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Abstract. .

Seismograms of some shallow Tonga earthquakes observed at Hawaii contain SV-
polarized phases in the Love wave time window, most prominently on the vertical
component. Given the geometry of the observations (A x 40 — 45°), such phases
may be explained either as body waves or as mode-converted surface waves. Detailed
synthetic seismogram modeling of representative events reveals several instances
where the body wave explanation is inadequate, even when plausible uncertainties
in the source mechanism are taken into account. The observed SV-polarized phase
can instead be generated through Love-Rayleigh scattering, which requires laterally
varying seismic anisotropy along the Tonga-Hawaii path. Trial-and-error forward
modeling with simple structures based on the transversely isotropic mid-Pacific
velocity model PA5 of Gaherty et al. [1996] obtains velocity structure that yields
synthetic seismograms matching the observations. This model, while non unique,
suggests first-order constraints on the lateral variation in anisotropic properties,
-and associated mantle flow, along the Tonga-Hawaii path. By examining trade-offs'
in model parameters, we conclude that robust features of the model are: (1) a
transition from radial to mixed radial and azimuthal anisotropy 3°-5° from Hawaii;
(2) the NW-SE alignment of the axis of azimuthal anisotropy; (3) higher degree of
P anisotropy relative to S anisotropy; and (4) the presence of azimuthal anisotropy
within upper 200-250 km of the mantle. Taken together, these features imply
a disruption of mantle fabric by the processes forming Hawaii- Emperor volcanic
system. A model with anisotropic gradients in both the lithospheric lid and
shallow asthenosphere is the simplest extension of our starting model. However,
an equivalent data fit can be obtained if the azimuthal-anisotropy gradients are
restricted to line beneath the high-velocity “lid” of model PA5, so that mantle hot
spot flow need not penetrate the lithospheric lid.

1. Introduction times referred to as the Superchron) between 80 and
100 Ma [Helsley and Steiner, 1969]. The bathymetry
along the path is slightly in excess of 5 km on aver-
age, which is somewhat shallow given the age and a
simple model of boundary layer cooling [e.g., Anderson
1989]. It should be noted that more complex models do
accommodate the observed bathymetry in the Pacific
(see, e.g., Renkin and Sclater, [1988] for a discussion).
The path crosses part of the Darwin Rise, a region of
Cretaceous volcanism, crustal rejuvenation, and uplift
[Menard, 1984]. A modern-day region of broad-scale
volcanic activity, the Pacific Superswell [McNutt and
Fischer, 1987], is located farther to the southeast. In
spite of past volcanic activity, the present-day combi-
nation of bathymetry and heat flow along the path is
not exceptional with respect to other oceanic regions
[Stein and Stein, 1993], which suggests that the litho-
sphere was reheated after formation and has been sub-
Paper number 98JB02342. siding since. Lacking magnetic lineation evidence, the
0148-0227/98/98JB-02342$09.00 features of the region’s bathymetry are the best guide

Earthquakes in the Tonga-Fiji region observed by sta-
tions Honolulu (HON) and Kipapa (KIP) on the Hawai-
ian island of Oahu have fueled numerous studies of the
Pacific lithosphere [Jordan and Sipkin 1977; Revenaugh
and Jordan, 1987; Gaherty et al., 1996; Katzman et al.
1997]. Among the attractive features of this geometry
(Figure 1) are numerous events that provide abundant
data and their distribution in depth, which leads to a
wealth of observed seismic phases. The relative sim-
plicity of the propagation path invites the use of simple
models.

The great circle path from the Tonga subduction zone
to Hawaii samples oceanic lithosphere formed during
the Cretaceous Long Normal polarity interval (some-
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Figure 1. An overview map of the Tonga-Hawaii cor-
ridor in the western Pacific. The station KIP is de-
noted by a circle; earthquakes are shown by triangles.
A bathymetric level of 5100 m is shown by a solid line.
The large arrow indicates plate motion direction. The
small box surrounding the source region corresponds to

the frame of Figure 3. Digital bathymetry data are from
ETOPO-5 data set.

to the tectonic history of the lithosphere. The present-
day plate motion is nearly normal to the Tonga-Hawaii
path, as prominently recorded by the Hawaiian hot spot
track (Figure 1). Present-day plate motion also appears

to be recorded in the alignment of olivine crystals in .

the lithosphere midway along the path, as inferred from
the splitting of P.S waves in records of deep Tonga-Fiji
events [Su and Park, 1994]. The Line Islands, aligned
more north-south, reflect an earlier plate motion direc-
tion.

