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Abstract

The junction of the Aleutian Island and the Kamchatka peninsula defines a
sharp turn in the boundary of the Pacific and North American plates,
terminating the subduction zones of the northwest Pacific. The regional pattern
of shear-wave birefringence near the junction indicates that trench-parallel strain
follows the seismogenic Benioff zone, but rotates to trench-normal beyond the
slab edge. Asthenospheric mantle is inferred to flow around and beneath the
disrupted slab edge, and may influence the shallowing dip of the Benioff zone at
the Aleutian junction.



Introduction

When oceanic lithosphere subducts into
the mantle, it may undergo trench-axis roll-
back [Dewey, 1980; Otsuki, 1989], in which
the asthenosphere under the slab is forced
out of the way, either downward or along the
trench towards the ”free” end of the subduc-
tion zone. Trench-parallel mantle flow has
been proposed for a variety of convergent
settings [Alvarez, 1982; Giardini and Wood-
house, 1986; Russo and Silver, 1994; Yu and
Park, 1994], and simulated in physical ana-
log experiments |[Buttles and Olson, 1998].

Kamchatka is one of the few places in
the world where land-based observations can
probe the upper mantle at and beyond the
side edge of a mature subducting slab. A
subduction zone underlies southern Kam-
chatka, terminating at the junction with
the Aleutian Arc (Figure 1), where the Pa-
cific plate boundary rotates into a tran-
scurrent shear zone [Cormier, 1975]. Kam-
chatka and eastern Siberia constitute the
western extremity of the North American
Plate [Fujita et al., 1990; DeMets, 1992; Ko-
gan et al., 2000], though some have argued
for an Okhotsk subplate in the region [e.g.,
Riegel et al. 1993]. Rapid convergence (60-
80 mm/yr) of the Pacific plate relative to
North America is accommodated by subduc-
tion zones that flank the Aleutian, Kam-
chatka, and Kurile volcanic arcs. Both sub-
duction and island-arc volcanism are inter-
rupted by the strike-slip Bering fault zone
along the western Aleutians (Komandorski
Islands) [Geist and Scholl, 1994; Seliver-
stov, 1997]. The western Aleutians termi-
nate against Cape Kamchatka at 56°N. The
plate boundary extends southward as a con-
vergent Benioff zone, but shallow historical
seismicity also extends ~ 300km northward
[Fujita et al., 1990], suggesting deformation
complexity. Near the Kamchatka-Aleutian
junction, the Kamchatka subduction zone
lacks deep earthquakes, and Benioff-zone
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dip decreases from 55° to 35° [Gorbatov et
al., 1997]. Magmatism shifts inland, follow-
ing the shallowing slab. Present-day activ-
ity terminates in the vigorous Klyuchevskoy
and Sheveluch volcanic centers.

This paper reports results of a collabora-
tive study of the interaction of slab descent
and asthenospheric flow under the Kam-
chatka peninsula. Lattice-preferred orien-
tation (LPO) of olivine and orthopyroxene
crystals in peridotite is thought to form by
ductile flow in the upper mantle (150-400
km depth) [Christensen, 1984; Ribe, 1992;
Zhang and Karato, 1995; Zhang et al., 2000].
Olivine is highly anisotropic, and consti-
tutes 40-60% of the mantle above 420 km
depth. Therefore, mantle flow, both on-
going and fossil, is considered the cause
of shear-wave birefringence in teleseismic
body waves [Vinnik et al., 1984; Silver and
Chan, 1991] and Love-to-Rayleigh scattering
in long-period surface waves [Yu and Park,
1994; Levin and Park, 1998]. These effects
do not occur if the anisotropy has a near-
vertical axis of symmetry, and so are useful
indicators of lateral mantle flow.

SKS Splitting in Kamchatka

We deployed 15 portable broad-band seis-
mic observatories in Kamchatka from Sum-
mer 1998 through Summer 1999. All sta-
tions were equipped with CMG-3T sensors
and REF TEK data acquisition systems.
Using GPS timing, we collected data con-
tinuously at 40 samples per second. Surf
and cultural noise were problematic at sev-
eral sites. We also used data from the sta-
tion PET (Petropavlovsk-Kamchatsky) of
the Global Seismographic Network. Figure
2 illustrates the distribution of events used
in this report.

