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[1] Subduction zones alter the upper plate in a variety of ways, including metasomatism
via slab-derived fluids and accretion of exotic terranes. These processes should produce
distinctive seismic signatures, as seismic velocities are sensitive to compositional
variations. A new method is developed to estimates depths to interfaces and Poisson’s
ratio (Vp/Vs ratio) for dipping layered structures, by stacking teleseismic receiver
functions. It also estimates crustal Vp/Vs and thickness. Using this method, we analyze a
broadband data set from the central Alaska subduction zone, to seek evidence for mantle
wedge composition. Crustal thickness varies from 27 to 45 km, and crustal Vp/Vs indicates
an intermediate to mafic composition, expected for these accreted island arc terranes.
Inversions for mantle structure confirm the presence of a 15—20 km thick low-velocity
zone atop of the downgoing plate to 130 km depth, perhaps subducted crust of an exotic
terrane. Vp/Vs in the mantle wedge allows for 15 + 15% serpentinization where the slab is
<80 km deep and the wedge is cold. Where the slab is deeper, Vp/Vs for the mantle wedge
is unusually low, <1.7. This value is lower than predicted for any common mantle mineral
and may indicate significant quantities of quartz, provided that past physical properties
measurements are not grossly in error. These results suggest that the mantle wedge in
subduction zones can occasionally differ substantially in bulk composition from normal
subcrustal mantle, perhaps because collisions of exotic terranes cause tectonic mixing of

crustal material into the mantle.

Citation: Rossi, G., G. A. Abers, S. Rondenay, and D. H. Christensen (2006), Unusual mantle Poisson’s ratio, subduction, and crustal
structure in central Alaska, J. Geophys. Res., 111, B09311, doi:10.1029/2005JB003956.

1. Introduction

[2] The Earth’s upper mantle appears to be dominantly
peridotite, as revealed by xenoliths, seismic velocities, and
chemistry of magmas [e.g., Green and Falloon, 1998].
During subduction and collision this average composition
may be significantly modified by at least three processes.
First, subduction of oceanic sediment, crust and underlying
mantle releases abundant fluids, that can hydrate much of
the upper mantle [e.g., Schmidt and Poli, 1998], forming
hydrous minerals such as serpentine, chlorite, brucite and
talc in the forearc where temperatures are sufficiently cold
[e.g., Hyndman and Peacock, 2003]. Besides the addition of
H,0, this flux of brines may add significant silica to
peridotites [Bebout, 1996]. Second, subduction during col-
lision may transport substantial volumes of material formed
at the Earth’s surface to mantle depths, including fragments
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of continental crust, metasediments, and remanent island
arcs. Thick columns of crust may be too buoyant to subduct
[Molnar and Gray, 1979], but the discovery of ultrahigh-
pressure terranes at several localities around the world
[Ernst and Liou, 1999] shows that crustal rocks do, occa-
sionally, experience upper mantle pressures and temper-
atures. Third, where temperatures are sufficiently high,
partial melting results in chemical depletion of the residual
mantle. All three of these processes alter bulk composition,
so are potentially observable by seismic imaging.

[3] Here, we develop and apply a new technique to
constrain physical properties of the mantle wedge in Alaska,
making use of a dense new data set from the Broadband
Experiment Across the Alaska Range (BEAAR). The main
goal is to measure the mantle Poisson’s ratio, which is
sensitive to some variations in composition. We also obtain
constraints on interface depths within the subducting plate,
and as a byproduct, crustal structure. Poisson’s ratio is a
monotonic function of the ratio of P velocity (Vp) to S
velocity (Vs), and has been shown to be 0.24—0.28 (Vp/Vs =
1.71—-1.81) for all but a handful of common rocks and rock-
forming minerals [Brocher, 2005; Christensen, 1996]. The
main exceptions are serpentine, which has Poisson’s ratio
exceeding 0.35 (Vp/Vs > 2.1), and quartz, which has
Poisson’s ratio near 0.1 at crustal pressures (Vp/Vs = 1.5).
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Figure 1. Ray geometry and nomenclature for teleseismic
P-to-S converted waves. (a) Conversions at upper plate
Moho. The “m” denotes conversion or reflection at
interface. (b) Conversions at Moho of dipping, subducting
plate. The “x” denotes conversion or reflection at interface
following common usage for slab interaction phases [e.g.,
Matsuzawa et al., 1986].

Poroelastic effects can also change Poisson’s ratio in a
variety of ways and, for most realistic pore geometries,
act to increase Vp/Vs as melt or fluid content increase
[Takei, 2002].

[4] Teleseismic converted phases can be used to measure
Vp/Vs and thickness of continental crust [Zandt and
Ammon, 1995], by comparing the delay times between the
arrivals of the direct P wave, the P-to-S conversion off the
Moho (Ps), and one or more multiples (Figure 1). One
simplification in published methods is the implicit assump-
tion of flat-lying interfaces, clearly violated for reverbera-
tions within the mantle wedge of most subduction zones.
To remedy this problem, we extend a common stacking
approach [Chevrot and van der Hilst, 2000; Zhu and
Kanamori, 2000] to dipping interfaces. The inversion is
applied to the mantle wedge to measure its thickness and
vertically averaged Vp/Vs. One goal of this study is to test
the hypothesis that forearcs undergo extensive serpentiniza-
tion [e.g., Hyndman and Peacock, 2003], by searching for
the anomalously elevated Vp/Vs. Where the plate is shallow
and wedge temperatures inferred to be low, we observe
slightly elevated Vp/Vs consistent with the presence of 15 +
15% serpentinization. Where the slab is >80 km deep low
Vp/Vs is less than 1.7, an observation difficult to reconcile
with a conventional peridotitic mantle. Possibly, the sub-
duction of large crustal fragments has significantly in-
creased the silica content of parts of the mantle wedge.
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2. Tectonic Setting

[5] The Pacific plate subducts underneath the Alaskan
margin of the North American plate. Above the subduction
zone elevated topography forms in the Alaska Range in
central Alaska and the other ranges near the coast [Plafker et
al., 1994], but arc volcanism is virtually absent over the
easternmost 350 km of subduction. Wadati-Benioff zone
(WBZ) seismicity extends to 120—150 km depth and
terminates eastward at 148°W (Figure 2). At depths less
than 50 km the descending plate dips unusually shallowly,
<5° [Page et al., 1989], steepening to 25° at greater depth
[Ratchkovski and Hansen, 2002]. The top of the downgoing
slab has been imaged via receiver functions as a low-
velocity layer to 130 km depth, with all WBZ seismicity
lying inside this layer [Ferris et al., 2003]. The layer is
unusually thick for subducted oceanic crust, 14—22 km, and
has been interpreted as result of the subduction of a thick
colliding crustal block.

