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[1] Teleseismic ground motion recordings of deep earthquakes often contain clear seismic
wave reflections from the free surface above the source (pP, sP, s5), with isolated
precursors (pyP, syP, and s,,5) produced by underside reflections from the Moho (the
crust-mantle boundary) below the free surface reflection points. The waveforms of the
depth phases and their precursors are readily modeled, providing constraints, for steep
angles of incidence, on integrated two-way crustal travel times and Moho shear and
compressional impedance contrasts above deep earthquake source regions. We model
surface reflection waveforms in stacks of three-component, long-period WWSSN and
digital broadband seismograms for signals traversing the crust and upper mantle beneath
the Sea of Okhotsk, which overlies deep earthquakes in the subducted Kurile slab. The
crust beneath most of the Sea of Okhotsk is 19—25 km thick, indicating a submerged
continental margin, with minor crustal thinning toward the Kuril back-arc basin,

where thin oceanic crust is found. Modeling p,,P and s,,S phases that sample the same
subregion provides tight constraints on the V,/V ratio in the crust and uppermost mantle
(assuming common density structure and consistent crustal thickness for P and S waves);

the absolute velocities are not constrained by the data. We find unusually low V,/V
ratios in the range 1.6—1.7 for the uppermost mantle under the Sea of Okhotsk and
comparably low average V,/V ratios for the crust in several regions. The presence of
fluids and extensive silica enrichment, possibly involving low-temperature veining, are
viable explanations for the anomalous V,/V ratios; this may represent an important
process of continentalization taking place landward from the volcanic arc in subduction

zones.

Citation: Zheng, Y., and T. Lay (2006), Low V,,/V ratios in the crust and upper mantle beneath the Sea of Okhotsk inferred from
teleseismic pyP, s,,P, and s,,S underside reflections from the Moho, J. Geophys. Res., 111, B01305, doi:10.1029/2005JB003724.

1. Introduction

[2] Determination of seismic properties of the crust is
important for understanding crustal formation and evolu-
tion, and several decades of effort have been directed at
developing first-order models of the crust around the world
[e.g., Christensen and Mooney, 1995; Mooney et al., 1998].
The key first-order properties of the crust include the
average P and S velocities of the crust, the crustal thickness
(defined as the depth to the Moho discontinuity), and the
contrasts in P and S velocities and density across the Moho
(important parameters for characterizing the mineralogical
contrast between crustal and mantle rocks). The highest
resolution of crustal properties is provided by combined
multichannel reflection and refraction surveys with con-
trolled sources; until recently this approach has focused on
recovering P velocity properties of the crust. Use of three-
component sensors and teleseismic earthquakes as passive
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sources has yielded a bounty of results from receiver
function and surface wave dispersion analyses, which
primarily constrain the shear velocity properties of the crust
[e.g., Levin et al., 2002a, 2002b; Shapiro and Ritzwoller,
2002]. The Moho discontinuity may involve a complex
transitional structure, but is usually relatively pronounced,
giving rise to distinct seismic wave reflections, refractions,
and conversions. Seismologists have extensively used
topside Moho reflection phases (e.g., Py/P and S,,S) and
up-going Moho-converted phases (e.g., Sp, Ps) to infer
crustal and Moho properties [e.g., Jordan and Frazer,
1975].

[3] For many regions, it is not possible to deploy seismic
stations for refraction or receiver function studies, so other
approaches have been developed. Revenaugh and Jordan
[1989] used multiple ScSH wave reverberations along
extended corridors within the mantle and crust under the
western Pacific to invert for laterally averaged crustal
thickness and Moho shear velocity impedance contrast.
More localized sensitivity can be obtained by analysis of
Moho underside reflected phases recorded at teleseismic
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distances as precursors to PP or SS phases [e.g., Schwartz
and Lay, 1993; Carbonell et al., 1994; Katsumata et al.,
1993; Zhao et al., 1991]. Schenk et al. [1989] introduced the
modeling of underside reflections from the Moho (p;,P) that
arrive before free surface reflection depth phases (pP) at
teleseismic distances from deep focus earthquakes. These
phases involve waves that are steeply incident on the crust
in back-arc regions, and they provide perhaps the simplest
geometry for measuring integrated (two-wave) travel time
through the crust (from the time difference between pyP
and pP), and P wave impedance contrast at the Moho (from
the p,P/pP amplitude ratio). Zhang and Lay [1993] simi-
larly used s, precursors to sS, enhanced by stacking
signals from many stations, to determine the corresponding
shear velocity properties of the Moho and crust.

[4] In this study, we extend the analysis of depth phase
precursors, simultaneously modeling three different phases,
prP sy P and sy,S (SH component) to infer the crustal and
the upper mantle structure above a deep focus earthquake
zone. The combined data set provides dense spatial sam-
pling and enables direct comparison of average crustal and
Moho P and S velocity structure in the same region.
Surprisingly, this has seldom been done using models
extracted by compatible procedures. Zandt et al. [1994]
analyzed broadband data to characterize the southern Alti-
plano crust using p,P, s,,S and crustal reverberation phases,
finding evidence for anomalous Poisson ratio of the deep
crust. Constraints on seismic velocities and Poisson ratio
can provide important bounds on the composition of the
crust [Christensen, 1996].

2. Tectonic Setting

[s] We use data from deep focus earthquakes in the Kuril
subduction zone. The up-going depth phases from these
events traverse the upper mantle and crust beneath the Sea
of Okhotsk (Figure 1), a submerged terrane on the Eurasian
continental margin, before reflecting from the ocean bottom
(or free surface) and diving through the mantle to eventually
be recorded at teleseismic distances around the world. One
unusual attribute of the Sea of Okhotsk is that the regional
crust is much thicker than oceanic crust, which helps to
isolate depth phase precursors, allowing us to study them
with high confidence using both broadband and long-period
data.