Figure 1 plots observations of shear wave
splitting, performed on core-refracted shear
phases discernible above the noise, typi-



cally after lowpassing at periods T > 5 s.
At some stations (KRO, OSO) only wave-
forms lowpassed at T' > 10 s were useful,
due to surf noise. Many SKS observations
involved phases arriving from the north-
east (sources in Central and South Amer-
ica). Splitting observations at other back-
azimuths originated in the southern Pacific,
central Atlantic and Indian Oceans (Fig-
ure 2). An electronic supplement file lists
all observations of shear wave splitting for
each station, with directions of approach
and uncertainty estimates, performed using
the cross-correlation technique described in
Levin et al. [1999]. The small number of
observations prevent us from interpreting
backazimuth and incident-angle variations
in splitting values, behavior that could re-
solve depth variation in anisotropic param-
eters [Levin et al., 1999]. However, fast-
polarization orientation is consistent within
groups of adjacent stations, and the inferred
orientation differences can be confirmed in
simultaneous SKS waveforms from single
events (Figure 3).

Shear-wave birefringence (splitting) pa-
rameters for S K .S phases fall into two groups.
Stations located above the active Benioff
zone (APA, PET, KRO, MIL, TUM) exhibit
a trench-parallel fast-polarization direction.
Stations away from the slab show other fast-
polarization orientations. Trench-normal di-
rections at sites near the Kamchatka-Aleutian

junction (ESS, KGB, BNG) rule out a strongly

developed trench-parallel mantle fabric be-
yond the plate boundary corner, as might
be expected in the case of strong trench-
parallel flow. Trench-normal splitting at
ESS, in particular, argues that the slab does
not extend downdip beyond its seismogenic
zone. This interpretation agrees with seis-
mic tomography studies [Gorbatov et al.,
2000; Lees et al., 2000] which report low
seismic velocity beneath central Kamchatka.
Only a handful of SK'S phases exhibit split-
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ting delay times 6t > 1 s, and are mostly
recorded at the northern stations. Typi-
cally, splitting delays 0.4 < 6t < 0.8 s, with
formal uncertainties of 0.1-0.3 s, define the
fast-polarization trends in Figure 2. Fig-
ure 3 shows a clear SKS phase simultane-
ously observed at stations TUM and ESS,
yielding different birefringence parameters:
trench-parallel fast-polarization and a delay
of 0.44 sec at TUM; and trench-normal fast-
polarization and a very small delay at ESS.

The splitting delay ¢ constrains the prod-
uct of anisotropy and layer thickness. One
must assume a level of anisotropy to esti-
mate the thickness of the associated shear
zone. If we assume 3% anisotropy with mean
Vs = 4.5 km /s, corresponding to moderately
strained upper mantle peridotite, a shear
wave that traversed 90 km would accumu-
late 0t = 0.6 s, consistent with a typical ¢
estimate from our data set.

Previous “source-side” estimates of man-
tle anisotropy near Kamchatka [Kaneshima
and Silver, 1992; Fischer and Yang, 1994]
were based on the differential splitting of
teleseismic shear-phase pairs (e.g., S and
sS) recorded at stations in North Amer-
ica. Our splitting delays 6t are significantly
smaller than the source-side estimates, which
range between 1 and 2.35 s. Therefore the
level and/or extent of anisotropic mantle be-
neath Kamchatka is less than indicated by
earlier studies.