[6] The southern Alaska crust consists of a series of
exotic terranes accreted since the Mesozoic, separated by
major faults (Figure 2) [e.g., Saleeby, 1983]. While the
accreted terranes vary widely in provenance, a first-order
boundary can be drawn at the Denali—Hines Creek fault
system between the accreted mafic oceanic arc terranes to
the south and the para-autochthonous Yukon-Tanana terrane
of continental affinity to the north. The Wrangellia,
Chugach and Prince William composite terranes are dom-
inantly magmatic rocks, oceanic plateaus, and associated
metasediments [Plafker et al., 1989]. The Denali and Hines
Creek fault systems may have formed originally as a
subduction zone in the early Cretaceous and mark the
closure of an ocean basin [Ridgway et al., 2002], but now
the fault systems form an active strike-slip zone paralleling
the Alaska Range [Plafker et al., 1994]. Active source

\ Pacific

-144°
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Figure 2. Southern Alaska composite terranes and
bounding faults. Terrane abbreviations area PWT, Prince
William Terrane; Y-T, Yukon-Tanana Terrane. Faults are
BR, Border Ranges; C, Contact; D, Denali; H, Hines Creek;
T, Transition. M, slope magnetic anomaly. Arrow shows
direction of Pacific-North America motion, at 55 mm yr .
Triangles denote BEAAR stations. From Plafker et al.
[1994] and Brocher et al. [1994]. Inset shows area of map,

and contours to slab at 50 km intervals labeled.
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Figure 3. BEAAR array and topographic relief. Open
triangles represent seismic stations operating 28 months,
gray triangles are stations operating 15 months, and black
triangles denote stations operating 5 months. Thick contours
show Pacific plate isobaths based on seismicity. Thin line
shows location of cross section for subsequent figures.
Thick dotted line outlines positive magnetization anomaly
[Blakely et al., 2005]. Inset shows locations of earthquakes
used in this study (circles).

imaging along the TACT profile, near 146°W, shows that
the major terrane-bounding faults resemble thrusts and dip
northward at low angles to at least 20—25 km depth [Fuis et
al., 1991], although the Denali fault forms a more vertical
boundary [Brocher et al., 2004].

[7] The Yakutat terrane currently impinges on southern
Alaska, translating with the Pacific Plate offshore [Fletcher
and Freymueller, 1999], and resulting in ongoing deforma-
tion in the Gulf of Alaska [Pavlis et al., 2004; Plafker et al.,
1994]. The imaged thickness and velocity structure of this
terrane offshore [Brocher et al., 1994] closely resembles
that seen in receiver functions at 60—130 km depth,
suggesting that the Yakutat terrane is subducting to great
depth beneath Central Alaska [Ferris et al., 2003].

[8] In the mantle wedge above the subducting plate, P
wave tomography shows velocities 3—6% slower than
surroundings [Eberhart-Phillips et al., 2003; Zhao et al.,
1995], as does Pn and Sr inversion [McNamara and
Pasyanos, 2002]. Seismic attenuation in the wedge is low
(high Q) where the subducting plate where the plate is
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<80 km deep, with an abrupt change to high attenuation
above where the plate passes below 80 km depth, indicating
a large northward increase in wedge temperature [Stachnik
et al., 2004]. Thus the wedge can be divided into a northern,
hot and flowing region, and a southern, cold region prob-
ably isolated from wedge flow [4bers et al., 2006].

3. Data and Method

[s] Layer depths and Vp/Vs are measured from the mode-
converted signals in the coda of teleseismic P waves. The
procedure to estimate these parameters is as follows. (1) A
source pulse is deconvolved from teleseismic P records for
each earthquake, to generate an estimate of the scattered
radial and tangential component wavefield [Rondenay et al.,
2005]. (2) Records are collected for each station. (3) For the
crust, the deconvolved signals are stacked after applying
moveout corrections for each major Moho conversion (Prms,
Ppms, Psms; Figure 1), assuming Vp, for a range of Vp/Vs.
(4) By finding the arrival producing the most coherent stack
over all conversions, the Moho depth and crustal Vp/Vs are
estimated along with uncertainties [e.g., Chevrot and van
der Hilst, 2000; Zhu and Kanamori, 2000]. (5) Using the
derived crustal structure as a constraint, step (3) is repeated
for mode conversions from the interface at the top of the
downgoing plate. Because of strong ray bending effects, the
moveout corrections must be calculated by taking layer dip
into account, assuming an initial model of slab geometry.
(6) Step (4) is repeated for the conversions from the top of
the slab, giving depth to slab, Vp/Vs of the mantle wedge,
and thickness of a low-velocity zone (LVZ) found at the top
of the slab. These steps are described in detail below.

3.1. Data

[10] The BEAAR PASSCAL experiment consisted of 36
broadband seismographs deployed across central Alaska
from June 1999 to August 2001 (Figure 3). Seismometers
were located above the subducting Pacific plate where the
WBZ descends from 50 to >150 km depth, mostly along a
dense transect following the road system. Seismographs
were deployed from four to 25 months and recorded at 50
samples per second, on CMG-3T and CMG-3ESP broad-
band sensors giving flat velocity response to 120 and 30 s
periods, respectively. GPS clocks corrected the times to
within 1 ms.

3.2. Data Processing

[11] The primary signal used here are scattered SV and SH
wavefields in the coda of teleseismic P waves, as in
traditional receiver function analyses. For this study, we
select events with body wave magnitudes >6 and signal-to-
noise ratios >2 following deconvolution. These 46 events
illuminate the study area from a variety of back azimuths
(Figure 3, inset). Because individual vertical components
can be noisy, a multichannel approach is used to estimate
the incident P wave of each selected event recorded by the
array [Bostock and Rondenay, 1999]. The estimated incident
waveform thus obtained is less affected by site-specific
noise and produces stable deconvolution to higher frequen-
cies than traditional receiver functions.

[12] All seismograms recorded for one earthquake are
transformed into an upgoing wave vector (P, SV, SH) using
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the inverse free-surface transfer matrix [Kennett, 1991], for
a 90 s window following the onset of P. This procedure
isolates the incident P wave from the two scattered S
components. The P components are then aligned using
multichannel cross correlation [VanDecar and Crosson,
1990], and the incident wavefield is estimated by
performing an eigenimage decomposition of the aligned P
wave section and only retaining the first one or two
eigenmodes, which represent the portion of the signal that
is common to all stations. The resulting incident P wave is
deconvolved from the individual SV and SH signals, pro-
ducing for each station an estimate of the near-receiver
scattered wavefield due to an impulsive incident wave. The
collection of such scattered waves, for each station from all
earthquakes, constitutes our basic data set. For full details
on this method, see Rondenay et al. [2005].

[13] In the BEAAR data, both the radial and tangential
receiver functions show a high-amplitude arrival 615 s
after P (Figures 4a and 4b), identified as the subducting
Pacific plate by Ferris et al. [2003]. The conversion can
only be generated by a LVZ with well-defined top and
bottom boundaries, and the LVZ correlates with the location
of the WBZ seismicity. The amplitude of the conversion
varies with back azimuth, and is maximum for rays travel-
ing up the dip of the slab. The three strongest conversions
are the upgoing P-to-S conversion, termed here Pxs, and its
free-surface multiples Ppxs and Psxs, arriving on either the
SVor SH component (equivalent to the backscattered modes
of Bostock et al. [2001]). Figure 1 illustrates the ray
nomenclature; “x” denotes conversions from the top of
the slab as in previous studies [e.g., Matsuzawa et al.,
1986]. The other major conversions observed correspond
to the Moho discontinuity (Pms and its free-surface multi-
ples, Ppms and Psms). No significant SH converted energy
is observed for the Moho conversion, consistent with a
subhorizontal discontinuity and relatively isotropic crust.

[14] To model the observed signals, we solve for param-
eters of a four-layer structure (Figure 5) using the stacking
method described below. We first invert the early parts of
the record for crustal thickness and average crustal Vp/Vs,
then fix these parameters and solve for the mantle wedge
thickness and Vp/Vs, and LVZ thickness. The P wave
velocity (Vp) is constrained independently from regional
traveltimes, as described in section 4.2.

