary may simply coincide with the thermal
downdip limit to seismic slip.

[80] The base of seismicity tends to follow the 7.0 km/s
contour. This relationship is consistent with the hypothesis
of Brocher et al. [1994] that the top of the Eocene volcanic
crust of the Yakutat terrane may represent a detachment
surface. The seismicity and 7 km/s isovelocity contour are
relatively flat in the region of the Transition fault and then
dip more steeply northwest of the fault. This geometry
suggests that the subducting slab is particularly buoyant in
the Transition fault region, which is a key factor in produc-
ing strong coupling. Thus the localized increase in slab
buoyancy associated with the Transition fault, combined
with the relatively strong overlying Prince William terrane
and relatively low sediment flux, produces the strong Prince
William Sound asperity.

7.6. Volcanism/Volcanogenic Subduction

[81] The Cook Inlet volcanoes (y = 0 to 225) lie above a
low-Vp, high-Vp/Vs mantle wedge (Figures 8a, 8b, 6e, 6f, 7e,
and 7f). In this region, Kisslinger and Lahr [1991] observed
similar low Vp. In the subduction zone mantle, Vp/Vs is
likely elevated by two processes. First, directly beneath the
arc volcanoes where melting occurs, the presence of small
degrees of partial melt or the hydrating fluids that trigger
melting should act to increase Vp/Vs for most expected pore
fluid geometries [Takei, 2002]. Such anomalies may be seen
beneath some volcanoes at 48- to 65-km depth (Figures 7
and 8e). Second, in the shallower parts of the forearc,
temperatures can be sufficiently low (<600–700�C) that
serpentine is stable, and serpentinite has unusually high Vp/
Vs [Christensen, 1996]. Attenuation tomography indicates
that a transition in wedge temperature happens fairly
abruptly above where the slab reaches 80 km depth
[Stachnik et al., 2004], so that the shallow, cold part of
the mantle wedge is isolated from overall flow [Kincaid and
Sacks, 1997; Abers et al., 2006]. Such conditions would
favor gradual serpentinization as slab-derived fluids migrate
up [Hyndman and Peacock, 2003; Brocher et al., 2004].
Large wavelength magnetic anomalies beneath the forearc,
and high-conductivity lower crustal rocks [Green, 2003],
also indicate mantle serpentinization through its production
of magnetite, and the Alaska magnetic belt [Blakely et al.,
2005] corresponds closely to the high-Vp/Vs belt seen at z =
48 km (Figure 7).
[82] At shallow depth (<30 km) we do not image low Vp

or high Vp/Vs under the volcanoes, although there could be
narrow features such as the 3-km-wide low-Vp conduit
observed by Power et al. [1998] under Spurr. Underlying
Spurr, an extensive region of partial melt below 30 km
inferred from high Vp/Vs (Figure 8e) corroborates petrologic
investigations that show magma ascends from that depth,
rather than residing in the crust [Power et al., 2002]. A
similar low Vp, high Vp/Vs is also imaged in Japan in the
uppermost mantle beneath many volcanoes [Nakajima et
al., 2001].
[83] The upper crustal velocities under the Cook Inlet

volcanoes are relatively high (Figures 6b and 6c). They are
>6.5 km/s from 6- to 15-km depth, and these velocities are
consistent with mafic igneous rock [Christensen and
Mooney, 1995], which is either associated with the modern
arc or its Mesozoic predecessors. Similar velocities typify
the modern arc crust in the Aleutians [Shillington et al.,
2004].
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[84] The Cook Inlet volcanoes are spaced 50 to 80 km
apart. The high-Vp/Vs mantle under the Cook Inlet volca-
noes is not uniform, but has high-Vp/Vs zones associated
with each volcano (Figures 7f and 8e). This variation may
reflect lateral variations in the dewatering of the downgoing
slab and the resulting hydration of the mantle wedge, or
some process that acts to focus melt along strike, such as
Rayleigh-Taylor instabilities. For example, Tamura [2003]
observed distinct fingers of warmer mantle under Japanese
volcanoes and deduced a petrological model where partial
melt would be preferentially entrained into rising mantle
diapirs of hydrous peridotite. In either case, high Vp/Vs