Discussion

Two lines of direct evidence support the
notion that trench-parallel SK S splitting at
APA, PET, KRO, MIL, and TUM origi-
nates below the Benioff zone: weak local-
S splitting and the deformation of mantle
xenoliths. S waves from earthquakes within
the Kamchatka Benioff zone traverse the
supra-slab mantle wedge and the crust and
do not sample anisotropy within and be-



neath the slab. A group of such events ex-
hibits only weak splitting at stations PET
and APA (Figure 4). The observed local-
S fast-polarization axes vary greatly, the
0t = 0.1—0.3 s are significantly smaller than
the teleseismic splitting values at PET and
APA, and the smallest splitting delays cor-
respond to paths that are most vertical i.e.,
most representative of SKS raypaths. Simi-
lar weak splitting and irregular polarization
in local S-waves for Kamchatka earthquakes
was found by Guseva et. al. [1991]. Mantle
xenoliths found at Avachinsky Volcano near
PET [Graybill et al., 1999] lack the kind of
rock fabric that develops in a simple-shear
flow. The xenoliths do not provide evidence
for either a subduction-induced corner flow
or a trench-parallel shear flow in the man-
tle wedge. We note that weak mantle-wedge
fabric is consistent with other subduction-
zone observations where back-arc spreading
is weak [Fischer et al., 1998; Wiemer et al.,
1999], and with the tank experiments of But-
tles and Olson [1998].

We interpret the anisotropy implied by
SKS splitting in terms of trench-parallel
asthenospheric extension and/or flow be-
neath the Pacific plate. It is unlikely that
the strain resides entirely in the slab it-
self, whether due to along-trench extension
or fossil fabric. Present-day slab extension
would not occur without strain in the ad-
joining asthenosphere. As for fossil slab fab-
ric, an extrapolation of magnetic anoma-
lies beyond the Cretaceous ” quiet” magnetic
zone predicts that the paleospreading di-
rection within the slab under Kamchatka
should be near-normal to the trench.

The anisotropic fast-polarization direc-
tions for stations that border the the shallow
seismogenic zone are trench-normal, sug-
gesting strain and/or mantle flow across
the plate boundary. Splitting at BNG is
likely influenced by the distributed transcur-
rent deformation along the western Aleu-
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tians [ Cormier, 1975; Geist and Scholl, 1994].
Splitting at KGB and ESS argues for flow
around and beneath the tattered slab edge.
North of the Aleutian junction along an ex-
tinct subduction zone bordering the Bering
Sea [Seliverstov, 1997, splitting at PAN,
OSO and TKI is larger and scattered, but
inconsistent with any trench-parallel flow.
Though 1.3 Ma volcanic rocks have been re-
ported in the region [Honthaas et al. 1995],
Hochstaedler et al. [1994] argue from geo-
chemical evidence that subduction in north-
ern Kamchatka had weakened or halted dur-
ing the eruption of the Valovayam volcanic
field near OSO at 6-8 Ma.

Trench-normal fast-polarization near the
Kamchatka-Aleutian corner could indicate
the shearing of asthenosphere as the slab
falls through it. Trench-axis regression would
also induce asthenospheric flow from the Pa-
cific to the North American side of the plate
boundary. If trench regression occurs, it is
likely smaller than in locales where back-arc
spreading is vigorous, such as the Lau Basin
and the Phillipine Sea. However, the Sea of
Okhotsk is thought to be underlain by ex-
tended continental lithosphere [Gnibidenko
and Khvedchuk, 1982; Melankholina, 1998|,
and a central graben divides southern Kam-
chatka into eastern and western mountain
ranges. Weaker slab migration may be con-
sistent with the small SK S splitting delays
we observe in Kamchatka.

In tank experiments to simulate the re-
gression of a dipping slab through the man-
tle, Buttles and Olson [1998] observed sig-
nificant displacement of asthenosphere be-
neath the slab as well as around it later-
ally. Beneath Kamchatka, where Davaille
and Lees [2000] argue that the slab edge
may have been lost through small-scale con-
vective instability, such “pass-through” flow
is likely (Figure 5). The change in Benioff-
zone dip near the Aleutian corner could be
facilitated by the loss of the downdip load