Figure 4. Sample data from station HURN, typical of
well-sampled signals. (a) Deconvolved SV component for
46 events, sorted by back azimuth, low-pass filtered at
0.2 Hz. Blue shows positive-amplitude arrivals; red shows
negative. Major predicted phases are labeled, for a nominal
ray parameter (0.06 s km™'), flat-lying interfaces, and
provisional structure. (b) Deconvolved SH component.
(c) Back azimuths to stations. (d)—(i) Results of moveout
and sign correction, for SV (Figures 4d—4f) and SH
(Figures 4g—3i). Traces are low-pass filtered below wave
number of 0.05 km ™', and corrected so nominal sign of
phase is positive (blue). Each trace applies moveout for a
specific phase converting or reflecting off the slab Moho, as
in Figure 1. Figures 4d and 4g are for Pxs; Figures 4e and
4h are for Ppxs; Figures 4f and 4i are for Psxs. Arrows show
inferred slab Moho.
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Figure 5. Velocity model used for calculating moveout
corrections. Parameters listed as “estimated” are derived by
inversion, and others are fixed or measured as described in
text. Slab orientation assumed downdip at 330° azimuth.
Layer thicknesses (L, km) are measured vertically, directly
beneath each station. LVZ thickness is fixed at 15 km in
calculating moveout correction but is redetermined later as
describe in text.

3.3. Moveout Correction

[15] For a given station, each converted phase arrives at
times that vary with the incident ray parameter p and, for
dipping (slab) layers, the back azimuth ¢. To correct for this
effect, we apply azimuth-dependent moveout corrections to
convert time to depth separately for each event and phase
Pxs, Ppxs, and Psxs. The corrections depend upon an
assumed Vp and Vp/Vs, tested over a range of values. The
moveout-corrected traces are filtered and stacked for all
events and phases at one station. The stacking approach
used here resembles that of previous workers [Chevrot and
van der Hilst, 2000; Zhu and Kanamori, 2000], generalized
to dipping layers. The Vp/Vs yielding the highest stack
amplitude represents the best fitting model.

[16] The basic approach can be generalized to any struc-
ture with planar dipping layers and constant velocities
between discontinuities (e.g., Figure 5). If velocities are
constant immediately above a dipping discontinuity, then
the traveltimes for phases converted from the discontinuity
are linear with respect to changes in that discontinuity’s
depth [Diebold, 1987]. In other words,

tk:ka(pvd);m) + Tk(pvd);m)v (1)

where ¢, is the predicted lag time of the kth phase, f; and T,
are terms that depend upon the velocity model and incident
ray, k is an index describing the phase (Pxs, Ppxs, or Psxs), z
is the depth to the interface as measured directly below the
station, and m represents the velocity model (e.g., Figure 5).
Both p and ¢ are well constrained for teleseismic signals,
derived here from the iasp91 traveltime tables [Kennett and
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Engdahl, 1991]. Because the moveout is linear with respect
to z, applying it requires calculating f; and T, for each
station and phase, and then estimating the predicted depth z;
from phase & at each observed lag time #:

ze = (t— ) /fr. (2)

In the case of a horizontal interface, we use a simple
analytical solution to calculate f; and T, from the layer
velocities and p [e.g., Zhu and Kanamori, 2000]. For a
dipping interface we derive 7, and f; numerically, using the
method of Frederiksen and Bostock [2000] to calculate
traveltimes and finite difference derivatives. The model
used for calculating T, and f; in slab inversions includes the
crust derived from earlier crustal inversion, and a slab LVZ
as constrained by Ferris et al. [2003] (Figure 5). The
resulting moveout is calculated and applied for each of a
suite of trial models, varying Vp/Vs above the interface.
Predicted phase amplitudes are also calculated, and used to
correct for the sign of phases before stacking.

[17] Figure 4 shows examples of the moveout-corrected
slab signal at one typical station, HURN, operating for the
full deployment. Figures 4a and 4b show the receiver
functions after deconvolution sorted by back azimuth; the
major phases on Figure 1 can be seen although the slab
arrivals show significant moveout with azimuth, as
expected. Figures 4d—4i show the record sections traces
as a function of interface depth after moveout correction for
each component and major phase (Pxs, Ppxs, Psxs). They
indicate a consistent positive-polarity slab arrival at 95.5 km
depth. Other choices of Vp/Vs would result in differences in
estimated depths for different phases.

3.4. Inversion

[18] After applying the time and sign corrections, move-
out-corrected records for each station and assumed Vp/Vs
are stacked over all events and phases, in depth intervals
where conversions are expected. The term “phase” here
refers to a particular combination of conversion (Pxs, Ppxs,
or Psxs) and component (SV or SH). The stack should have
maximum amplitude at the depth corresponding to the
dominant mode conversion, largest for the correct Vp/Vs.
For the jth velocity model (Vp/Vs), the stacked, moveout-
corrected wave train can be written

Ue) =5 S wese(2), (3)
ik

where i(= 1, .. ., N) denotes each event, k(= 1, . . .,6) denotes
each phase (e.g., Pxs, Ppxs, Psxs for SV, SH), and s;;(2) is a
moveout-corrected trace described in section 3.3. Only the
3 SV modes are used for Moho stacks, because SH
conversions are nominally zero for flat layers. Each phase is
assigned a weight wy, normalized so that Xw; = 1. The Uz)
are searched for its maximum amplitude (U,) over all
models j and depths z, to determine the optimal interface
depth and Vp/Vs (Figure 6). At a nominal Vp/Vs and z
corresponding to this peak amplitude, the standard deviation
(o4) of individual traces s;(z) about U(z) is calculated for
each phase, and the wy, are scaled to 1/0;. This procedure
downweights phases which stack less coherently, as they
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Figure 6. Stack of all modes Ujz) at station MCK.
Individual modes and format are shown in Figure 1; SH-
Psxs is not used. Open star indicates best fitting solution
bound by 85% confidence limit (white line), and open circle
indicates corresponding top of the LVZ as indicated by
negative amplitude peak.
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have relatively higher o,. Additionally, phases with obvious
interferences or high noise are eliminated.

[19] Uncertainties in the best fitting solution are estimated
by evaluating the significance of deviations of Uyz) from
Uy, as a function of j and z. The stack U, represents a
weighted average of NK values of s;; at each z, which by
the central limit theorem should be approximately normally
distributed; K is the number of phases actually included in
the stack. A confidence limit for U, can be evaluated via the
test statistic

. U —Ula)
T(j,z) ~S/VK 3 (4)

where S is the estimated standard deviation of individual
traces, pooled from the o; 7 should have a standard Student
t distribution with NK-2 degrees of freedom. A one-sided ¢
test establishes a level U, giving a confidence region in z
and Vp/Vs (Figure 6). Multiple maxima occasionally appear,
for example when the Moho and slab are close, so
obviously incorrect peaks are supressed. We contour the
85% confidence level, so that its maximum bounds in z or
Vp/Vs approximate a 95% marginal confidence limit for
individual parameters.

4. Results
4.1. Crust

[20] Crustal thickness is estimated by stacking SV phases
for 10—46 events at each station (Figure 3, inset). We set

Moho depth (km) eirbanks

65°

30, 35 40 45 50

e
-—— -

I T .
150" -149°  -148°

-147°

-151°

-152°

Figure 7. Results for crustal inversions, plotted at station location. (left) Vp/Vs; (right) crustal thickness.
Solid lines indicate WBZ isobaths labeled by depth; dashed lines indicate major crustal faults. DF, Denali
Fault; HCF, Hines Creek Fault; McK, summit of Mount McKinley.
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Figure 8. Cross section with Moho depths and crustal Vp/
Vs, with formal 95% confidence estimates. Cross section
location is shown on Figure 3, with distance of 0 km at
station RND. Note vertical exaggeration. Top shows
topography and station locations (triangles), with 10X
vertical exaggeration. D, Denali Fault; H, Hines Creek
Fault.

Vp = 6.5 km s~ " in the crust, following one-dimensional
arrival time inversion [Stachnik, 2002]. Sensitivity tests
suggest that this average velocity should be accurate to within
3%, so uncertainties in velocity contribute at most =1.2 km to
Moho depth. After applying the moveout correction and prior
to stacking, a low-pass Gaussian filter is applied to the traces
in the depth domain with a 0.05—-0.08 km ™ width, so that all
phases have the same wave number content when stacked.
Inversions for Moho depth and average crustal V,/V, are
shown in Figures 7 and 8 and listed in Table 1.