[6] The tectonic history of the Sea of Okhotsk (Figure 1)
is fairly complex, and the nature of the regional crust
requires consideration in the context of evolution of the
northwestern Pacific margin. The major plate boundaries are
well defined. In the northeast, along the western portion of
the Aleutian arc, dextral strike-slip motion occurs, intersect-
ing the Kamchatka Peninsula at about 56°N. The Pacific
plate subducts northwestward along southern Kamchatka
and the Kuril island arc, which extends down to Hokkaido.
A right lateral N-S trending fault system is found in
Sakhalin and Hokkaido; the formation of this shear zone
is thought to be associated with cessation of earlier subduc-
tion and reorganization of convergence in the late Creta-
ceous or Paleogene [Kimura et al., 1983]. This shear zone is
thought to be the plate boundary between the North Amer-
ican plate (or a separate Okhotsk plate) and the proposed
Amurian plate to the south [Zonenshain and Savostin,
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Figure 1. Tectonic map for the Sea of Okhotsk. The Sea

of Okhotsk can be divided into an Okhotsk block in the
north and the fan-shaped Kuril back-arc basin in the south.
Whether the Okhotsk region involves a separate subplate or
is part of the North America Plate is unresolved.

1981], the existence of which has been further supported
by regional tectonics and earthquake slip vectors [Wei and
Seno, 1995] and a recent GPS study [Takahashi et al.,
1999].

[7] The possibility that the northern Okhotsk block mi-
grated from the south as part of the Kula plate has been
considered [Kimura and Tamaki, 1986], but is somewhat
in question due to the continental nature of the terrane
[Gnibidenko and Svarichevsky, 1984]. K-Ar isotope age
dating of dredged igneous samples indicates that the base-
ment was formed no later than the Cretaceous [Gnibidenko
and Khvedchuk, 1982]. As for the tectonic identity of the
Okhotsk block, there has been no consensus on whether it
involves an independent plate [Cook et al., 1986; Riegel et
al.,, 1993] or it is in fact part of the North American Plate
[Chapman and Solomon, 1976; DeMets, 1992; Seno et al.,
1996].

[8] Tectonically, the Kurile back-arc basin is bounded
on the northern and southern margins by normal faults
and the crust is typically thin oceanic back-arc structure
[Gnibidenko and Svarichevsky, 1984]. The basin has a water
depth exceeding 3300 m and a thick (>4 km) undisturbed
sedimentary section overlying a rough basement. The open-
ing history of the basin is of importance for the tectonic
evolution of the northwest Pacific since the late Cretaceous.
Generally, it is thought to have opened in the Miocene
[Ikeda et al., 2000; Maeda, 1990] and clearly no earlier than
the Late Cretaceous [Gnibidenko et al., 1995]. The forma-
tion of the Kuril back-arc basin can be explained by the
extrusion tectonics model, which accounts for the back-arc
spreading as a far-field effect of the India-Eurasia collision
in the Eocene [Worrall et al., 1996].

2 of 13



B01305
60°
| Sea of Okhotsk
| I
55° B
| x|
@ * X 122175
| =5 I 012971
2 042084
5007 e |
| 082172 *
5 v
1@
18 % 111702 .
@ N
1" /%lom &
45° — T 1T ‘
140° 145° 150° 155° 160°

Figure 2. Event locations (stars) in this study along with
the 2 km depth isobath contour which delineates the
boundary of the Kuril back-arc basin. Numbers beside the
stars represent the dates of the events (mmddyy). 1-1V
designate the region codes for east, north, central, and south
Okhotsk.

[0] Our purpose is to add to the seismological character-
ization of the crust under the Sea of Okhotsk, as this may
help in understanding evolution of the regional continental
structure.

3. Data and Methods

[10] We analyze digitized three-component WWSSN
long-period data from five deep events that occurred in
the 1970s and 1980s (Figure 2), as well as broadband data
from one recent event (Table 1). There is a paucity of deep
earthquakes (7, > 6) in the region since the deployment of
extensive digital networks. The need for complete separa-
tion of depth phases (Figure 3a) from the down-going
(direct P and S) phases limits our approach to deep focus

Table 1. Earthquake Parameters Used in the Study?®
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earthquakes and associated overlying mantle regions. In
individual seismograms, we observe clear surface reflected
depth phases, pP, sP and sS, preceded by small, but well-
isolated Moho underside reflected phases, pyP, s/ and
suS, (Figure 3b). The precursors arrive in time windows that
are usually free of other arrivals in our distance range of
35°-90°, but PP, PcP, SS and ScS phases must be avoided
at some ranges (Figure 3¢) [Zhang and Lay, 1993]. Receiver
coda excited by pP tends to increase the noise level for sP
phases, but for the deepest events, or at azimuths where pP
is relatively weak, sP can be a clear phase with a low noise
precursory interval. The arrival time differences and the
relative amplitude ratios between the precursors and the
surface reflections provide constraints on the coupled
parameters of crustal thickness and average crustal veloci-
ties and the Moho impedance contrasts through waveform
modeling.