probably reflects significant melt present in interconnected
cracks or pores [Takei, 2002].
[85] The location of Spurr Volcano near the western edge

of the subducted Yakutat slab may allow the volcano to tap
fluid released by Yakutat subduction, in addition to fluids
from underlying Pacific slab subduction. In the section
across the Yakutat slab (Figure 8e), the high-Vp/Vs anomaly
under Spurr is continuous with the high Vp/Vs in the Yakutat
slab. The continuity of high Vp/Vs is also seen in the map
views from 65- to 100-km depth (Figure 7). Hence, if the
overlying Cretaceous slab prevents vertical Yakutat subduc-
tion fluid movement, then alternative movement sublater-
ally and to the south may be favored. This process would
also influence Hayes volcano, a less active volcano north of
Spurr.
[86] The inferred sublateral mantle flow is consistent with

the anisotropic fast directions determined by Christensen et
al. [2003] from teleseismic observations on the BEAAR
array (Figures 7i and 9b). For ray paths that sample the
mantle underlying the subducting slab, the fast direction is
northwest, in the dip direction of the slab. However, for ray
paths that sample the mantle wedge, the fast direction is
southwest, parallel to the strike of the slab. The broadband
array did not extend far enough south to discern whether the
slab-parallel flow ends at the Cook Inlet. In the North Island
of New Zealand, 3-D velocity and anisotropy studies also
imply lateral mantle flow containing subduction fluids
toward the southern end of the volcanic zone [Reyners et
al., 2006]. Mantle anisotropy is related to mantle flow
through orientation of olivine [Nicolas and Christensen,
1987]. Kaminski [2002] showed that mantle flow is still the
most likely mechanism when anisotropy is parallel to the
slab.
[87] South of Cook Inlet, the Augustine and Katmai

volcanoes are also correlated with low-Vp, high-Vp/Vs man-
tle wedge (Figures 8c and 8d). Here the Aleutian subduction
is less oblique, has less complexity of accreted terranes, and
is beyond the broad region of the subduction-to-transform
transition. The Vp/Vs is particularly high in the shallow part
of the mantle wedge overlying the subducting slab from 30-
to 60-km depth. Following Blakely et al. [2005], this
observation may be attributed to dehydration of the down-
going slab in this depth range and to the serpentinization of
the forearc upper mantle wedge. The region near Augustine
and Katmai has particularly thick subducted sediments [von
Huene et al., 1999; Ye et al., 1997]. In subduction systems,
von Huene and Scholl [1991] show that, despite a signifi-
cant amount of underplating, the majority of subducted
sediment is transported to the mantle where it is recycled
through arc magmatism or absorbed into the mantle. Thus

the subducted sediment in this region may result in greater
amounts of magmatic fluid release.
[88] The Wrangell volcanic field (WVF) lies east of, and

is distinctly separate from, the Aleutian volcanoes, and it is
located east of the subducted Pacific slab. Mount Wrangell
is historically active with minor phreatic eruptions, unlike
the major historic eruptions of Cook Inlet volcanoes.
Geochemical and petrological analysis shows that the
WVF does not contain upper crustal reservoirs of partial
melt [Preece and Hart, 2004]. Cross sections across the
slab show the position of Mount Wrangell relative to the
edge of the subducted slab (Figures 10 and 10c). It lies
about 50–75 km northeast of the apparent edge of
the Yakutat slab (high Vp slab) where the slab is about
50–70 km deep. With the relatively sparse data and coarse
inversion grid, we cannot image mantle detail in that region.
The Vp/Vs resolution is particularly weak and thus incon-
clusive. However, the relatively low Vp and moderate Vp/Vs

in the lower crust in the region do not rule out a small partial
melt zone.
[89] The Wrangell volcanism has been related to Miocene

and younger Yakutat subduction [Plafker and Berg, 1994].
The northeastern edge of the subducting Yakutat slab
reaches about 50-km depth near the Wrangell volcanic field
(Figure 10c). The steady dehydration of the subducting slab
[Schmidt and Poli, 1998] may release fluids which may
migrate laterally from the seismogenic slab toward the
Wrangell volcanic field. This region northeast of the slab
is associated with a high-amplitude magnetic anomaly
which Blakely et al. [2005] relate to hydration and serpenti-
nization. An edge to the Yakutat slab slightly west of Mount
Wrangell has also been deduced through petrological anal-
ysis by Preece and Hart [2004]. They relate adakites to slab
melting induced by asthenospheric mantle flow along the
slab edge, analogous to Kamchatka [Yogodzinski et al.,
2001].