and a lofting of the plate edge by mantle
flow beneath it. A consequent shallowing
of the plate edge and the supra-slab man-
tle would induce pressure-release volcanism,
and could be partly responsible for the vo-
luminous Klyuchevshoy volcanism, the in-
ferred contribution of “adakite” slab-derived
melts to Sheveluch volcanism [Kepezhinskas
et al 1997; Yogodzinski et al 2000], and the
widening of the central Kamchatka graben
opposite the plate corner.
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Figure 1. Shear-wave splitting observations at permanent seismological station PET and a
portable broadband seismic network in Kamchatka region. Arrows represent single-record birefrin-
gence observations. The contours of the Benioff zone under Kamchatka are adapted from Gorbatov
et al. [1997]. Thick gray arrow shows direction of the Pacific plate motion (subduction along the
Kamchatka trench and transcurrent motion along Bering Fault). The transcurrent boundary, dis-
tributed across the overriding North American plate [Geist and Scholl, 1994], is indicated by two
thin grey lines. Two volcanoes are marked on the map: K - Klyuchevskoy; S - Sheveluch.



Figure 2. Earthquakes used as sources for the study of SKS splitting in Kamchatka.
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Figure 3. Shear wave splitting examples for stations TUM (top four panels) and ESS (bottom
four panels). For each station, the upper left panel graphs the horizontal waveforms of the observed
shear phase, rotated into the radial-transverse coordinate frame. Birefringence in the waveform is
manifested by ellipticity of the particle motion (upper right panel). The numbers in the particle-
motion box are back-azimuth and epicentral distance, in degrees. For each station, the lower left
panel graphs the waveforms rotated into the fast and slow polarizations, with the slow component
advanced by the estimated splitting delay. The lower right panel graphs corrected near-rectilinear
particle motion. The numbers in the particle motion box are fast-polarization azimuth in degrees
and time delay between fast and slow components in seconds.
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Figure 4. Shear-wave splitting observations from local S waves at stations APA and PET. Ar-
rows represent single-record birefringence observations, placed at the epicenter of earthquakes
in the Kamchatka subduction zone. Locations are from the reviewed catalog of the Kamchatka
Experimental-Methodical Seismic Department (Russian acronym KOMSP). Note the scale differ-
ence for splitting delay 0t relative to Figure 1.
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Figure 5. Schematic diagram for slab-edge mantle flow suggested by shear-wave splitting obser-
vations from portable seismic network in Kamchatka. Mantle extension is trench-parallel beneath
the slab itself, driven by asthenospheric flow as the slab descends and retreats from the Eurasian
landmass. At stations above the slab, shear-wave splitting is trench-parallel. Near the tattered
slab edge, asthenosphere flows from beneath the Pacific Plate to beneath the overriding plate.
Here the olivine LPO aligns its fast axis with the flow to become trench-normal.



Table 1. ELECTRONIC SUPPLEMENT: Splitting measurements shown in Figure 1. Details of the
measurement technique are in Levin et al, J. Geophys. Res., , 104, 17975-17994, 1999. Code is available from
‘W. Menke’s website at LDEO. Fields in the table: sta- station name backazi - backazimuth to the event, CW
from NORTH, in degrees direction - estimate of the fast shear wave propagation direction, CCW from EAST,
in degrees delay - time lag betwen fast and slow components dir err, delay err - errors of the above two values
C - crosscorrelation coefficient of the two components snrl, snr2, over - estimates of signal/noise ratio (two
methods) and oversampling parameter, used in deriving error bounds. event - event tag (YYYY.JJJ.HH.MM)