Gaherty et al., [1996] proposed a detailed one-dimen-
sional profile of seismic properties for the Tonga-Hawaii
corridor, the PA5 model. Similar to the preliminary
reference Earth model (PREM) [Dziewonski and An-
derson, 1981], their velocity structure includes seismic
anisotropy with a vertical axis of hexagonal symme-
try in the lithospheric layer between the depths of 12
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km and 166 km, encompassing both the high-velocity
lithospheric “lid” and the underlying asthenosphere. As
shown below, synthetic seismograms computed for the
PAS5 structure match well the main surface wave groups
observed at Oahu (Global Seismic Network (GSN) sta-
tion KIP), allowing us to explore more subtle features
of the long-period data. Specifically, we examine phases
arriving in the Love wave time window on the vertical
and radial components. Given the geometry of the ob-
servations, such phases may be explained either as body
waves or as scattered surface waves.

The candidate body waves are of the multiply re-
flected .S families (SS, SnSn). The PA5 model of Ga-
herty et al. [1996] is partially based on observations of
these phase families; therefore they should be well re-
produced in synthetic seismograms. The candidate sur-
face wave would be a Love-to-Rayleigh converted phase
(termed “quasi-Love” by Park and Yu [1992] and de-
noted gL hereinafter) that arises through mode conver-
sion of the long-period fundamental Love surface wave
at strong lateral gradients in upper mantle anisotropy.
Since fundamental Love and Rayleigh waves have dis-
tinct group velocities at a common frequency, the tim-
ing of a scattered Rayleigh wave, relative to Love, can
be used to localize the anisotropic gradient. The ¢qL
waves are well suited for the study of the oceanic in-
teriors, where stations are sparse and tomographic lat-
eral resolution depends on long crossing paths. It is of
significant interest to investigate if the phases that we
observe in records of shallow earthquakes in the Tonga
region are indeed ¢L phases, in which case they would
provide new information on the anisotropic structure
along the Tonga-Hawaii path.

Through detailed synthetic seismogram modeling we
investigate the nature of observed waveforms of repre-
sentative events and show that both of the above mech-
anisms can contribute to the phase in question. The
relative contributions from body and mode-converted
surface waves depend on the earthquake hypocenter
and source mechanism. By matching synthetic seismo-
grams to observations we develop a simple model of lat-
erally varying anisotropy for the path between Tonga
and Hawaii. The model suggests a significant disrup-
tion of spreading-related mantle fabric in the vicinity of
Hawaii.

2. Observed Waveforms

For a number of earthquakes in the Tonga region
recorded by station KIP, a long-period phase arrives
on the vertical and radial components, generally syn-
chronous with the Love (G1) wave. This phase is promi-
nent if the observation is made near the Rayleigh wave
radiation node of the source, where it is similar in ampli-
tude to the Rayleigh (R1) wave. Figure 2 shows records,
low-pass filtered at 50 s, of four such events from the
Tonga region, all displaying a pronounced phase ahead
of the R1. Notice the similarity in the observed wave-
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Figure 2. Waveforms of four earthquakes in Tonga re-
gion that display SV -polarized phases in the Love wave
time window. Low-pass filter at 0.02 Hz is applied to
all waveforms. Thin vertical lines show time windows
used in particle motion plots of Figure 4. G1 and R1
denote Love and Rayleigh waves, respectively, traveling
directly from the source to the receiver.

forms of major surface phases. Clearly, in all four cases
the Love wave time window contains both SV- and
S H-type motion. Such motion cannot be explained by
sidewise refraction or multipathing of Love waves, as
their motion would be restricted to the horizontal plane.
Therefore an additional phase, nearly synchronous with
(1 and similar in amplitude to R1, is present.