7.7. Denali Fault

[90] The modern Denali fault is located near a major
suture zone between terranes with affinities to the North
American continent and accreted terranes [Nokleberg et al.,
1985; Ridgway et al., 2002]. Plafker and Berg [1994]
estimate cumulative post-Cretaceous right-lateral offset to
be 140 km on the western part of the fault (west of Mount
McKinley) and 400 km on the eastern part of the fault. They
infer that the western Denali fault accommodated thrusting
during Cretaceous time, as the Kahiltna flysch underthrust
the Yukon-Tanana terrane, while strike-slip deformation
predominated on the eastern part of the fault.
[91] Currently, the Denali fault is an active strike-slip

fault forming the northern boundary of the Wrangell crustal
block, which is thought to be extruding westward [Lahr and
Plafker, 1980; Haeussler et al., 2000]. Geodetic data and
cosmogenic dating indicate 8–12 mm/yr right slip on the
Denali fault system [Fletcher, 2002; Matmon et al., 2004],
and the Mw 7.9 earthquake of 3 November 2002 ruptured
240 km of the Denali fault and 115 km on related faults
[Eberhart-Phillips et al., 2003].
[92] The Denali fault is prominent in the 3-D velocity

model, particularly in the isovelocity plots that indicate
variation in crustal thickness (Figure 11). The central Denali
fault appears to be a vertical boundary to the depth of
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resolution, which is about 50 km (Figures 6f, 10a, and 10b).
In the upper 20 km there is little contrast in Vp across the
fault, but a greater contrast in Vp/Vs with consistently low
Vp/Vs on the north (Figures 7a–7e). These velocity results
support the central Denali fault being a plate-bounding
lithospheric feature constituting the edge of less deformable
North American plate. There is too little resolution to
distinguish the eastern Denali fault from the Totschunda
fault, but presumably the lithospheric feature continues
along the eastern Denali fault and the margin of the
Yukon-Tanana terrane. The thickest crust (or lowest velocity
mantle) is located at x = 25, where the Denali fault is
directly above the edge of the subducted Yakutat slab
(Figures 11 and 10a).
[93] The western central Denali fault also appears to be a

major crustal feature, and is characterized by low velocity
along the fault in the lower crust (west of x = 50 in Figures 6e
and 10a). Here BEAAR receiver functions show a 5- to
10-km sharp increase in crustal thickness [Veenstra et al.,
2006], which appears to be a more localized feature than for
the eastern central Denali fault (Figure 11a). The character
of the mantle appears less related to the Denali fault, than
for the central fault east of x = 50, since the largest gradient
in upper mantle velocities is well south of the fault
(Figure 11b). In the region of the subducted Yakutat slab,
the western Denali fault is an element of the overlying
plate together with the Cretaceous slab and Kahiltna flysch.
After closure of the Kahiltna flysch basin, the Denali fault
system began accommodating right-lateral strike-slip defor-
mation and appears to have become a subvertical crustal
fault. As suggested by Stanley et al. [1990], in the ductile
crust the fault goes through the underthrust flysch, and thus
would partially offset the shallow mapped flysch from the
deeper flysch.
[94] The highest topography of the Alaska Range is

centered along and south of the western central Denali
fault, with Mount McKinley at 6194 m. (Figure 2a), in
the area where the Denali fault overlies the deep Yakutat
slab. Ferris et al. [2003] inferred that the buoyancy of the
subducting crust drives mountain building. The buoyancy is
illustrated in Figures 10c and 10d. These profiles are
essentially parallel to the megathrust, yet as you go to the
northeast along the profiles, the depth to the slab gets
shallower and shallower. The buoyancy effect would be
most pronounced in the central region of the Yakutat slab
and this may be seen in the topography. The McKinley
region is part of a southeast trending zone of high topog-
raphy (Figure 2a) which lies above the center (width wise)
of the Yakutat slab (Figure 2b). Ultimately the buoyant slab
is likely responsible for the deformation far into interior
southern Alaska, large-scale mountain building of the
Alaska Range and uplift of Mount McKinley.