sta backazi fast dir delay dir err  delay err C snrl snr2  over event
APA 182.15 33.45 0.68 6.14 0.33 0.91 3.10 2.38 56. 1998.181.00.01
APA 63.42 62.04 0.23 5.85 0.35 0.91 3.24 2.74 69. 1998.216.19.23
APA 63.15 58.36 0.42 14.32 0.08 0.99 9.32 4.51 45. 1998.235.14.20
APA 247.93 66.22 1.54 11.67 0.30 0.92 3.35 2.39 73. 1999.024.08.24
APA 56.44 71.66 0.94 777 0.19 0.94 3.84 2.42 38. 1999.025.18.43
APA 61.78 57.99 0.35 7.64 0.20 0.94 4.07 3.53 78. 1999.090.06.18
APA 66.34 64.24 0.74 9.17 0.19 0.95 4.32 2.88 48. 1999.093.06.42
APA 66.99 59.16 0.60 10.83 0.24 0.87  2.53 1.80 46. 1999.125.23.03
APA 61.12 64.97 0.49 11.95 0.10 0.99 12.42 7.24 67. 1999.192.14.36
APA 157.84 73.25 0.04 11.50 0.17 0.95 4.31 3.00 51. 1999.209.00.38
BNG 70.57 135.98 0.16 10.11 0.09 0.97 5.42 8.18 66. 1998.216.19.22
BNG 68.98 170.41 0.83 13.79 0.28 0.94  4.00 2.88 67. 1999.090.06.17
BNG 73.29 151.76 0.43 9.27 0.14 0.96  4.67 3.23 43. 1999.093.06.41
BNG 68.88 175.74 1.37 13.30 0.28 0.96 4.20 2.45 73. 1999.116.18.40
BNG 68.29 142.56 0.18 11.86 0.16 0.96 5.19 3.02 62. 1999.192.14.36
BNG 166.20 161.74 0.73 7.91 0.22 0.67  1.42 1.57 37. 1999.209.10.30
ESS 57.12 140.62 0.13 10.50 0.05 0.99  9.37 6.77 36. 1999.025.18.43
ESS 62.59 135.40 0.56 7.60 0.15 0.87 2.61 2.39 41. 1999.090.06.18
ESS 65.88 41.30 0.22 7.59 0.21 0.93  3.60 2.84 51. 1999.093.06.42
ESS 162.47 135.34 0.48 15.59 0.18 0.96 5.02 2.85 34. 1999.099.12.35
KGB 66.04 75.85 0.05 13.06 0.31 0.94 4.13 2.75 107.  1999.090.06.17
KGB 69.58 155.88 0.71 7.84 0.14 0.93 3.68 3.26 54. 1999.093.06.41
KGB 166.05 130.30 0.11 8.94 0.09 0.91 3.12 2.51 24. 1999.099.12.35
KGB 164.58 47.77 0.05 8.01 0.08 0.96 4.74 3.05 25. 1999.110.19.26
KGB 65.67 145.86 0.19 12.96 0.19 0.98 6.78 3.47 77. 1999.116.18.40
KGB 163.43 130.37 0.23 10.80 0.15 0.96  5.22 3.42 61. 1999.209.10.30
KRO 66.35 63.34 0.40 11.64 0.06 0.99 10.38 5.83 42. 1998.235.14.19
KRO 59.62 59.85 0.80 12.51 0.33 0.81 2.04 2.01 102. 1999.025.18.42
KRO 64.93 33.84 0.48 10.44 0.47 0.75 1.71 1.71 82. 1999.090.06.18
KRO 69.10 56.55 1.15 15.22 0.70 0.86  2.43 1.99 193.  1999.093.06.41
KRO 64.74 61.21 0.61 9.81 0.24 0.93 3.75 2.72 65. 1999.116.18.40
KRO 64.35 52.78 0.31 16.22 0.06 0.95 4.16 4.61 24. 1999.192.14.36
KRO 162.07 121.55 0.14 9.97 0.13 0.91  3.23 2.75 45. 1999.209.10.30
MIL 57.31 77.66 0.39 8.31 0.12 0.98 6.83 5.40 65. 1999.025.18.43
MIL 62.71 67.02 0.27 9.29 0.08 0.99 9.75 6.13 57. 1999.090.06.18
MIL 62.39 59.38 0.71 7.91 0.24 0.90 3.06 2.73 59. 1999.116.18.40
0OS0O 60.45 3.40 1.85 17.24 1.17 0.96 5.18 0.72 67. 1999.025.18.42