[21] Coherent phases occasionally appear before the
Moho arrival, indicating discontinuities within the crust.
In principle these phases have different moveout than the
Moho arrivals, but sometimes their presence can interfere,
either increasing the uncertainty bounds or giving secondary
maxima in stack amplitude. Signals at northern stations
(NNA, AND and SOB) are strongly affected by reverber-
ation in the 1-2.5 km thick Nenana basin, which interferes
strongly with Pms but not Ppms or Psms. For these stations,
stacks incorporating Pms show weak coherence but can
overestimate crustal thickness significantly. In synthetic
tests for basins 2—3 km thick, the average crustal Vp/Vs is
overestimated by 0.05-0.20, and Moho depths estimated
from Pms alone are 5—12 km greater than observed.
However, when the correct Vp/Vs is used the Ppms phase
gives a depth accurate to within 1 km, indicating that the
basin reverberation does not interfere with free-surface
multiples. In inversions of actual data, we fix Vp/Vs for
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these two stations to values derived from stations outside
the basin, and do not use Pms. This example shows that
stacking techniques must be applied carefully where basins
are present.

[22] Moho depths (Figures 7 and 8 and Table 1) generally
agree with those by Veenstra et al. [2006], and show a
thicker crust south of the Denali fault and ~10 km thinner
crust north it. Individual Moho depths vary from 27 to
45 km, while the Vp/Vs ratio varies from 1.62 to 2.04 with
an average of 1.78, slightly above the global average for
continental crust of 1.76 [Christensen, 1996]. When aver-
aged over nearby stations in tectonically similar regions
(groupings on Table 1), Vp/Vs ranges from 1.71+0.03 south
of the Denali fault to 1.95+0.04 along the Hines Creek
Fault, a major Mesozoic suture. The Hines Creek Fault,
merging with the Denali Fault east of the study area, also
appears to demark the 10—15 km northward decrease in
crustal thickness [Brocher et al., 2004].

[23] Ai et al. [2005] applied the method of Zhu and
Kanamori [2000] to a subset of the BEAAR data set to
measure crustal thickness. They analyzed only 18 of the 29
stations shown here, including very few from the southern
half of the array. Except for two southern stations, our Moho
depths agree with theirs with mean discrepancy of 0.3 km.
The Vp/Vs estimates correlate poorly between the two
studies for individual stations (R = 0.25), but when
averaged by the regional groupings (Table 1) they show
good correlation (R* = 0.78), supporting our inference
that regional trends are robust despite high interstation
variability. Ai et al. also applied a low-frequency stacking
method to mantle structure, resulting in a low-resolution
image of the slab that does not take into account the strong
ray bending produced by dipping layers.

[24] Overall, Moho depths show smooth variation
between nearby stations but Vp/Vs estimates vary consider-
ably, even though signals from adjacent stations sample
much the same material. The variations are all within the
uncertainties (Figure 8 and Table 1), suggesting that the
scatter is not a real effect but a result of random errors
characterized by the error estimates. Averaging of Vp/Vs
for nearby stations increases the number of measurements
per average and reduces uncertainties to 0.03—0.05, more
useful and less than the regional variations seen. Hence
only regional averages of Vp/Vs should be interpreted.

4.2. P Wave Velocity in the Mantle Wedge

[25] We invert Pn traveltimes recorded by BEAAR from
regional earthquakes in Alaska to determine upper mantle P
velocity. Inversions include 45 earthquakes shallower than
50 km and outside of the network region, separated into
three azimuthal quadrants. Within each data subset, a
constant Pn velocity and event source terms are determined
by least squares inversion of traveltimes, after correcting for
the crustal thickness variations in Table 1. This method only
has sensitivity to differential traveltimes, so constrains
average Pn velocities under the array. The Prn velocities
are 7.82 + 0.10 and 7.89 + 0.02 km s ' for north and
southwest back azimuths, respectively (20 uncertainties).
Events from southeast back azimuths give a velocity of
7.71 £0.08 km s~ ', presumably lower because of refraction
in the dipping slab. The mean of the above results,
7.81 km s ', is used as Vp for the wedge in calculating
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Table 1. Results From Inversions, by Station
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Site® Crust ¥p/Vs  CI°  Crust Moho Depth, km CL°® km Mantle Vp/Vs ~ CI°>  Slab Moho Depth, km CL° km LVZ Width,® km N*
Northern
NNA 1.77  +0.07/-0.06 26.7 +1.5/—1.4 - - - - - 31
AND 1.76 - 319 +1.2/-1.5 - - - - - 14
SOB 1.70 - 29.4 +1.4/—1.5 1.69 - 161.5 +3.3/-53 14+5 15
RCK 1.62  +0.04/—0.02 322 +1.1/—1.2 1.67 +0.01/—0.01 154.5 +2.8/-2.6 26 £ 3 24
SLT 1.88  +0.18/—0.12 30.1 +4.3/—4.3 1.61 +0.04/—0.01 143.5 +3.1/—4.1 215 13
GNR 1.95 +0.07/—0.11 30.6 +2.0/—1.3 1.65 +0.10/—0.07 120 +3.9/—4.6 16 +6 21
MCK 1.92  +0.09/-0.10 31.7 +2.0/-2.0 1.67 +0.07/—0.06 118.5 +3.3/-2.8 17+4 40
Central Alaska Range
YAN 1.76  +0.07/-0.09 37.2 +3.1/-2.3 1.71 +0.06/—0.05 114 +3.4/-3.1 15+7 41
CAR .72 +0.07/—0.05 38.7 +2.6/-2.7 1.70 +0.07/—0.12 112.5 +9.7/-3.8 13+7 16
SLM 1.83 +0.06/—0.06 38.5 +2.2/-2.3 1.66 +0.10/—0.09 109 +7.3/-5.4 15+7 14
RND 1.72 +0.07/-0.08 41.1 +2.1/-1.9 1.79 +0.08/—0.06 104.5 +2.6/-3.1 15+3 42
GOO 1.76 ~ +0.10/—0.10 37.3 +4.3/-3.6 1.60 +0.09/—0.04 106.5 +4.0/—5.2 17+5 35
Southern (Slab < 80 km Deep)
HURN 1.65 +0.06/—0.03 38.8 +1.3/—1.8 1.89 +0.07/—0.13 95.5 +5.5/-2.9 25+5 45
PYY .72 +0.11/-0.12 42.5 +5.0/—4.1 1.89 +0.10/—0.19 87.5 +3.5/-2.7 23 +4 14
MHR 1.63 +0.05/—0.03 43.6 +1.6/-2.3 1.72 +0.11/-0.10 95.5 +3.5/-3.0 24 +4 22
FID 1.72 - 44.6 +2.7/-3.3 1.78 +0.09/—0.08 90.5 +2.2/-2.6 24 +£3 10
BYR 1.77  +0.05/—0.04 40.0 +1.9/—-1.9 1.68 +0.07/—0.04 91.5 +1.5/-1.8 14+£2 46
WOLF 1.64  +0.10/—0.04 38.7 +2.0/-3.3 1.74 - 92 +5.7/-3.2 20+ 6 12
TCE 1.82  +0.06/—0.06 34.6 +1.8/—1.7 1.74 - 79.5 +2.6/—3.3 20+ 4 18
TLKY 1.80  +0.07/-0.06 26.7 +1.5/-1.6 1.76 - 87 +3.5/—13.5 - 37
PVE 1.65 +0.24/—0.05 36.6 +2.4/-5.4 1.76 - 93 +4.5/-3.8 32+6 8
PVW 1.66  +0.03/—0.04 44.9 +1.6/—1.3 1.80 +0.27/-0.15 94 +6.0/—6.1 26 +7 24
Western Cross Line
WON 1.96  +0.14/—0.10 29.4 +2.4/-3.4 1.87 +0.06/—0.08 125 +5.1/-3.7 14+5 34
SBL 2.04  +0.06/—0.12 323 +2.6/—1.9 1.73 +0.20/—0.07 119 +3.9/—-6.4 155 16
EFS 1.96  +0.07/—0.06 31.7 +1.6/—1.5 1.74 +0.11/-0.04 121 +3.5/—6.5 12+6 23
SAN 1.89  +0.06/—0.06 32.7 +1.3/—1.5 1.74 +0.05/—0.09 121.5 +8.2/-3.3 20+ 6 35
Eastern Cross Line