[11] To enhance the signal-to-noise ratio for the small
precursors from a given event, we align waveforms that
have nearby (within 50—100 km) reflection points on pP
(sP or sS) and linearly stack them. This procedure is in
accord with the intrinsic lateral averaging over each phase’s
Fresnel zone (the spatial extent contributing to the finite
frequency reflections); it reduces scattering and incoherent
noise effects, providing stable waveforms for modeling. To
eliminate the effects caused by inconsistent gain factors at
stations and small source radiation pattern variations, the
waveforms are amplitude normalized with respect to a
common cycle of pP (sP or sS) prior to stacking. Our
analysis involves the relative amplitudes of the precursors
and the surface reflections, and is not affected by their
absolute values. We only model stacked waveforms from
stable portions of the radiation pattern, which limits the
sampling provided by any one event.

[12] For the vertical component seismogram analysis
(paP and pP, or syP and sP), the epicentral distances are
carefully selected to avoid interference with energy from
PcP and PP (Figure 3c). The waves radiated from the deep
sources can be approximated as plane waves incident
beneath the source-side crust. To simplify the computation,
we use the Thompson-Haskell propagator matrix method
[Haskell, 1953, 1960] to calculate the response for a plane
wave (single ray parameter) excitation. From the signal
processing perspective, the final synthetic waveform W(¢)
can be written as a series of convolutions in the time
domain:

W(t) = [S()*C()]*Q()*C1 (1)

Event Date Time, UT Latitude, °N Longitude, °E Depth, km my/M,, Strike, deg Dip, deg Rake, deg
WWSSN Long Period
1 5 Sep 1970 0752:27.2 52.28 151.49 582 5.7 3 72 -90
2 29 Jan 1971 2158:03.2 51.69 150.97 544 6.0 34 72 —110
3 21 Aug 1972 0623:48.9 49.51 147.04 578 5.9 15 17 47
4 21 Dec 1975 1054:17.2 51.93 151.97 546 6.0 42 74 —94
5 20 Apr 1984 0631:10.6 50.03 148.76 589 5.9 257 16 —74
Digital Broadband
6 17 Nov 2002 0453:53.54 47.82 146.21 459 7.3 324 3 45

For the events recorded by WWSSN the parameters are taken from the ISC catalog, and the magnitude is m,,. Parameters of event 6 are from the USGS/

NEIC catalog; the magnitude is My
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Figure 3. (a) Schematic geometry of ray paths for surface

reflection phases pP, sP, or sS (solid line) along with their
correspondent Moho underside reflected phases p,,P, sy/P,
or s, (dashed line). (b) Sample seismograms showing the
well-isolated Moho precursors; epicentral distances for
stations IST, OXF, and VAL are 74.8°, 79.2°, and 75.5°,
respectively. (c) Travel time curves of different phases for a
500 km depth source in model PREM.

Here S(¢) is the effective source time function, which is
estimated by stacking the direct P (or SH) arrivals within
appropriate epicentral distances (i.e., avoiding upper mantle
triplications and core diffractions). C(f) is the receiver-side
crustal response, which has only a minor effect on the
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precursors and the first half cycle of the surface reflections
(an averaged version of this term is contained in the
empirically stacked direct phases). O(f) is a Futterman
differential attenuation operator [Futterman, 1962] included
to account for the extra attenuation experienced by the
surface reflections and the Moho precursors relative to the
direct arrivals due to their additional upper mantle transits.
0O(¢) is chosen to broaden the synthetic pP (sP or sS) pulse
to match the observed data. We assume the same differential
t* is valid for the precursor, though a slight over broadening
and amplitude decrease of the synthetic pulse could result.
This is deemed negligible given the much longer path in the
upper mantle shared by precursor and depth phase alike.
The QO(f) filter also allows for any pulse width effects of
varying source time function between down-going and up-
going paths. C(¢f) represents the source-side crustal
response. Here, we adopt a simple two-layered model
involving a crust (and water layer for pP and sP modeling)
overlying a half-space mantle, so the response effectively
involves a precursor caused by underside reflection from the
Moho, surface reflections (including a water surface
reflection), and all multiples in the crust and water layer.
This response provides the flexibility to match the data.

[13] When processing the broadband data, we use a
source deconvolution approach [Langston, 1979, 2001] to
remove the source complexities. We first remove the station
instrument responses, stack the direct P (or SH) arrivals at
nearby stations to obtain the effective source time functions
for p,,P and s,,P (or 5,,5), and then deconvolve the effective
source time functions from vertical- (or tangential-) com-
ponent seismograms using the water level deconvolution
method. The water level is determined by trial-and-error
methods such that the noise before the direct pulse is
minimized. A Gaussian filter, exp (—w?*/4a?), is applied to
exclude high-frequency artifacts resulting from the decon-
volution. The deconvolved traces can then be modeled
using an attenuated impulse response input into the near-
source crustal structure.

[14] Several assumptions are made in our modeling of the
bouncepoint structure: (1) we parameterize the crustal
properties with linear velocity and density gradients below
a thin sedimentary layer since our data cannot resolve and
are not very sensitive to internal crustal layering; (2) the
sub-Moho density is fixed at p,, = 3380 kg/m”; (3) the
modeled density change Ap across the Moho is scaled in
proportion to the P wave velocity change AV}, according to
Birch’s [1961] law: Ap = 0.3 AVp in SI units. Generally,
there are seven free parameters, crustal thickness (7/) and P
and S wave velocities (Vp,, and Vs,,) in the uppermost
mantle, P and S wave velocities (Vpo, Vp1, Vso, Vsy) at the
top and base of the crust. In order to fit the waveforms, we
have to prescribe complete velocity models for the crust and
uppermost mantle. Our data place direct constraints only on
two-way travel times through the crust for P and S, and on
jumps in P and S velocity at the Moho (for the assumed
density systematics). Given more free parameters than our
data can directly constrain we employ a Monte Carlo
approach to find suites of modes that satisfy various
measures of fit to the observed waveform stacks. In explor-
ing the model space, Vp,, is allowed to vary between 7.1
and 8.2 km/s and Vp,,,/Vs,, is varied in the range 1.6—1.8.
We further specify the average crustal P wave velocity to
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Figure 4. Variation of the autocorrelation coefficient as a
function of the time lag for the p,/P wavelet of event
012971pP(A1). Because the input P source time function is
similar to the p,P pulse shape, the autocorrelation will
behave like the cross correlation of p,,P with a synthetic.