The locations and focal mechanisms of these earth-
quakes are shown on Figure 3. Their source parame-
ters are taken from the Harvard centroid moment ten-
sor (CMT) catalog (Table 1). Two events have strike-
slip mechanisms, while the other two are of a predom-
inantly thrust character. All four are oriented so that
the nodal plane of the double-couple solution aligns ap-
proximately with the direction toward Hawaii, resulting
in low-amplitude Rayleigh waves. For two events, one
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strike-slip and one thrust, Figure 4 illustrates the par-
ticle motion of the phase we are interested in. Within
the Love wave arrival window (marked by vertical lines
on Figure 2), event 910108 (a thrust) has wide ellip-
tical particle motion in the radial-vertical (SV) plane,
as well as in transverse-vertical (SH) plane. Overall,
the amplitude of the SV-polarized phase is ~30% of
the Love wave. Event 910406 (a strike-slip) has an SV'-
polarized phase ~10% of the Love wave in amplitude,
with a more complex particle motion in the SV plane.
Owing to the similarity in source-receiver distances and
the overall path structure, major phases (G1 and R1)
of these two events bear close resemblance, while the
two SV -polarized phases in Love time window appear
to be quite different, both in relative amplitude and in
particle motion. - ‘

3. Synthetic Seismograms in an
Anisotropic Earth

To compute synthetic seismograms, we apply the
path-integral asymptotics of [Park, 1997, 1998] to in-
clude constant and laterally variable anisotropy in syn-
thetic seismograms. We restrict attention to anisotropic
models with hexagonal symmetry about a single axis w.
Individual olivine crystals possess a more complex or-
thorhombic symmetry [Anderson, 1989]. Our assump-
tion of a single symmetry axis implies systematic pre-
ferred orientation of only one olivine crystal axis (the
“fast” a axis) during the deformation of mantle peri-
dotite in the ocean lithosphere. A complex nomencla-
ture has grown up around different types of anisotropy,
associated with the orientation of W, or the presence
of higher complexity in the 4th-order tensor that re-
lates stress and strain in elastic media. In this report,
we use terms “radial” or “radially symmetric” to de-
note anisotropic media in which W is vertical, or else
to denote the portion of the stress-strain tensor that
can be represented with vertical w. We use the term
“azimuthal” to denote anisotropic medium in which the
symmetry axis w is horizontal, or else to denote the por-
tion of the stress-strain tensor that can be represented
with horizontal w. In this paper we do not consider
cases where the symmetry axis is inclined between hor-
izontal and vertical; note that the stress-strain tensor
in such cases does not separate into portions with w
vertical and w horizontal. Nevertheless, we do con-
sider models with combinations of radial and azimuthal
anisotropies in order to simulate portions of the up-
per mantle that may possess more complex fabric, e.g.,
near the Hawaii hot spot. It is tempting, but not
straightforward, to relate such composite models to the
orthorhombic symmetry appropriate for single olivine
crystals, for which the three coordinate axes have dis-
tinct seismic velocities.

For media with a symmetry axis w, seismic veloci-
ties of plane waves depend on the angle 77 between the
wavenumber vector k and w. If both w and k are
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Figure 3. Hypocentral locations and mechanisms of earthquakes used in this work. Bathymetric
levels of 6000, 4500, and 3000 m are shown by thick grey lines. Compressional quadrants of focal
mechanisms are shaded. Arrows denote great circle directions toward Hawaii.

horizontal in a flat-layered medium, perturbations to
the P and SV velocities vary according to the formulas

[Backus, 1965; Park, 1993]

§(a?)/af
8(8%)/53

If density perturbations are neglected, knowledge of
A, B,C, D, Eis sufficient to determine the perturbation
to the elastic tensor [Shearer and Orcutt, 1986]. An ar-
bitrary orientation of w can be applied by rotating the
tensor. We will concentrate on the anisotropic parame-
ters B and F, as both are demonstrably nonzero in the
upper mantle.

We grafted an isotropic average of the PA5 model
[Gaherty et al., 1996] onto the lower mantle and core of
PREM as the reference for free oscillations on a spheri-
cal earth. The depth-dependent anisotropic features of
the model PA5 are represented using a Legendre poly-
nomial approximation up to the order 5 but with a con-
stant ratio B/E = 0.5. The use of the PA5 upper man-
tle velocity structure proved critical for successful repre-

A+ Bcos2n 4+ C cosdn

)

D + E cos27.

sentation of G1 and R1 phases in observed seismograms.
Shear and compressional anisotropy vary independently
in PA5, but this does not appear to exert a significant
influence on the long-period surface waves used in this
study. Vertical profiles of velocity and anisotropy vari-
ation with depth in PA5 and in our model are shown in
Figure 5.