DHI 1.79  +0.06/—0.05 40.2 +2.1/-2.1 1.82 +0.25/—0.08 94 +2.4/—4.9 21 £ 4 36
DH2 1.78  +0.06/—0.07 40.4 +2.9/-2.4 1.74 +0.12/-0.22 91 +10.3/—4.4 27 +8 14
DH3 1.76 - 32.1 +3.2/-2.4 1.58 +0.13/—0.08 87.5 +7.2/-5.2 29 +7 24
CZN 1.74  +0.08/—0.07 39.0 +2.4/-2.4 - - - - - 23

Station locations shown on Figure 3.

°CI, 95% confidence interval; dash indicates parameter fixed in inversion.
“Corrected for difference between LVZ and moveout velocities; 95% confidence bounds from linearized error propagation.

INumber of events used.

moveout corrections, slightly lower than the 7.85—-8.0 km
s~ estimated in a previous Pn inversion [McNamara and
Pasyanos, 2002]. Velocity tomography results [Eberhart-
Phillips et al., 2006; Rossi, 2004], show considerable
complexity within the wedge, with Vp ranging from 7.5 to
8.2 km s~ '. Varying the assumed Fp by 0.2 km s~ ' will
systematically change depth to slab by 1-2%, or < 2 km

depending upon slab depth (Table 2).

4.3. Mantle Wedge Inversion

[26] We invert for mantle wedge structure, as described
above, setting parameters as shown on Figure 5 and from
crustal inversions (Table 1). Where not directly estimated,
crustal Vp/Vs is interpolated from nearby stations. The
stacking is tuned to maximize the amplitude of the major
positive arrival from the base of the LVZ, which is probably
the Moho of the subducted crust. In numerical tests this

t2.1  Table 2. Sensitivity Tests for Station MCK

t2.2 Parameter Value Used in Inversion Bound® Source of Constraints Vp/Vs Variation” Slab Depth Variation,” km
t2.3  Crust thickness, km 31.7 2.0 this analysis —0.005 —0.5
t2.4  Crust Vp, kms™' 6.5 0.2 tomography 0.000 0.5
t2.5  Crust Vp/Vs 1.92 0.10 this analysis —0.030 0.2
t2.6  Mantle wedge Vp, km 7.81 0.2 Pn inversion —0.005 —0.2
t2.7  LVZ thickness, km 14 2.5 this analysis —0.005 —0.5
t2.8  LVZ Vp, kms ' 7.0 0.3 Ferris et al. [2003] 0.000 —-1.0
t2.9  LVZ Vp/Vs 1.73 0.07 Ferris et al. [2003] —0.010 0.2
t2.10 Slab dip, deg 25 2 Abers et al. [2006] —0.025 1.3
t2.11 “Maximum reasonable error in value from measured uncertainties.

£2.12 ®Sign indicates sign of covariance between parameter and estimated value.
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phase is consistent in polarity and amplitude for a wide
range of Vp/Vs in the mantle wedge, unlike the arrival from
the top of the LVZ, so for most phases the sign correction
does not vary with wedge Vp/Vs. The exception is the SH
component of Psxs, so this phase is not used, giving K = 5
phases per stack. We also estimate thickness of the LVZ
from the timing of the prominent negative-amplitude anom-
aly above the slab Moho arrival (Figure 6).

[27] Inversion results (Figures 9 and 10 and Table 1)
show Vp/Vs varies from 1.58 (+0.13/—0.08) to 1.89 (+0.07/
—0.13), with most measurements less than 1.75. In the
wedge Vp/Vs shows less variation than in the crust and
smaller uncertainties, probably because signals travel
longer. The inversion does not constrain Vp/Vs at the
southernmost stations, probably because the distance be-
tween the top of the slab and the base of the crust is small
(<20 km), so for those sites Vp/Vs is held fixed and only
slab depth is estimated. At the northernmost two sites, NNA
and AND, slab conversions are expected at depths greater
than 160 km but could not be identified, nor could they be
seen at the easternmost site (CZN). Among the remaining
stations, the highest values of Vp/Vs occur where the slab is
less than 80 km deep, and at station WON. The northern
stations, north of the Hines Creek Fault, exhibit very low
Vp/Vs (1.61—1.69). The low Vp/Vs show small uncertainties
(0.01-0.07) and consistency between adjacent stations.

[28] The slab depth estimates also agree with those based
on waveform inversion [Ferris et al., 2003] (Figure 10),
although the slab here is deeper for the northernmost three
stations. This discrepancy is expected from the trade-off

between depth and Vp/Vs; Ferris et al. assumed Vp/Vs =
1.76 in the mantle. The LVZ has roughly constant thickness
(13-26 km; Figure 10), similar to Ferris et al.

4.4. Inversion of Artificial Data

[29] As a test of the method we invert artificial data,
numerically generated for a velocity structure matching that
illustrated in Figure 5. Synthetic seismograms for dipping
layers are generated following Frederiksen and Bostock
[2000], with interface depths and Vp/Vs corresponding to
those determined for station MCK (Table 1), and the same
ray distribution as for real data recorded at MCK. Noise is
added with the same autocorrelation as actual noise prior to
the P arrival but with random phase. The resulting receiver
functions show the expected Moho and slab arrivals
(Figures 1la and 11b). Moveout corrections for the slab
phases Pxs and Ppxs result in Moho reverberations that do
not stack coherently, as expected given the differences in
moveout correction between slab and Moho phases. The
differences are strongest for SH, which show no conversions
from the flat-lying Moho but strong slab signals, much as
real data. When inverted for structure, the correct slab
depth, LVZ thickness and wedge Vp/Vs are recovered
(Figure 11c). Several inversions of artificial data generated
in other models, not shown, showed that slab depth and
LVZ thickness are recovered within 1 km, and Vp/Vs within
0.02 in all cases.

4.5. Sensitivity Tests

[30] While a number of parameters are assumed in the
inversions (Figure 5), most are known sufficiently well that
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Figure 10. Cross section showing wedge inversion results.
Line location and figure layout are same as Figure 8. (top)
Circles show bottom of LVZ, diamonds show top of LVZ,
and triangles show Moho from crustal inversion. Dashed
and solid line show top and bottom, respectively, of LVZ
estimated by Ferris et al. [2003], corrected for a plotting
error in that paper. Note general agreement of the two
studies. Topography exaggerated 10 times. (bottom) Vp/Vs
estimates.

their uncertainties contribute little to the uncertainties in
estimates. To illustrate this point, sensitivity tests are carried
out on all principal assumed parameters for data from
representative station MCK (Table 2). In each test, one
parameter is varied within a range of values consistent with
its uncertainties, and the data reinverted. For example,
Moho depth and crustal Vp/Vs are tested at the limits of
their 95% marginal confidence bounds (Table 1), and
mantle wedge Vp is varied through the bounds from Pn
inversion (section 4.2). For the preferred parameter values,
mantle wedge Vp/Vs = 1.67 +0.07/—0.06, and slab Moho
depth is estimated as 118.5 +3.3/—2.8 km.