range from Vp ~ 5.8 — 6.4 km/s and the average crustal
shear wave velocity is scaled by Vp/Vs ~ 1.6 — 1.8. The
absolute velocities of the successful models are not resolved
(for example, crustal thickness and average crustal veloci-
ties trade off), but the data do provide resolution of two
model attributes, Vp/Vy ratio of the crust (controlled by
relative precursor/depth phase times) and Vp/Vs of the
uppermost mantle (controlled by relative precursor/depth
phase amplitudes).

[15] Preferred models are selected by two measures:
cross-correlation coefficient and the difference of the max-
imum amplitudes of the precursors in synthetic seismo-
grams versus those in the data. The cross-correlation
coefficient alone is sometimes inadequate since it is primar-
ily sensitive to the relative time lag between the observed
waveforms and the synthetics, and lacks precise sensitivity
to the amplitude of small precursor phases. The threshold
for acceptable cross-correlation coefficient for satisfactory
fits is chosen based on experimental justification. Figure 4
indicates that the tolerance of the travel time mismatch is
prescribed by the cross-correlation threshold. For the am-
plitude fitting, we compare the maximum amplitudes of the
well-isolated Moho underside reflected precursors (e.g.,
PP, syP and s,,5) with the synthetics because after stack-
ing the observed waveforms are smooth and accurately
modeled. Correlation measures control our differential
travel times and amplitude measures then control impedance
estimates.

4. Results

[16] On the basis of the geometry of the reflection points,
we divide our sampling of the Sea of Okhotsk into four
subregions (Figure 2).

4.1. Eastern Sea of Okhotsk

[17] Both pyP and s,,S data are available in this area, but
syP phases do not sample this far from the sources
(Figure 5). Event 012971 displays 2 distinct types of
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Figure 5. Reflection point distribution in the eastern Sea
of Okhotsk region (region I of Figure 2). Each earthquake is
associated with a number (“3” for 122175 and “4” for
090570), except event 012971, which has two numbers:
“1” (subgroup 012971pP(A1)) and 2 (subgroup
012971pP(A2)). The circles are p,P bounce points, and
the diamonds are s,,S bounce points.

puP + pP waveforms (Figure 6), so we subdivide it into
a western group, 012971pP(Al), with large pyP/pP
amplitude ratio, and an eastern group, 012971pP(A2),
with smaller p,/P/pP ratio. The systematic variation in
waveforms between these two groups indicates that the
effective spatial extent controlling the reflections is on the

012971A2 pm

122175A pmP § 122175 smS]

090570A pmP . 090570 smS

—
-10 0
Time (s)

Figure 6. Comparison between synthetics (dashed lines)
and data (solid lines) for phases reflecting below the eastern
Sea of Okhotsk. These comparisons reflect the quality of fit
of various satisfactory models retrieved from the Monte
Carlo method.
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Table 2. Summary of the Modeling Results®
Event Vso, km/s Vs, km/s Vs, km/s ¥V, km/s Vp,, km/s Vpm, km/s Th, km AZp %  AZgy, %

Region I, Eastern Sea of Okhotsk

012971pP(A1) 012971sS(A) 3.4 +0.1 3.7+0.2 4.8 +0.1 5.8+0.2 6.1 +£0.2 7.7+0.3 21.3+0.9 390+2 41 +£2

090570pP(A) 090570sS(A) 35+£0.2 39+0.2 47+0.2 6.0+0.3 6.4+0.2 7.6 £0.3 24.0 £ 0.8 29+2 31+£3

122175pP(A) 122175sS(A) 3.4 +0.1 3.8+0.2 4.7 £0.1 58+0.2 6.3 +0.2 78+03 250+08 35+3 35+3

012971pP(A2) . 4.9+ 0.0 5.8 7.0+ 0.0 73 26+ 1 180 e
Region II, Northern Sea of Okhotsk

122175pP(B) 012971sP(B) 3.4 +0.1 3.7+02 46+02 58+02 6.1+03 75+03 207+08 30+2 31+2

012971pP(B) 090570sS(B) 33+0.1 3.5+0.1 46+02 58+02 6.1+03 7.6+03 224+08 35+2 41 2
Region II, Central Sea of Okhotsk

082172pP(A) 042084sS(A) 3.6 0.2 3.9+0.1 4.6 £0.1 58+0.2 6.4 +£0.2 7.8 +£0.2 194+05 32+2 28 +3

Region 1V, Kuril Back-Arc Basin Edge

111702sP(BK) 3.31 3.69 + 0.03 4.5 5.8 6.45 + 0.06 8.0 155+04 34 £1

111702sP(CI/US) 3.31 383+0 4.5 5.8 6.7+0 8.0 21.5+0.5 e 282 +0

111702sS(CI/pP(CI) 32+02 3.6+0.1 47+ 0.1 5.8+0.2 6.4+0.2 7.8 £0.2 179 £ 0.6 33+3 39+3