0sO 163.13 30.43 0.83 14.31 0.26 0.86  2.47 2.14 108.  1999.200.02.39
0SsO 163.06 30.79 0.43 14.14 0.11 0.96 4.71 2.71 38. 1999.209.00.39
0sO 163.61 33.47 0.18 7.39 0.09 0.92  3.49 3.50 37. 1999.213.09.01
PAN 57.63 62.88 0.19 15.60 0.29 0.97 5.71 3.32 100. 1999.025.18.42
PAN 63.25 151.56 0.37 8.76 0.10 0.98 6.52 5.56 64. 1999.090.06.17
PAN 65.21 59.49 0.05 11.25 0.09 0.99 8.86 5.05 44. 1999.093.06.41
PAN 162.27 34.46 1.00 12.74 0.34 0.98 6.39 2.54 48. 1999.110.19.26
PAN 61.96 167.50 1.43 12.49 0.60 0.84 2.29 2.13 83. 1999.240.13.03
TIG 56.71 66.15 0.27 7.29 0.09 0.96 5.30 4.76 37. 1999.025.18.42
TKI 63.04 170.18 0.80 12.35 0.22 0.90 3.06 2.13 49. 1999.025.18.42
TKI 169.19 167.63 0.25 15.23 0.09 0.98 6.31 3.28 35. 1999.099.12.36
TKI 167.44 6.05 0.24 9.85 0.04 0.98 7.38 7.02 23. 1999.110.19.26
TKI 67.72 174.15 0.61 13.98 0.23 0.97 5.42 3.10 98. 1999.116.18.40
TKI 166.36 56.84 0.46 10.10 0.19 0.90 3.03 2.52 59. 1999.209.10.30
TUM 58.83 66.23 0.46 8.80 0.07 0.98 7.59 5.51 40. 1999.025.18.42
TUM 63.89 61.20 0.30 8.56 0.21 0.94 4.09 3.17 55. 1999.116.18.41
TUM 63.77 81.30 0.07 27.58 0.10 0.98 7.43 2.79 40. 1999.192.14.36
UHR  158.41 68.70 0.42 8.42 0.20 0.88  2.67 2.60 57. 1999.209.10.30
UHR 59.55 149.70 0.21 8.23 0.30 0.84 2.28 2.26 86. 1999.240.13.03
PET 63.60 80.53 0.70 11.91 0.22 0.96 4.64 3.23 37. 1998.093.22.25
PET 352.75 107.05 0.15 9.69 0.48 0.82 215 2.07 56. 1998.100.17.05
PET 64.74 67.49 0.39 9.02 0.20 0.95 4.20 4.33 31. 1998.216.19.23
PET 64.38 84.03 0.02 11.47 0.05 0.99 11.48 6.65 23. 1998.235.14.19
PET 57.78 79.41 0.59 14.00 0.09 0.99 17.50  8.67 39. 1999.025.18.43
PET 63.07 80.72 0.09 10.14 0.05 0.99 18.22 11.22  30. 1999.090.06.18
PET 67.75 74.40 0.85 11.66 0.24 0.96 5.12 3.68 52. 1999.093.06.42

PET 63.01 66.63 0.85 20.70 0.32 0.97  6.11 2.45 42, 1999.116.18.41
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Table 2. ELECTRONIC SUP-
PLEMENT: Locations of earth-
quakes used in the analysis.

Lat Lon Event
-60.35 153.14  1998.181.00
-0.59 -80.39 1998.216.19
11.66 -88.04 1998.235.14
-26.46 74.48 1999.024.08
4.46 -75.72 1999.025.18
5.83 -82.62 1999.090.06
-16.66 -72.66 1999.093.06
-26.35 178.22  1999.099.12
-31.89  -179.04 1999.110.19
-1.65 -77.78 1999.116.18
14.36 -94.67 1999.125.23
15.78 -88.33 1999.192.14
-28.63  -177.61  1999.200.02
-28.69  -177.52  1999.209.00

-178.01 -30.29 1999.209.10
-30.37  -177.83  1999.213.09

-1.29 -77.55 1999.240.13
-8.15 -74.24 1998.093.22
-1.32 -15.65 1998.100.17
-0.59 -80.39 1998.216.19




