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Shear-wave splitting across the fast-spreading East Pacific Rise has been measured
from records of SKS and SKKS phases on the ocean-bottom seismometers of the Mantle
Electromagnetic and Tomography (MELT) Experiment. The direction of fast shear-wave
polarization is aligned parallel to the spreading direction. Delay times between fast and
slow shear waves are asymmetric across the rise, and off-axis values on the Pacific Plate
are twice those on the Nazca Plate. Splitting on the Pacific Plate may reflect anisotropy
associated with spreading-induced flow above a depth of about 100 km, as well as a
deeper contribution from warm asthenospheric return flow from the Pacific Superswell

region.

Observations of shear-wave splitting by the
ocean-bottom seismometer (OBS) network
of the MELT Experiment (1) describe the
seismic anisotropy of the upper mantle be-
neath the southern East Pacific Rise. A
shear wave passing through a homogeneous
anisotropic layer splits into two waves with
orthogonal polarizations and different wave
speeds. Measurements of shear-wave split-
ting yield the direction of polarization ¢ of
the fast shear wave and the delay time 3t
between the fast and slow shear waves (2,
3). Splitting parameters for the core phases
SKS and SKKS reflect the path-integrated
effects of upper mantle anisotropy beneath
the receiving seismometer (4) and provide
information on the orientation of the an-
isotropy as well as the combined effects of
the thickness of the anisotropic region, the
degree of anisotropy, and the isotropic ve-
locity (5).

Because olivine, the most abundant
mineral in the upper mantle, is anisotropic
and develops lattice-preferred orientation
in response to finite strain, splitting across
the East Pacific Rise may be used to infer
the pattern of flow-induced alignment of
olivine grains (6—8) associated with mid-
ocean ridge spreading. Both passive and
dynamic models (9) of upwelling and diver-
gence beneath spreading centers predict
that flow in the upper 100 km of the mantle
(8) should align the crystallographic a axes
of olivine grains and produce measurable
anisotropy (Fig. 1). Asthenospheric shear
induced by absolute plate motion, large-
scale mantle flow, or asthenospheric return
flow may impart additional anisotropy to
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deeper portions of the upper mantle. Split-
ting is also sensitive to the presence of
mantle melt in vertically aligned cracks
(Fig. 1), although a random distribution of
melt in cracks or tubules would be isotropic
and produce no splitting (7, 8).

We observe clear shear-wave splitting
(Fig. 2) of SKS and SKKS phases from sev-
eral earthquakes in the Kurile Islands and
Indonesia (Table 1) recorded by the MELT

network. Our splitting analysis follows stan-
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Fig. 1. Schematic of the expected shear-wave
splitting patterns. (A) If anisotropy is dominated by
the preferred alignment of olivine crystals, there
should be no observable splitting on or near the
rise axis, because mantle upwelling in this region
induces a vertically oriented olivine a axis; farther
off axis, mantle flow is predominantly horizontal
and shear-wave splitting should be observed with
fast direction ¢ parallel to spreading (arrows). (B) If
anisotropy is dominated by melt in crack faces
aligned parallel to the rise axis, splitting should be
observed near the axis with ¢ parallel to the rise;
because melting is confined to a region straddling
the rise axis, the contribution from melt should
decrease to zero far off axis.

dard methodology (3), as adapted (10) for
deriving optimum splitting parameters from
records of multiple events. Shear waves
have good signal-to-noise ratio on the hor-
izontal component records (I, 11) at fre-
quencies of 0.04 to 0.1 Hz, which are equiv-
alent to seismic wavelengths of 50 to 100
km. Splitting results were obtained for 18
instruments at 6 to 376 km from the rise
axis on both the Pacific and Nazca Plates
(Table 2 and Fig. 3). The splitting measure-
ments combine data from one to six obser-
vations at each site.

For all observations, the fast polarization
axis ¢ is consistently oriented nearly along
the spreading direction of 103° measured
clockwise from north (12). The mean value

of ¢ at the MELT sites is 95°, and all but
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Fig. 2. Example SKKS waveforms from the earth-
quake of 25 December 1995, on radial (solid line)
and transverse (dashed line) horizontal-compo-
nent seismograms (bandpass filtered from 0.04 to
0.15 Hz); waveforms are aligned on the SKKS
phase on the radial component. The consistent
presence of energy on the transverse component
is indicative of shear-wave splitting (2, 3); in the
absence of anisotropy, the SKKS phase should
be polarized in the radial direction with no energy
on the transverse component. The distance from
the rise axis, in kilometers, is shown; P denotes
stations on the Pacific Plate, and N denotes sta-
tions on the Nazca Plate.