“The errors are model variance and the entries with no error bars are fixed a priori.

order of 100 to 150 km, which is about half of the
calculated 15 s period Fresnel zone radius of 150 km for
corresponding pP phases by Schenk et al. [1989]. There
is observed variability within the groups but this is not
spatially systematic and we attribute it to noise effects or
structural effects that cannot be modeled with localized
one-dimensional models. We believe we can reliably
recover lateral variations in average reflector properties
over scale lengths of about 150 km with our method.
Finer-scale variations in Moho depth or average crustal
properties undoubtedly exist, but cannot be resolved
reliably with WWSSN station distribution; analysis of
broadband array data can resolve more localized varia-
tions as shown later. The eastern group samples close to
the Kamchatka peninsula, but this is also true for the data
for event 122175, which has large p,P/pP ratio, so the
variations are not simply related to crustal thickness or
water depth. The p)P and s,,S reflection points overlap
for western and northern portion of this region (Figure 5).
Thus it is natural to perform joint waveform modeling for
pvP + pP and 54,8 + sS by assuming a common crustal
thickness for the P and SH reflections.

[18] We incorporate a 2-km-thick sediment layer (Vp =
2.5 km/s, Vg = 1.25 km/s, p = 2600 kg/m’) in the shallow
crust for this region based on the sedimentary map by
Gnibidenko and Khvedchuk [1982]. Water depths are 0.5,
0.3, and 0.1 km for groups 012971pP(A1), 090570pP(A)
and 122175pP(A), respectively. Because the number of
constraints provided by the data is less than the number
of model parameters, complete crustal models are not
uniquely determined, and we find a range of acceptable
structures in the Monte Carlo approach, with the mean
properties being listed in Table 2. Misfit thresholds are
defined by cross-correlation coefficient of 0.95 and 5%
error in the peak amplitudes of p,,P or 5,,S, which provides
suites of models with very good fits to the waveforms
(Figure 6).

[19] The strongest trade-off in the model space is between
average crustal velocities and crustal thickness, which are
together constrained by the two-way travel times. Levin et
al. [2002a] obtained crustal velocity models on a profile
across Kamchatka around 56°N, with Moho depth estimates
of 33-38 km, but this is northeast of our sampled region

and the offshore crust may be different in character, so we
do not impose a priori constraints on the crustal model.
Given the robust measures of the P and S wave two-wave
times intrinsic to our data, we obtain tight constraints on the
average V,/V; ratio for the crust, with three consistent
estimates of 1.68 + 0.02, 1.68 + 0.02, and 1.67 + 0.02 for
events 122175, 090570, and 012971, respectively. These
low ratios are consistent with laterally uniform felsic com-
position of the overall crust. Other parameters of the crust
are not resolved by our data, but for the simple crustal
parameterization used, we obtain suites of models that fit
the data with some consistent characteristics. To give a
sense for successful models, we computed the mean and
variance of parameters for the successful models and list
these in Table 2. Note, for example that low Vp; values are a
common attribute, higher P velocities in the deep crust may
exist, in a more complicated structure, but the overall V/Vy
ratio of the crust must be preserved. Increasing average V p
of the crust leads to very high 7 and large Vm values. The
estimated crustal thickness for our successful models
increases toward the Kamchatka peninsula (Table 2) but is
significantly thinner than the onshore estimates from Levin
et al. [2002a].

[20] Variation of the Moho impedance contrasts in this
area indicates that the seismic properties near the Moho do
vary laterally. The precursor amplitude information com-
bines with the relative crustal velocity constraints to give
estimates of impedance contrasts at the Moho (Table 2)
from which we obtain the V,/V; ratio of the uppermost
mantle. All of the satisfactory models indicate that the
uppermost mantle V,/V, ratio is very low, 1.65 + 0.02,
1.62 £ 0.01, and 1.60 + 0.01 for events 122175, 090570,
and 012971, respectively (Figure 7). The ratio increases
somewhat as the reflection region approaches the Kam-
chatka peninsula. These low values are a surprising result
and will be discussed in detail below. The results are
very similar if we modify our assumed mantle density to
3100 kg/m® or if we modify the velocity-density scaling to
use Ap = 0.2 AVp.

[21] For the group 012971pP(A2), with weak p,P/pP
amplitudes, we do not have corresponding s,,S data, and the
pP modeling obtains a good fit with higher V), in the lower
crust than in the other models (and a smaller jump at the
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Figure 7. (a) Monte Carlo inversion for the upper mantle V), and V,, velocities for 012971pP(Al)
(circles), 090570pP(A) (diamonds), and 122175pP(A) (pluses). Each symbol indicates a successful
model fitting the data to the prescribed tolerances. While absolute velocities are not resolved, the V,,,,,/ Vs,
ratios are well defined for each event by the suites of successful models. (b, ¢, d) Parameter trade-offs are
also displayed. In Figure 7d, (Vp/Vs)erust = (Voo T Vpr)/(Vso + V).

Moho), along with a thicker crust (Table 2). This result is
indicative of models that can fit pP data or sSH data alone;
the absolute velocities are not resolved, but when pP and
sSH data are fit simultaneously, the anomalous V,/V ratios
of the regional crust and uppermost mantle are immediately
apparent. The behavior of the data is made clear if one first
fits the pP data with a model and then invokes conventional
V,/V scaling ratio to predict the sSH data. This gives a poor
fit, and one requires an incompatible crustal thickness 4—
5 km thinner than in the V), model to fit the SH data
acceptably. Because the data and modeling are so simple
and significant local averaging has been achieved in the
stacking, it is difficult to invoke noise or small-scale
structural heterogeneity arguments to account for the un-
usual ratios. Other possible factors such as anisotropy or
reflection from dipping Moho are considered below.