4. Body Waves in a 1D Structure

Given the geometry of observations (shallow sources
at distances ~ 40°) candidate body phases for the ob-
served phenomena would be S5, SSS, and SnSn. Fig-
ure 6 illustrates the time relationship between the Love
wave and multiple S waves for a broad range of dis-
tances. Data records with similar behavior were re-
ported by Gaherty et al. [1996], with multiple S waves
being the preferred explanation.

If the waveform present in the Love wave window
of Figure 2 is a body wave, it should also be present
in synthetic seismograms computed for a radially sym-
metric Earth model. We test this expectation by com-

Table 1. Hypocentral Parameters of Earthquakes Used in This Work From the CMT Catalog
Date (Event) Origin Latitude Longitude Depth  Moment, BAZ A,
Time, UT °S W km x10% deg deg
Jan. 8, 1991 (910108) 22 04:19.0 17.76 173.12 15 (43) 1.98 202.39  42.31
April 6, 1991 (910406) 14 34:28.2 14.86 175.36 15 11.11 206.79  40.32
April 16, 1993 (930416)* 14 08:46.7 17.54 178.76 591.7 26.2 209.12  43.95
May 16, 1993 (930516)* 21 44:58.9 15.27 173.12 31.7 8.91 203.52  39.72
Nov. 16, 1996 (961116) 09 47:54.2 15.11 175.86 15.0 0.93 207.68  40.69
March 30, 1997 (970330) 08 38:34.8 16.44 172.83 36.9 0.35 202.16  40.55

Depth in parentheses is from the NEIC catalog. Backazimuth (BAZ) and epicentral distance (A) values

are for the station KIP.
*events used for model verification only.
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Figure 4. Particle motion within the Love wave time
frame for two representative events. Time windows used
are marked on Figure 2 by thin vertical lines. Radial-
vertical plots are enlarged to show detail. A thrust
mechanism (January 8, 1991, event 910108) produces
transverse motion 3 times larger then the vertical, while
the strike-slip (April 6, 1991, event 910406) yields trans-
verse motion almost 10 times the vertical. Particle mo-
tion of the phase from a strike-slip mechanism is much
more complex then the nearly elliptical particle motion
from the trust.

puting synthetic seismograms in a radially-symmetric
structure and comparing them with our observations.
Since all four events with a peculiar phase in the Love
arrival window have near-nodal R1 phases, to verify
our adapted version of PA5, we used two large events
with source mechanism oriented to excite R1 of signifi-
cant amplitude. Figure 7 illustrates good waveform fit
for these two events in the Tonga region, one shallow
(930516) and one deep (930416). Hypocentral parame-
ters and mechanisms of these events are illustrated on
Figure 3 and in Table 1.

Figure 8 compares synthetic seismograms of trans-
verse and vertical components with data for the four
events under investigation. While the overall match of
major phases is quite good, some timing mismatches
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in the principal phases are obvious. They may reflect
uncertainties in the location of these relatively small
events. For three of the four events, the hypocentral
depths were fixed to 15 km in the CMT computations.
Discrepancies between the hypocentral locations pub-
lished by the National Earthquake Information Center
(NEIC) and CMT centroids suggest some uncertainty
in locating these events. We found that for the thrust
event 910108, using a depth value of 43 km (from the
NEIC catalog) yielded a significantly better fit to the
KIP record than the CMT depth of 15 km. Effects of
lateral heterogeneity along the Tonga-Hawaii corridor
may play a role as well.

Data from the strike-slip events, located ~200 km
west of the thrust events, are fit better if the value of

_is increased relative to that computed directly from the

PA5 model. This change (from F=0.04, corresponding
to S anisotropy of 4%, to F=0.06, corresponding to S
wave anisotropy of 6%) yields a better fit to the time dif-
ference between the Raleigh and Love phase groups. Al-
ternatively, a similar change in timing may be achieved
by relocating both events farther away from the obser-
vation point.

Overall, synthetic seismograms computed in a radi-
ally symmetric structure represent major features of the
observed wave field faithfully, including the shape and
amplitude of the phase that precedes Rayleigh waves
for both thrust events (910108 and 970330). Vertical
synthetics for strike-slip events (910406 and 961116)
conspicuously lack a body wave in the Love wave time
window, leaving the observed phase unmodeled with
a one-dimensional (1-D) structure. Recognizing that
CMT source parameters are derived in least squares fit
to data from a sparse global network of stations, we in-
vestigated the influence of possible errors in the centroid
solution. Specifically, we computed synthetic seismo-
grams for a variety of source mechanisms that deviated
from the CMT solution by £10° in strike, dip, and rake
and by 10 and 25 km in source depth. We found that no
combination of these perturbations to the source loca-
tion and parameters would yield a synthetic seismogram
with observed features.