8. Conclusions

[95] Simultaneous inversion for hypocenters and 3-D Vp

and Vp/Vs images the subduction system and broad plate
boundary in central Alaska, using local earthquake data, and
onland and onshore-offshore active source data. A grada-
tional inversion approach is used, relying on the data to
define the structure without including predefined slab
structure.

[96] The subducted Pacific plate and mantle wedge are
shown, with distinctive properties for the Yakutat slab on
the northeast. In the overlying plate, the edge of the North
American continental margin terranes is prominent as a
lithospheric boundary along the Denali fault that coincides
with an approximately 10- to 15-km increase in crustal
thickness, with thicker crust to the south in the accreted
terranes.
[97] In the crust, low velocity correlates with the Cook

Inlet and Copper River basins. High velocity is shown for
the metamorphic and mafic intrusive rocks of the Chugach
mountains, with a distinct boundary along the Contact fault.
The Wrangellia terrane shows relatively high Vp, consistent
with mafic arc components, and a boundary is apparent to
the low-Vp, low-Vp/Vs Kahiltna flysch terrane. Extending to
65-km depth, the low-Vp, low-resistivity feature represents
extensive Cretaceous underthrusting.
[98] Underlying the volcanic systems, high Vp/Vs in the

mantle is consistent with partial melt and depths are similar
to those inferred petrologically. The high-Vp/Vs mantle
under the Cook Inlet volcanoes is not uniform, but has
high-Vp/Vs zones associated with each volcano, which may
reflect some process that acts to focus melt along strike.
[99] The Yakutat terrane is imaged to 140-km depth as a

subducted slab with a thick low-Vp and high-Vp/Vs crust,
consistent with an oceanic plateau. The boundary between
the subducted Yakutat and Pacific slabs is well defined by
velocity and seismicity, and there is no evidence of a tear.
Rather than a generic mantle wedge, the subducted Yakutat
slab underlies high-velocity material that may represent a
Cretaceous subducted slab. This serves to limit vertical
mantle flow and volcanism, so that sublateral mantle flow
containing subduction fluids is favored toward the Cook
Inlet volcanoes.
[100] A distinct northeastern edge is inferred for the

Yakutat oceanic slab based on 3-D velocity and seismicity,
and is adjacent to a region of >50-km-thick crust. Fluids
from the subducting slab may migrate sublaterally toward
the Wrangell volcanic field and the slab edge may contrib-
ute to adakitic magmas.
[101] The primary asperity of the 1964 Mw 9.2 earth-

quake, with persistent extremely strong plate coupling, is
associated with the southwestern boundary of the Yakutat
plate, where the Yakutat crust has partially overthrust the
Pacific crust, along the Transition fault system.
[102] The 3-D image of the entire subducted slab con-

strains interpretation of the surficial Yakutat terrane. In the
mantle, we consider that the Yakutat slab is subducting with
the Pacific plate and is not moving independently as a truly
distinct plate. At shallower depths, as the subducting Pacific
plate pulls the more buoyant Yakutat slab downward, the
Yakutat slab overthrusts the shallow Pacific plate as a
secondary effect. On the basis of the imaged slab geometry,
we infer that the Transition fault has long accommodated
displacement between the surficial Yakutat terrane and the
Pacific plate. Ultimately, the buoyant slab is likely respon-
sible for the deformation far into interior southern Alaska
and uplift of Mount McKinley.

[103] Acknowledgments. This study builds on numerous data sets
collected over nearly 2 decades. We appreciate the hard work of all who
deployed instruments, analyzed the traveltimes and maintained databases
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for future workers. Specifically, the U.S. Geological Survey (USGS), in
collaboration with a number of universities, was primarily responsible for
collecting and analyzing the active source data, and the University of
Alaska Fairbanks, in collaboration with the USGS, was primarily respon-
sible for collecting and analyzing the earthquake data. We are grateful to
Steven Cohen, Diane Doser, Gary Fuis, Stephanie Prejean, and an anon-
ymous referee for their interest and comments, which significantly im-
proved this manuscript. Plots were created using GMT software [Wessel
and Smith, 1998].
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