4.2. Northern Sea of Okhotsk

[22] This region is sampled by all three types of reflected
phases from two events, although the spatial sampling of
syP is rather isolated (Figure 8). The latter phase has not
been previously used for constraining the crustal and Moho

properties, so we characterize its sensitivity here. For steep
angles of incidence, the s,/ amplitude is only a weak
function of V), at all. To demonstrate this, we consider a
two-layered model involving a crust of constant velocities
and density overlying a homogeneous half-space mantle.
Figure 9 shows that the mantle P wave velocity V},, has no
influence on s, at all while the crustal P wave velocity V),
does have some effect on the differential travel time
between s3,P and sP. The dominant factors affecting s,,P
amplitude and relative travel time are the shear wave
velocities in the mantle and crust. These results are easily
confirmed theoretically by calculating the s, reflection
coefficient using the appropriate formula of Aki and
Richards [1980]. We find |04/93,] > |0A/0cy|, where A,
«;, B; are S-to-P reflection coefficient of a solid-solid
interface, P and S wave velocities, respectively. The s3,P
amplitude thus constrains the shear impedance contrast at the
Moho, providing the same information as s,,S if no anisot-
ropy is involved. It is important to note that p,,P behavior is
also dependent on the upper mantle shear wave velocity, so
we do not have a complete separation of P and S velocity
probes. In Figure 10 we show results for a two-layer model
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demonstrating the sensitivity of p,,P amplitude to mantle V.
With increasing V, the p,,P amplitude drops dramatically.

[23] We perform joint waveform modeling for
012971pP(B) and 090570sS(B) data stacks and
122175pP(B) and 012971sP(B) data stacks (Figure 11). In
the joint modeling procedure, we include a 0.8 km thick
water layer and a 0.5 km thick sediment layer using the
same sediment seismic properties as listed before. The
waveform fits are again very good for models achieving
our thresholds, and trade-offs are similar to those found in
modeling the eastern Sea of Okhotsk. Average crustal V,/V
ratios from modeling the two pairs of observations (pP and
sS and pP and sP) are 1.77 + 0.01 and 1.70 + 0.02,
respectively. The estimated depth of the Moho is ~22 km.
The upper mantle velocity structure is similar to that found
for region I, involving low V,,,/V, ratios ranging from
1.6 to 1.7 with averages of 1.63 £ 0.02 for both data sets
(Figure 12). Table 2 indicates the average models found in
each case, with there being some variation in all velocities.
This could be the result of the slightly different spatial
sampling involved in each data group or the result of
different sensitivity to the source wavelet and its frequency
content (for sP modeling, we use a stacked P wavelet with
differential attenuation, whereas for sS modeling we use a
stacked SH wavelet with differential attenuation). The noise
levels tend to be higher for sP arrivals, so the results for
these phases are not as reliable as sS modeling.

4.3. Central Sea of Okhotsk

[24] This region is sampled by surface reflections for two
deep Kurile slab events (Figure 13). The 5., and pyP
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waveforms are modeled jointly (Figure 14) and water depth
is set to 1.0 km, with no sedimentary layer being added. In
actuality, this region may have a very thin (<0.5 km)
sediment layer; however, modeling results show that such
a thin layer has little effect on the synthetic waveforms. The
average crustal V,/V, is found to be 1.63 £ 0.02 and the
crustal thickness is estimated at ~19.5 km (Table 2).
The average V,,,/V, ratio is ~1.69 £ 0.02 (Figure 15).
The latter estimate could be increased to 1.72 + 0.02 if we
allow different crustal thicknesses (1.0 km difference) for
syS and py,P due to the slight offset in their reflection points.

4.4. Southern Sea of Okhotsk

[25] Three-component broadband data from the
Berkeley Digital Seismic Network stations (BK), Caltech
TERRAScope/TriNET stations (CI), and North American
Global Seismic Network stations (US) are used to constrain
the crustal structure near the northern margin of the Kuril
back-arc basin. These data are from relatively dense dis-
tributions of stations and the stacked s,,° waveforms
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=
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Figure 9. Effects of model variables on s, amplitude.
We investigate the sensitivity by varying individual
parameters over the indicated range while holding the
others at the initial values. The ray parameter is 6.0°/s. V..
and V), are the S and P velocities in the crust, respectively;
Vem and V,,,, are the S and P velocities in the mantle.
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the pyP amplitude for a ray parameter 6.0°/s. The model for
this test is same as in Figure 9, except the crustal thickness
is 30 km.

indicate systematic variation on relatively small-scale
lengths (Figure 16a). Estimates of Moho shear velocity
properties are obtained by modeling these phases (Table 2),
but there are no pP reflections in the same area for simul-
taneous inversion so we hold the P wave velocity to be the
same as in model PREM [Dziewonski and Anderson, 1981].
The waveform variations are clearly apparent in the data,
indicating small effective Fresnel zones for these phases.
The 54,5 and p,,P reflection points for the CI stations overlap
within a zone about 20 km across (Figure 16b). We model
these s,,5 and pyP phases simultaneously, obtaining an
average mantle V,,,/V,, ratio of 1.66 £ 0.03 (Figure 17),
while the average crustal V,/V is a high value of 1.79 £ 0.03.