[31] Changes to layer thicknesses of P velocities have
little effect on Vp/Vs estimates, while slight trade-offs exist
between these parameters and slab depths, resulting in 2 km
uncertainty in slab depth (Table 2). The Vp/Vs estimate is
most sensitive to the estimated Vp/Vs in the crust, with a
trade-off roughly comparable to the ratio of mantle wedge
to crustal thickness (sensitivity tests at southern stations
show similar scaling of this trade-off). The average dip of
the slab is constrained to +2° [Ferris et al., 2003], contrib-
uting <2% to uncertainties in estimated parameters.
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Figure 11. Synthetic test. (a) Artificial radial component
receiver functions generated for a model as in Figure 5
and with noise added, for actual ray geometry recorded at
station MCK. Signals processed as for actual data.
Stations are plotted in order of increasing azimuth; blue
shows positive amplitude arrivals, red negative. (b) Same
for transverse component. Predicted phases from upper
plate Moho and slab Moho shown at right for a p = 0.06 s
km ™', Note that slab arrivals (Pxs, Ppxs, Psxs) show strong
moveout with azimuth, but Moho arrivals show little
moveout. (c) Inversion results for these records. Symbols
are same as Figure 6. Best fitting slab Moho depth, Vp/Vs,
and LVZ thickness are 119.5 km, 1.66, and 16.6 km,
respectively, within uncertainties of the correct values of
118.5 km, 1.67, and 17.2 km.
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Figure 12. Image of scatterers along cross section

(Figure 3). Image produced separately from crustal stacks
at depths <50 km, and wedge stacks at 50-200 km depth.
Beneath each station, stacked, moveout-corrected trace is
calculated for the best Vp/Vs. Signal at each pixel is taken
from averaging nearby traces at each depth, with 10 km
lateral averaging. Blue shows positive conversions; orange
shows negative. Yellow circles show earthquakes in slab
[Ferris et al., 2003]. DF, Denali Fault; HCF, Hines Creek
Fault. Major composite terranes are also labeled.

4.6. Trade-offs Between Crust and Mantle Vp/Vs

[32] The sensitivity tests suggest some trade-off between
Vp/Vs in different layers. To further explore trade-offs
between Vp/Vs in the crust and in the mantle, all mantle
wedge inversions were repeated with the crustal Vp/Vs fixed
to 1.73. For the Northern stations (as defined in Table 1),
this resulted in an increase of the average Vp/Vs from 1.650
to 1.688. For the Southern stations, the average Vp/Vs
changed from 1.793 to 1.797. Some trade-off clearly exists,
but it is small compared with the parameter variations
observed. Furthermore, crustal Vp/Vs is demonstrably larger
than 1.73, so these tests are extreme.

5. Discussion
5.1. Crust

[33] The thickest crust lies between stations BYR and
HURN, 30-50 km south of the highest topography
(Figures 7 and 8). Some of that offset may be a two-
dimensional effect of the irregular transect geometry; even
though stations HURN to MCK lie at the highest elevations,
the transect is closest to the highest topography of the
Denali massif near BYR and PVW. However, the observed
Moho cannot be reproduced with a simple, uniform thin
elastic plate supporting topography, indicating a complicated
and asymmetrical compensation process as discussed else-
where [Veenstra et al., 2006].
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[34] Crustal thicknesses on the continental Yukon-Tanana
terrane, north of the Hines Creek fault, are low (27—32 km)
and are consistent with active-source results on the same
terrane farther to the east [Beaudoin et al., 1992; Brocher et
al., 2004]. The results are unlikely to be affected by the
presence of a thick sedimentary basin, thickest beneath SOB
and AND, because the numerical tests indicate that any such
bias would be toward overestimates of Moho depth
(section 4.1). Isostatic balance calculations [Veenstra et
al., 2006] show that the northward thinning in crustal
thickness greatly exceeds that predicted by the change in
elevation, requiring a lower lithospheric density north of the
Denali fault.

[35] The average crustal Vp/Vs (1.78) is slightly greater
than the global average for continental crust, but close to
expected for mafic rocks [Christensen, 1996; Zandt and
Ammon, 1995], which are abundant in the accreted terranes
forming continental Alaska. Much of the interstation vari-
ability of Fp/Vs probably reflects noise. For Moho con-
versions, the waveform Fresnel zones and associated areas
of sampling are comparable to station spacing, so one would
expect adjacent stations to show similar Vp/Vs. As a result,
regional averages of Vp/Vs provide more insight than
single-station values.

[36] Averaging over stations on similar geology, elevated
Vp/Vs (1.95 + 0.04) occurs at the five stations within 1—
10 km of the Hines Creek strand of the Denali Fault
(Figure 7). This fault system marks perhaps the most
significant geological boundary in the study area, between
accreted oceanic arc terranes to the south and continental
basement to the north. It represents the site of Cretaceous
closure of a major ocean basin north of Wrangellia, and is
associated with a north dipping belt of high electrical
conductivity through much of the crust [Ridgway et al.,
2002; Stanley et al., 1990]. Major crustal faults are often
associated with high Vp/Vs and high electrical conductivity
[Thurber et al., 2003; Zhao et al., 1996], probably because
fluids are abundant within the fault zones.

5.2. Crustal Architecture

[37] After estimating Vp/Vs variations, we generate a
stacked, moveout-corrected image of structure in the crust
and mantle beneath each station (Figure 12). In this image,
crustal moveout and Vp/Vs are used to image at depths less
than 50 km, and moveout for a dipping slab are used to
image deeper structure. The Moho shows as a clear and
strong conversion, as does the slab LVZ. Several other
coherent arrivals become apparent, particularly in the crust,
and strong conversions appear within the mantle wedge.
Because a full migration of mantle signals is subject of
another paper [Rondenay et al., 2004], we only discuss the
crustal structure here.

[38] A series of planar midcrustal surfaces, dipping gently
to the north, can be seen across much of the array. The
largest-amplitude conversion has negative polarity, indicat-
ing lower velocities below the boundary than above it. The
conversion descends from 12 km depth at the S end of the
profile to Moho depths near the Hines Creek fault. Similar
features were imaged in the TACT active-source transect
several hundred km to the east [Fuis et al., 1991], and were
interpreted as gently dipping faults that bound terranes,
perhaps relict subduction thrusts.

11 of 16



B09311

2
serpentinized harzburgite
2 GPa
1.9¢ 650°C
n
2 -
O
>
1.8t S
0% k=
1.7 : : :
6.5 7 7.5 8

Vp, km/s

Figure 13. Predicted Vp and Vp/Vs for variably serpenti-
nized harzburgite at 2 GPa and 650°C. Calculations are
based on composition and calculation method of Hacker
and Abers [2004]. Lines show upper and lower Hashin-
Shtrikman bounds; crosses show 10% increments of
serpentinization. Error bar labeled “S” denotes range in
average Vp/Vs for the mantle wedge beneath southern
stations (Table 1).

[39] This kind of shingling of crust may in fact be the
primary mode of crustal growth where arcs collide with
continents [Cook, 1986], and indicates that the lower crustal
structure is significantly offset from that at the surface.
Because the BEAAR line ends to the south it is not clear
what is the surface expression of this fault, but both the
Contact Fault and the Border Ranges Fault (Figure 2) lie
close to the updip projection of this feature. Thus the
imaged faults may be fossil subduction zone thrusts, the
sites of mechanical addition to the bottom of the continental
crust. These shallow dipping surfaces are truncated at the
Moho, which appears sharp. Either these large-scale faults
are confined to the crust, or the Moho has been petrolog-
ically reset (for example through eclogite formation).