To summarize, our computations in a 1-D velocity
model show that in case of a shallow strike-slip source
mechanism, the observed P — SV-polarized phase can-
not be fully explained by the body waves of multiple S
type. While these body waves probably are present in
the seismogram at low amplitude, for strike-slip mech-
anisms their contribution to the vertical/radial motion
in the Love time window is quite small.

5. Mode-Converted Surface Waves in a
2-D Structure

An alternative explanation for our observations would
be a quasi-Love phase (¢L) [ Yu and Park, 1994; Yu et al.
1995; Park and Yu, 1993] that arises through mode con-
version of the long-period Love wave at strong lateral
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Figure 5. Vertical profiles of velocity and anisotropy in the model used for synthetic seismogram
computation. Adapted from the PA5 model of Gaherty et al. [1996].
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Figure 6. Travel time curves for surface and multiple
body waves in IJASPEI91 model.

gradients of upper mantle anisotropy. For upper mantle
surface waves the effect of both isotropic lateral struc-
ture and surface topography on spheroidal-toroidal cou-
pling appears to be weak. Yu and Park [1994] demon-
strated the weak influence of sharp isotropic gradients
in the upper mantle on qL waves. Park and Yu [1993]
demonstrated the weak influence of surface topography
for a model of the Kermadec arc/trench with 10 km
of total relief. Although Hawaii swell topography is
one-sided and somewhat broader, we expect the Ker-
madec computations to apply. The gL phases have
been documented in the records of Hawaiian stations
[Desai et al., 1997; Yu and Park, 1994] at a wide range
of back azimuth, suggesting an origin related to man-
tle flow local to the Hawaiian plume. Generated by
Love-Rayleigh interaction, asymptotic coupling theory
[Park, 1997] predicts that forward ¢L scattering along
the great circle path is weak for lateral variations in ei-
ther isotropic structure (parameters 4 and D in (1)) or
in “radial anisotropy”, i.e., media with a vertical axis of
symmetry. Unlike the body wave discussed above, the
qL phase does not arise from adjustments to radially
symmetric structures but rather from lateral variations
in “azimuthal anisotropy” along the propagation path.

For free oscillations ,S; (spheroidal/Rayleigh) and
nTy (toroidal/Love), the coupling interaction that leads
to ¢L scattering is dominated by anisotropic structure
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Figure 7. Waveform fit achieved in the adjusted

PA5 model for two large earthquakes in the study area.
Bold lines represent data; solid lines represent synthet-
ics. Tracewise scaling is employed. Low-pass filter at
0.02 Hz is applied to all waveforms. This successful test
of the model was performed to ascertain fair represen-
tation of SV-polarized phases.

with angular wavenumber s = |l — I'| along the source-
receiver great circle [Park, 1997]. For the fundamental
dispersion branches ¢S; and Ty, the value of |{ — I/|
varies from 1 at f ~ 4 mHz (250 s), to 21 at f ~ 20
mHz (50 s). Therefore long-period fundamental mode
Love-to-Rayleigh forward scattering has the potential
to resolve lateral variations in upper mantle anisotropy
up to s ~ 20. This corresponds to 2000-km wavelength,
or a 500-km-wide (i.e., a quarter of a cycle) gradient
zone.

The largest Love/Rayleigh scattering arises from terms
of the elastic tensor that are maximal for a horizontal
symmetry axis w oriented at ¢ = +45° azimuth to the
source-receiver path or are maximal for an axis w tilted
between horizontal and vertical at § = +90° azimuth
to the path [Park, 1997]. Asymptotic theory predicts
that the amplitude of an anisotropic gradient trades
off with the azimuth angle £ of W for both groups of
components within the elastic tensor. Specifically, for
a given spatial wavenumber s, horizontal W, and com-
pressional anisotropy parameter B the amplitude of a
“quasi-Love” scattered wave scales with the product
Bsin2¢. For a given scattered-wave amplitude, min-
imal anisotropy is required for £ = +45°. If £ = 15°
or & = T75° twice as much anisotropy is needed to
cause the same cross-branch interaction. The path-
integral asymptotics also predict that the coupling ef-
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fects of shear and compressional anisotropies tend to
cancel. Horizontal flow in olivine leads to a larger de-
gree of anisotropy in P wave velocity relative to the
S wave velocity regardless of the assumed mechanism
of deformation [Karato, 1989]. Ophiolite samples mea-
sured by Peselnick and Nicolas, [1978] also yield higher
anisotropy in P velocity. Several Earth models with
radial anisotropy, such as PA5 and PREM, do not fol-
low this observation, with S anisotropy parameterized
as larger. Factors besides olivine alignment, such as
fine layering in the upper mantle, could be the cause of
this discrepancy. In our waveform tests we use radial
anisotropy with S type dominant, i.e., that of PA5. We
assume pure P-type azimuthal anisotropy as this leads
to a minimal perturbation. The oceanic mantle, how- .
ever, 1s likely to possess S anisotropy as well, so the
true anisotropy is probably larger than our best fitting
models.