SCIENCE ¢ VOL. 280 ¢ 22 MAY 1998 * www.sciencemag.org



one estimate are within 15° of this value, an
agreement consistent with the combined
standard errors for ¢ and for instrument

orientation (13). The delay time 8t between
fast and slow shear waves is 0.8 to 1.4 s for
instruments within 25 km of the rise axis.

Table 1. Earthquakes used for measuring shear-wave splitting parameters. BAZ is the back azimuth;
that is, the direction of approach of the waves as seen at the MELT network, measured clockwise from
north. Mg is the surface wave magnitude. Phases utilized included SKS for all earthquakes and SKKS
phases for events 2 through 4.

Event Origin time Latitude Longitude Depth

no. pae U7 eN) 2 k) BAZ Mo
1 12/03/95 18:01:08 44.568 149.375 33 312° 8.0
2 12/25/95 04:43:25 —6.943 120.179 150 254° 6.7
3 01/01/95 08:05:12 0.724 119.981 33 259° 7.7
4 02/07/96 21:36:45 45.321 149.909 33 318° 7.0
5 02/17/96 05:59:30 —0.950 137.027 33 263° 8.1
6 03/22/96 03:24:20 51.221 178.695 20 328° 6.6

Table 2. Shear-wave splitting parameters at MELT OBS sites. N, Nazca Plate; P, Pacific Plate. The
direction ¢ of shear-wave polarization is measured clockwise from north. Uncertainties for ¢ and 8t are
at one standard deviation.

' Latitude Longitude Rise distance ) Earthquakes
Station €9) W) (km) (degrees) 3t (s) used
S03 15.640 111.644 130N 94 +5 1.10 = 0.10 1,2,4,5
S04 16.740 112.507 45N 100 =2 0.97 = 0.10 1-4
S05 16.822 112.867 10N 91 +8 0.80 = 0.15 2,4
S08 16.007 114.200 128P 98 +3 1.65 = 0.13 1-5
S11 16.574 113.142 10P 104 =3 1.40 = 0.20 1-4
S14 17.272 1138.112 6N 96 * 4 1.35 +0.18 1,2,4
S16 17.258 113.025 14N 85+ 2 0.85 = 0.10 1-4
S22 17.195 112.636 52N 91 +12 . 0.88*+0.22 2,4
523 17171 112.502 65N 89+ 6 1.00 = 0.13 2,4
S26 17.122 111.885 129N 757 1.00 +0.18 2-4
S30 16.722 109.493 370N 108 =12 0.90 = 0.13 2,4,6
S39 17.341 113.658 48P 89 +10 150+ 0.35 1-3,5
S40 17.349 113.754 58P 86 =3 1.65 +0.13 1,2,4,5
S42 17.392 114.058 88P 91 +4 1.65 +0.15 1-3,56
543 17.411 114.209 103P 110+ 8 1.70 = 0.20 1-3
S45 17.491 114.957 179P 106 = 8 2,20 +0.28 2
S48 17.786 116.926 376P M +5 1.85 *+0.15 1-4
S50 17.467 113.316 10P 9B +4 125 = 0.13 1-4
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Fig. 3. Shear-wave splitting across the MELT array. Dots denote the position of the OBSs, and solid
lines indicate the orientation of the fast direction &, with the line length proportional to the delay time &t
between fast and slow shear waves (Table 1). The rise axis is plotted as a solid line. Arrows indicate the
magnitude and direction of absolute plate motion (20); the directions of absolute plate motion (20) and
relative plate motion (72) are identical to within a few degrees in this region.
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The delay time increases off axis on the
Pacific Plate to values near 2 s but remains
at about 1 s for instruments off axis on the
Nazca Plate (Fig. 3 and Table 2).

The shear-wave splitting displayed in
Fig. 3 is contrary to the predictions from
simple flow and melting models (7, 8).
Near axis, the fast direction ¢ of 95° and
delays of about 1 s are inconsistent with
anisotropy dominated by the presence of
melt in crack faces aligned parallel to the
ridge axis, which would produce a fast di-
rection of approximately 5° (7). The near-
axis splitting observations also differ from
the negligible splitting predicted for a ver-
tically oriented olivine a axis induced by
mantle upwelling. The asymmetric splitting
times off axis, with 8t values as large as 2 s
on the Pacific side, differ as well from model
predictions (8) of smaller values (1 s) and
symmetry about the rise axis. Furthermore,
it is unlikely that the largest splitting delays
on the Pacific Plate can be the result of
anisotropy confined to the uppermost 100
km of the mantle. Typical values of percent
anisotropy (5) from petrofabric measure-
ments on mantle samples (14) are 3 to 5%
(for a horizontal olivine a axis), yielding
about 1 s of splitting for a 100-km-thick
anisotropic layer. In addition, larger SKS
anisotropy in the shallowest mantle would
be inconsistent with Rayleigh-wave phase
velocity measurements across the MELT
network, which yield values for peak-to-
peak anisotropy at a 25-s period of no more
than 3 to 5% (15).