5.3. Subducting Plate Geometry

[40] The subducting plate here dips 25° to the NW [Ferris
et al., 2003], and is represented by a strong negative-
polarity conversion underlain by a positive-polarity one
(Figures 6 and 12). The two conversions require two
interfaces bounding a LVZ, with strong velocity contrasts
to at least 130 km depth [Ferris et al., 2003]. The thickness
of the LVZ is 1520 km, unlike oceanic crust, but close to
that observed for the oceanic Yakutat terrane now impinging
at the Aleutian trench [Brocher et al., 1994]. Somewhat
larger estimates of LVZ thickness emerge from stations
where the slab is shallowest (Table 1), but here interferences
with the upper plate Moho complicate the inversion. A
similar low-velocity layer has been observed from scattered
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wave migration [Rondenay et al., 2004] and traveltime
inversion [Eberhart-Phillips et al., 2006].

[41] The slab geometry becomes more complicated
beneath the northern three stations because the conversion
becomes weak. We do not estimate mantle Vp/Vs beneath
these stations. The weaker conversions indicate that the
LVZ has less of a velocity contrast with the surrounding
mantle, perhaps because it has largely converted to eclogite
at this depth [Ferris et al., 2003].

5.4. Shallow Wedge Vp/Vs and Serpentinization

[42] In the region south of the highest topography, where
the slab is less than 80 km deep Vp/Vs is 1.79 + 0.06 when
averaged over all Southern stations for which Vp/Vs could
be determined (Table 1). These are the highest mantle Vp/Vs
found. The region is the same part of the wedge showing
anomalously low seismic attenuation [Stachnik et al., 2004],
indicating low temperatures of perhaps 400—700°C [A4bers
et al., 2006]. Although global models predict Vp/Vs near
1.80 in the uppermost mantle [Dziewonski and Anderson,
1981], lower temperatures here should decrease Vp/Vs by
0.03—-0.04 according to physical properties calculations
[Hacker and Abers, 2004; Karato, 1993]. Thus a Vp/Vs of
1.79 slightly exceeds that expected in the southern wedge
for normal mantle peridotite.

[43] Serpentine will be stable at temperatures <700°C in
the upper mantle [Ulmer and Trommsdorf, 1995], so could
be present in the cold wedge nose. A Vp/Vs of 1.79 £ 0.06
corresponds to 15 + 15% serpentinization for a depleted,
harzburgite bulk composition (Figure 13). Within these
uncertainties, the wedge tip could have as much as 30%
serpentinization, or be completely unserpentinized. On the
basis of long-wavelength geomagnetic anomalies Blakely et
al. [2005] suggest that the mantle south of the Alaska Range
is serpentinized but in a region of south of that sampled by
BEAAR (dotted line on Figure 3).

[44] Greater serpentinization has been inferred in the
forearc mantle beneath western Oregon, based on low S
velocities [Bostock et al., 2002]. In Oregon the Moho had
an inverted velocity step beneath the forearc, indicating that
the mantle is slower than the overlying crust, and that
serpentinization may reach 50—60%. In Alaska we see a
fairly normal, strong Moho conversion overlying relatively
fast mantle, indicating weak to absent serpentinization.
Thermal models for the Cascades predict nearly complete
devolatilization of the downgoing plate by the time it
reaches 45 km depth; much of this water is available to
serpentinize the wedge [Hacker et al., 2003b]. In contrast,
the downgoing plate beneath Alaska should undergo much
dehydration down to depths of 100—150 km, past the cold
part of the wedge [Abers et al., 2006], so dehydration is less
concentrated in a single depth interval.

5.5. Anomalously Low Vp/Vs in the Northern Wedge
[45] From the Denali Fault north the wedge exhibits
unusually low Vp/Vs in the range 1.6—1.7, with the north-
ernmost stations showing an average Vp/Vs = 1.65 + 0.03 at
95% confidence (Figures 9 and 10 and Table 1). Three
simplifications might bias estimates here. First, the model
assumes a planar dipping slab. If the slab has a downward
curvature, we might expect Vp/Vs to be overestimated,
because the ray multiples have to travel a longer distance

12 of 16



B09311

NW
AAA AQ DABAAAAA\AAA ANOOA A 4O A A
80 o d Qo

O -
kmit.{

50 ¢

100

150

100

150 (B) Vp (tomography.
I T T T T
-150 -100 -50

T T T T
Okm 50 100
Figure 14. Traveltime inversion from local data for Vp
and Vp/Vs and comparison with receiver function results.
Cross section location is same as Figure 8. (a) Traveltime
inversion results for Vp/Vs; data are matching sets of local P
and S arrival times using the same ray paths and
parameterization as Stachnik et al. [2004]. Circles show
earthquakes, triangles show stations, and colored region
denotes high resolution. (b) Corresponding P velocities
from same inversion. Note region in mantle wedge of Vp/Vs
< 1.70, in both receiver functions and tomography.

than the direct conversion, which would bias upward the
Vp/Vs. Geometric calculations suggest that this effect is very
small (<1%) for the slight curvature observed, although full
numerical simulation of this effect has not been done.
Seismicity indicates that along-strike curvature is even less
beneath the array. A second possibility is that anisotropy
biases Vs. Most of the earthquakes used in the inversion are
concentrated in a back azimuth window of 255°-280°, so
most of the rays arrive parallel to the strike of the slab.
Shear wave splitting measurements suggest slab-parallel
fast directions in the deeper wedge, with 3—5% azimuthal
anisotropy [Christensen et al., 2003], and the stacks for
single Pxs phases indicate that SV precedes SH by 0.3-0.6 s
for some northern stations, indicating that some anisotropy
may be present. However, the inversion includes both of
these signals with roughly equal weights, and the 10%
variations in Vp/Vs we see are 2—3 times that expected
for the 3—-5% anisotropy inferred from splitting. Third,
overestimates in crustal Vp/Vs may trade off with mantle
wedge values. As discussed in section 4.4, this effect could
bias downward Vp/Vs by at most 0.03 and probably much
less because crustal Vp/Vs is well constrained. Thus the low
Vp/Vs appear to be significant.

[46] As an independent test of the low Vp/Vs ratio, we
compare the receiver functions to velocity estimates from
traveltime tomography (Figure 14). The velocities are
derived from a joint inversion for hypocenters and 3D
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velocity structure using the method of Roecker [1993], with
the same parameterization and events as Stachnik et al.
[2004]. To minimize biases in Vp/Vs due to differing
resolution of P and S, data were used only where both a
P and S arrival could be included for each event-station pair
[Saltzer et al., 2004]. For similar reasons we use only those
ray paths for which attenuation could be measured, so the
ray coverage is identical to Stachnik et al. [2004] as is the
resolution. The reader is referred to that study for an
assessment of this image.

[47] A large part of the mantle wedge, corresponding to a
WBZ > 90 km deep, has Vp/Vs between 1.65 and 1.70 from
tomography. While features smaller than 20—30 km are not
well resolved [Stachnik et al., 2004], this low-Vp/Vs feature
appears to lie entirely within the mantle wedge, perhaps the
upper half of it. This region closely resembles that exhibit-
ing low Vp/Vs in receiver functions, both in lateral extent
and the amplitude of Vp/Vs. One independent analysis of
traveltime data also show low Vp/Vs (1.65—1.70) for this
part of the mantle wedge [Eberhart-Phillips et al., 2006].
Thus the low Poisson’s ratio wedge is observed in two
independent data sets, confirming the validity of the results
presented here.