10 0
Time (s)

-20

Figure 11. Comparison between synthetics (dashed lines)
and data (solid lines) for phases reflecting below the
northern Sea of Okhotsk.
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Figure 12. Monte Carlo inversions for V), and V,, for
122175pP(B) and 012971sP(B) data stacks (diamonds) and
012971pP(B) and 090570sS(B) data stacks (circles) for the
northern Sea of Okhotsk.

5.2

The crustal thickness is ~18 km which suggests that the Sea
of Okhotsk crust thins slightly toward the Kuril back-arc
basin from the north and east.

5. Discussion

[26] The Sea of Okhotsk is an exotic terrane that does not
have a clear tectonic history defined. The various regions of
the Sea of Okhotsk sampled in our study are characterized
by intermediate, 19-24 km thick crust, low V,,/V ratios in
the crust except near the Kurile basin, and anomalous
uppermost mantle with V,/V; < 1.7 across the region.
According to Christensen and Mooney [1995], thin conti-
nental crust may overlay a weak and thin lithosphere and
the crust is likely to be thickened by subcrustal flow.
However, it is unclear whether the Sea of Okhotsk crust is

54 54

52 - - 52

50 T T T T 50
146 148 150 152 154 156

Figure 13. Central Sea of Okhotsk reflection points for
puP (circles) of event 082172 and s,,S (triangles) of event
042084.
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Figure 14. Comparison between synthetics (dashed lines)
and data (solid lines) for phases reflecting below the central
Sea of Okhotsk.

continuing to thicken by deformation or by some process of
continentalization and underplating. Our seismic velocity
estimates may provide some guidance on this issue.

[27] In the preliminary reference Earth model (PREM)
[Dziewonski and Anderson, 1981] the average shear and
compressional impedance contrasts at the Moho are 29.2%
and 32.6%, respectively. Lerner-Lam and Jordan [1987]
used Rayleigh waves to build models EU2 and PA2 for
northern Eurasia and the Pacific Ocean. The shear and
compressional impedance contrasts at the Moho are 26%
and 28.8% in EU2 and 36.8% and 38.4% in PA2, respec-
tively. These results suggest that oceanic regions have
higher impedance contrasts than continental regions. Note

| L |
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%)
e 787
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7.4 -
7.2 . . : , :
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Figure 15. Monte Carlo inversion for upper mantle V,,,
and V, for 082172pP(A) and 042084sS(A), which sample
the central Sea of Okhotsk.
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that the compressional impedance contrasts are larger than
the shear impedance contrasts in these models. This is
because the V,/V ratio in the uppermost mantle (~1.81 in
PREM) is larger than in the lower crust (~1.74 in PREM).

[28] In the Sea of Okhotsk region, V,/V ratios less than
1.7 for the uppermost mantle are found throughout our
study area, for both WWSSN and broadband data. Results
from the eastern Sea of Okhotsk based on WWSSN data
and the southern Sea of Okhotsk based on the broadband
data are best resolved because of the their dense geographic
sampling of the bounce points and overlapping reflection
zones that make the joint inversion accurate. However, less
reliable results from other regions generally corroborate the
most reliable ones.

[20] The depth extent of the anomalous V/V ratio region
in the uppermost mantle is not resolved by the data, but we
note that there are no clear additional precursors that would
suggest a discrete layer. We estimate that the depth extent is
on the order of M4 ~ 30 km, given the impulsive long-
period reflection, but a thinner zone could be involved.
Constraining the depth extent on the basis of pP, sP, and sS

0.8 1
0.4 -
0.0
'04 LA L L L L N B L B BN B
-10 -5 0
Time (s)
49.5 ‘ |
| ® Al
=) | I
o)
F g
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© ]
= o
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T ‘ T
148 149 150
longitude (deg)
Figure 16. (a) Stacked source-deconvolved s, wave-

forms of network BK (Berkeley Digital Seismic Network
stations; dotted lines), CI (Caltech Terrascope/TriNet
stations; dashed lines) and US (North American GSN
stations; solid lines). (b) s,,P reflection points (BK (circles),
CI (pluses), and US (squares)) and CI p,,P (triangles) and
syS (shaded circles) reflection points.
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relative arrival times may be worth attempting, but requires
more data than we have available. Our inverted results are
for localized one-dimensional models, and failure to ac-
count for three dimensional effects could bias the results,
although it seems remarkable that this would occur in all
four regions for which simultaneous modeling of pP and sS
or pP and sP was conducted. Nonetheless, wave propaga-
tion processes that modify the pmP/pP or smS/sS amplitude
ratios could be misleading our 1-D interpretations. Focusing
or defocusing effects with very small-scale lengths could
occur, either along the up-going paths, at the Moho, or at the
surface reflection points. Anomalously strong crustal atten-
uation could affect amplitude ratios as well. However, there
is no indication of such effects, and they would have to
persist despite stacking and averaging. The long-period data
are rather insensitive to attenuation, particularly over short
differential paths such as the crustal legs for the depth
phases. Another possibility is misinterpretation due to an
overly simplified crustal model parameterization. Perhaps
complex crustal layering, with thin high- and low-velocity
layers can explain the data without overall Vp/Vg anomalies.
While the associated model space is infinite, we did explore
many forward models with alternate parameterizations. No
clear promising direction for reparameterizing the crustal
model emerged; in general, the integrated Vp/Vg ratio in the
crust remains low despite fine-scale structure being intro-
duced. The long-period waveforms provide little sensitivity
to internal crustal structure, but the data are well modeled
with our simple crustal parameterization, and no extra
complexity is demanded. In some cases, crustal layering
corrupts the waveform fit, so very exotic crustal models
may be untenable.