These arguments suggest that the largest
splitting values reflect both a component of
spreading-induced flow above a depth of
100 km and a deeper contribution, probably
arising from upper mantle return flow (16)
to the rise axis from the Pacific region. Both
body-wave travel-time delays (11) and sur-
face-wave phase velocities (15) across the
MELT network display lower velocity val-
ues for the mantle on the Pacific side of the
East Pacific Rise than on the Nazca Plate
side. Asthenospheric return flow of anom-
alously warm mantle fed from the Pacific
Superswell region (17) would explain the
lower Rayleigh-wave velocities and more
delayed body arrivals, as well as lesser rates
of sea-floor subsidence with age (18) and a
greater density of seamounts on the Pacific
side of the rise axis (19). This scenario can
also account for the splitting patterns seen
in Fig. 3. On the Pacific side of the rise axis,
greater asthenospheric shear imparted by
the faster absolute motion of the Pacific
Plate (20) and lower viscosities associated

- with higher temperatures, together with a

component of return flow, can produce
shear-wave splitting times that are 1 s great-
er than for the Nazca Plate side of the rise.
We propose that splitting at the MELT
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region reflects two anisotropic layers, both
with & oriented parallel to spreading. The
upper layer, above a depth of about 100 km,
is dominated by spreading-induced flow,
which produces no splitting near the axis,
where flow is predominantly vertical, but
contributes to off-axis splitting as the flow
diverges to a predominantly horizontal di-
rection. The lower layer on the Pacific side
consists of material experiencing return
flow toward the ridge, but comparable re-
turn flow is more modest or absent on the
Nazca side. Such an asthenospheric return
flow could account for the 1-s splitting
times seen on the rise axis, because the SKS
phases in this study from sources to the west
and northwest (Table 1) may sample the
anisotropy induced by this flow at depths
greater than 100 km.
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Mantle Discontinuity Structure Beneath the
Southern East Pacific Rise from P-to-S
Converted Phases

Yang Shen,* Anne F. Sheehan, Kenneth G. Dueker,
"~ Catherine de Groot-Hedlin, Hersh Gilbert

Receiver functions derived from teleseismic body waves recorded by ocean-bottom
seismometers on the southern East Pacific Rise reveal shear waves converted from
compressional waves at the mantle discontinuities near 410- and 660-kilometer depth.
The thickness of the mantle transition zone between the two discontinuities is normal
relative to the global average and indicates that upwelling beneath the southern East
Pacific Rise is not associated with an excess temperature in the mantle transition zone.

The deep structure beneath mid-ocean
ridges has been a subject of much debate
and has direct implications for the mecha-
nism of mantle upwelling beneath ridges as
well as the pattern of global mantle circu-
lation. Tomography studies by Su et al. (1)
have suggested that slow seismic velocities,
and hence anomalously warm mantle, exist
to depths of 300 km and perhaps greater
beneath mid-ocean ridges. This result im-
plies that ridges are the product of deep-
mantle upwelling associated with excess
temperatures. Convection models that in-
corporate a platelike lithosphere predict
that upwelling beneath ridges entrains
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anomalously hot material from a thermal
boundary layer either at the core-mantle
boundary or at the base of the upper mantle
(2). However, surface wave tomographic
images constructed by Zhang and Tanimoto
(3) indicate that mid-ocean ridges are shal-
low features, and hence the product of pas-
sive upwelling. The lack of a deep-ridge
signature is consistent with models in
which a low-viscosity asthenosphere acts to
decouple upwelling beneath the ridge from
flow in the deep mantle (4).

Lateral temperature variations in the up-
per mantle can be inferred from the depths
of seismic discontinuities found on a world-
wide basis near 410 and 660 km (5-9). The
410-km discontinuity has been identified
with the transition from the a to B phase of
(Mg,Fe),SiO, and the 660-km discontinuity

- with the transition from y-(Mg,Fe),SiO, to

perovskite plus magnesiowustite (10). The
depths to the 410- and 660-km phase bound-
aries, respectively, increase and decrease
with higher temperatures. Excess tempera-
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