5.6. Possible Explanations for Low Wedge Vp/Vs

[48] Low Vp/Vs (<1.70) for the mantle is difficult to
explain with most standard models of mantle composition.
Typically, the uppermost mantle has Vp/Vs near 1.80 as in
global models [Dziewonski and Anderson, 1981], consistent
with typical garnet-or spinel-peridotites (Figure 15). Similar
low Vp/Vs have been reported in two other subduction zone
wedges, in the flat slab segment of the Andes [Wagner et al.,
2005] and in the Kurile back arc [Zheng and Lay, 2006], but
high Vp/Vs is more typical [e.g., Zhang et al., 2004]. High,
near-solidus temperatures are likely present in the northern
parts of the Alaska wedge [Abers et al., 2006], but increases
in temperature should act to raise Vp/Vs, as would the
presence of melt in most realistic geometries [Koper et
al., 1999; Takei, 2002]. Compositional variations of peri-
dotites probably cannot produce the low Vp/Vs, as most
mantle minerals exhibit Vp/Vs above 1.75 and all above
1.71 (Figure 15). The lowest Vp/Vs correspond to Mg end-
members of olivine and orthopyroxene, possibly significant
components in regions of highly depleted mantle following
melt extraction. To explain low Vp/Vs beneath the Andes,
where the subducting plate is virtually flat and volcanism is
absent, Wagner et al. [2005] propose that orthopyroxenite is
abundant in much of the mantle, which would require
considerable silica addition such as by metasomatism
from slab-derived fluids. However, even pure enstatite
(the Mg end-member orthopyroxene) has Vp/Vs = 1.71 at
relevant conditions [Angel and Jackson, 2002; Hacker and
Abers, 2004], and observations both here and in the Andes
show Vp/Vs < 1.70. It is possible that reported pressure
derivatives of compressibility are in error, allowing for
lower Vp/Vs in enstatite, as some experimental data are
contradictory (L. Wagner, personal communication, 2005).
If the experimental constraints are indeed in error, then it is
possible that highly depleted mantle may produce the
observed Vp/Vs, but that remains to be proven.

[49] Among major rock-forming minerals, only quartz
has Vp/Vs < 1.70 at upper mantle pressures [Christensen,
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Figure 15. Predicted seismic velocities for major mantle
minerals at 2 GPa (66 km depth), from Hacker and Abers
[2004]. Velocities calculated at 900°C (diamonds) and
1200°C (crosses), for minerals garnet (Gt), olivine (Olv),
clinopyroxene (Cpx), orthopyroxene (Opx), and quartz
(Qz), including their respective Mg end-members pyrope
(Py), forsterite (Fo), diopside (Di) and enstatite (En). For
Olv, Cpx, and Opx, compositions follow Mg-Fe solid
solution between 80% and 100% Mg/(Mg + Fe). For Gt,
compositions vary between end-members containing 10—
90% almandine (Fe end-member), 5-50% grossular (Ca
end-member) and 10-90% Py, a range that includes many
common mafic and ultramafic rocks [Hacker et al., 2003a].
Increasing Fe or increasing temperature increases Vp/Vs and
decreases Vp. At 900°C, Qz has Vp = 6.02 km s~ ' and Vp/
Vs =1.59. Also shown are calculated velocities at 900°C for
garnet-lherzolite (gt-lhz) and garnet-harzburgite (gt-hz)
compositions of Hacker et al. [2003a], and global model
PREM at 66 km depth [Dziewonski and Anderson, 1981].
Mantle Vp/Vs less than 1.70 cannot be explained by any
mineral common to peridotites or mafic eclogites and may
require significant Qz.

1996; Hacker et al., 2003a]. In sufficiently Si-rich rocks,
quartz will be stable at pressures below 2.5—3 GPa depend-
ing upon temperature [dkaogi et al., 1995]. Although
peridotites are undersaturated with respect to silica it is
possible that the long history of subduction has introduced
silicic crustal material into the wedge, either through meta-
somatism by slab derived fluids or by subduction of island
arc related rocks of more felsic bulk composition. The latter
scenario also has been proposed by Eberhart-Phillips et al.
[2006], who see similar Vp/Vs in traveltime inversion results
for the Alaska mantle. While the bulk composition of such a
rock would be difficult to constrain on the basis of seismic
velocities alone, physical properties calculations [Hacker
and Abers, 2004] show that 15-30% quartz, when com-
bined with various concentrations of garnet and orthopyr-
oxene, could produce the requisite material. Given the
potentially wide range of materials that may have been
subducted over the history of accretion here [Ridgway et al.,
2002] it is difficult to know if this is realistic. Deep
subduction of a Mesozoic flysch basin has been suggested
on the basis of magnetic observations [Stanley et al., 1990],
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which may have fairly silicic bulk composition. Such
material was likely subducted to mantle depths during
collision, injecting silicic upper crustal rocks into the mantle
wedge. The buoyancy of such low-density material, once it
entered the mantle, may play an important role in allowing
it to mix with the uppermost mantle for example through
compositionally driven diapirism [Gerya and Yuen, 2003].
Thus the uppermost mantle in a region of repeated terrane
accretion may be quite different in composition from normal
suboceanic mantle.

[s0] In summary, the low Vp/Vs values seem to be real,
and consistent with other observations, both in Alaska and
elsewhere. While the cause of such low ratios is not well
understood, several new observations suggest that it may be
an occasional feature of subduction, particularly where
volcanism is absent. Low Vp/Vs (<1.7) may require sub-
stantial quartz be present in some fashion, given the present
understanding of mineral physical properties.

6. Conclusions

[s1] We present a new method for inverting receiver
functions for depth to interfaces and the Vp/Vs above them
in the case of dipping layers. The method makes use of
the linear relationship between traveltimes and interface
depths to generate moveout corrections from several phases
interacting with the same interface, and stacks signals to
generate parameter estimates and uncertainties. We apply
the method to broadband signals recorded by the BEAAR
experiment in central Alaska, to estimate Moho depth,
crustal Vp/Vs, LVZ depth and thickness, and mantle wedge
Vp/Vs. Two sets of signals dominate the receiver function
data here: a Moho conversion and a signal from the dipping
top of the subducting slab.

[52] Crustal thickness varies by from 27 to 45 km with
thickest crust offset somewhat south of the highest topog-
raphy of the Alaska Range. Thin crust (30 km thick) is
found north of the Hines Creek fault, likely indicating that
density differences associated with terrane boundaries are
important in compensating topography. The average crustal
Vp/Vs of 1.78 corresponds to that of mafic rocks, as
expected for the accreted terranes making up much of
southern Alaska. A belt of high Vp/Vs (1.95 + 0.04) lies
near the Hines Creek Fault, site of closure of a Cretaceous
ocean basin, and may reflect relict structure associated with
that fossil subduction.

[53] Inversion for the slab interfaces recovers the depths
and thicknesses of the LVZ as estimated by other methods,
and confirms that a thick, slow layer persists to 130 km
depth. This layer is likely a subducting exotic terrane that is
15—20 km thick and perhaps represents a downdip extent of
the Yakutat terrane crust. The Vp/Vs of 1.79 £+ 0.06 in the
southern part of the mantle wedge, where the subducting
plate is <80 km deep, may reflect slight serpentinization of
the shallowest part of the wedge but does not require any.
This is the same part of the mantle wedge where low
temperatures and high magnetization have been indicated
previously.

[s4] Farther north, where the wedge has been inferred to
be hot, we observe unusually low Vp/Vs values (1.6—1.7),
confirmed by local traveltime tomography. Such low Vp/Vs
values are difficult to reconcile with any major rock-
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forming mineral common to mafic or ultramafic rocks,
although highly depleted peridotites or orthopyroxenites
lie close to this range. Abundant quartz may be required
to explain the observed Vp/Vs, indicating that past subduc-
tion has significantly modified mantle material here.
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