[30] Anomalous V,/V ratios are not novel in subduction
zones [e.g., Zandt et al., 1994; Wagner et al., 2005].
However, in most cases, low V), and high V,/V; ratios are
found, which is usually attributed to either partial melting or
mantle serpentinization. Unfortunately, our resolution of
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absolute velocities is very limited, and independent con-
straint on crustal or upper mantle properties is not available
on localized scale compatible with our data. Additional
information is needed in order to investigate the physical
and compositional properties of the uppermost mantle in the
region. Fedotov and Slavina [1968] found decreasing P
wave velocities in the uppermost mantle from under eastern
Kamchatka (¥, ~ 7.4) km/s to western Kamchatka (V) ~
7.2-7.3) km/s. A few seismological studies also favor a
low-velocity mantle [Levshin et al., 2001; Levin et al.,
2002a, 2002b], and these values are near the low end of
the ranges of our successful models (Table 2). However,
lacking precise constraints on the absolute values, we will
focus on the V,/V; ratio.

[31] Partial melting in the mantle will increase the V,/V;
ratio, while the presence of pore fluids can decrease it [e.g.,
Takei, 2002; Sato and Ito, 2002]. This velocity ratio is a
function of pore geometry, which is poorly known in the
mantle. For isolated pores, assuming needle shape, com-
posite elastic properties (typical mantle peridotite + water)
are calculated using the method described by Watt et al.
[1976] and the results are displayed in Figure 18. Presence
of water will lower the V,/V; ratio significantly, but mean-
while, it also decreases V), and V; dramatically, which is not
the case demanded by our results. It is clear that the mantle
petrology cannot be sufficiently explained by peridotite
whether the hydrous component is present or not. If the
low V,/V ratio in the mantle is partly due to the presence of
water, this would put bounds on the mantle temperature
between 720°C and 900°C. The lower and higher temper-
atures are to avoid serpentinization [ Ulmer and Trommsdorff,
1995] and partial melting of the mantle due to presence of a
hydrous component [Winter, 2001], respectively.

[32] In low-temperature environments distant from sili-
cate melts, SiO, could be an important constituent in the
uppermost mantle in the form of quartz veins, which may
alter the mantle wedge bulk chemistry and mineralogy. The
effect of SiO, enrichment, or resulting increase in orthopyr-
oxenite, is to lower the V,/V ratio in the uppermost mantle.
Fluids released from the slab and subducted sediments can
penetrate through the overlying mantle [e.g., Bebout and
Barton, 1989]. However, our crustal samples are well inland
from the arc, so distinct fluid pathways will be needed The
rising aqueous SiO, fluids, derived from subducted sedi-
ment and crust, due to SiO, solubility decrease, will
precipitate as quartz veins. Quartz veins with orthopyroxene
rim in peridotite mantle xenoliths have been recently
reported at the subduction zone in Spain [Arai et al.,
2003]. The rim will prevent further chemical reaction
between SiO, and olivine on the vein walls. Such a process
will result in a high Mg# (=Mg/(Mg + total Fe) atomic ratio)
mantle which has low V,/V, ratio. Figure 18 shows the
calculated composite material (peridotite + quartz) elastic
properties, assuming the silica inclusions are needle shape.
The silica inclusion has small effect on absolute velocities but
it can decrease V,,/V ratio as much as the aqueous fluid can.

[33] A combination of SiO, veining and the presence of
fluids, may account for the low V,/V ratio. It is important to
note that the regions sampled by our data are well landward
from the volcanic arc. SiO, enrichment by fluids requires
low fluid temperatures, and subsolidus conditions. While
fluids are commonly invoked to lower melting temperatures
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Figure 18. Composite elastic properties for peridotite +
water (solid line) and peridotite + quartz (dashed line). P, S
wave velocities and density for peridotite are 8.01 km/s,
4.60 km/s, and 3.38 g/cm3; for quartz, V,, = 6.09 km/s, V=
4.05 km/s, density is 2650 kg/m’; for water, V,=1.5 km/s,
Vs = 0 km/s, density is 1000 kg/m3 .

in the wedge, flushing of fluids through the upper mantle
inland from the wedge in low-temperature regions could
occur progressively over time, building up the fluid content
and SiO, enrichment. This mechanism could be an unrec-
ognized player in the continentalization of the uppermost
mantle and crust landward of the volcanic arc while melting
plays a major role. The major challenge to such interpreta-
tion is that the amount of quartz and fluids required to affect
large volumes of crust and upper mantle is very large, and is
not readily accounted for by typical subduction scenarios.
Improving constraints on the total volume of rock involved
is a next step to take.

6. Conclusions

[34] The crustal and uppermost mantle seismic structures
of the Sea of Okhotsk have been investigated by modeling
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teleseismic Moho underside reflection phases, p,/P, s, and
syS. Anomalously low V,/V ratios (<1.7) in the uppermost
mantle are observed throughout the region, which we
interpret as the result of concentrations of fluids and silica
enrichment derived from the subducted slab over millions of
years. Low crustal average V,/V ratios in the east and
central Sea of Okhotsk indicate overall bulk felsic crustal
composition. Generally, the crustal V,/V; ratios are higher
than in the uppermost mantle; this is the result of higher
Moho shear impedance contrasts than compressional im-
pedance contrasts. Deep crustal enrichment in silica could
also explain the moderately low V,/V ratios in the crust.
Efforts to constrain absolute seismic velocities and structure
landward of the volcanic arc in other subduction zones are
needed for assessing the generality of our findings.
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