Transverse Vertical
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~—/\/—/\/\,~————— syn
v 910108
—/\f—/\/\,——— syn
961116

_/\,_/\/\,.___
—

910406
0 200 400 600 O 200 400 600
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Figure 8. A comparison between data and synthetics
in radially symmetric model PA5. Bold lines represent
data; solid lines represent synthetics. Tracewise scal-
ing is employed. Lowpass filter at 0.02 Hz is applied
to all waveforms. The light grey vertical bar represents
the time frame of S5 phase arrival, widened at 40° due
to a triplication in the travel time curve. Transverse
component waveforms are matched for all four events,
while vertical observations are reproduced for events
with thrust mechanisms only (910106 and 970330). A
conspicuous lack of energy prior to R1 on vertical com-
ponents of events 940106 and 961116 suggest that in the
case of a shallow strike-slip mechanism, the observed
waveforms are mode-converted quasi-Love waves (¢L),
not body waves of the SS group.
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Figure 9. Vertical data traces (bold) compared with
synthetic seismograms (solid) computed in the later-
ally inhomogeneous anisotropic velocity model schemat-
ically depicted in Figure 10. Tracewise scaling is em-
ployed. Low-pass filter at 0.02 Hz is applied to all wave-
forms.

o

Through trial-and-error forward modeling, we found
that a phase similar to the observed ones arises for mod-
els that contain a step-like change in the orientation of
anisotropy close to Hawaii. In the vertical components
of data and synthetics for events 910406 and 961116
(Figure 9) the waveform ahead of the R1 phase is well
matched in both cases. A discrepancy in the appearance
of the 961116 and 910406 waveforms is not reproduced
in the synthetics and thus is not simply a function of the
event size (see Table 1) but likely arises from differences
in the near-nodal R1 excitation.

The model yielding these synthetics is illustrated
schematically in Figure 10. It is built by superimposing
a laterally varying anisotropic structure onto the PA5
model adjusted as discussed above. Anisotropy in this
additional structure is 6%, with a horizontal axis ori-
ented at 45° to the propagation path. The timing of
the phase is best matched if this additional anisotropy
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is present only within 3-5° from the station. Laterally
varying anisotropy in a layer between 12 and 166 km (a
depth range identical to the vertical axis anisotropy of
the PA5 model) fits the observations.

The model presented is just one of the family of pos-
sible lateral anisotropic structures. Owing to the nature
of mode interaction described above, certain anisotropic
parameters exert competing influence on the resulting
waveform, leading to trade-offs in modeling. Figure 11
documents the influence of some model parameters on
synthetic seismograms. The location of the stepwise
anisotropic gradient controls the timing of the resulting
qL phase, as well as the shape of the waveform (Figure
11a). The timing of the observed ¢L phase, close on
the heels of the Love arrival, argues for a sharp gradient
near Hawaii, while its simple shape suggests that there
are no sharp gradients elsewhere in the Tonga-Hawaii
corridor. Anisotropy in P and S velocities have oppos-
ing effects, yielding waveforms of reversed polarity (Fig-
ure 11b). A combination of P and S anisotropy results
in reduced amplitude of the gL phase. A symmetry axis
at 45° to the path maximizes the ¢L waveform, with
smaller and larger angles yielding progressively smaller
qL phases (Figure 11¢). Changing the axis-path angle
from 45° to 15° or 75° rreduces the amplitude of a re-
sulting ¢ L phase by half. Additional complexity offered
by an orthorhombic anisotropy model might enhance
coupling effects [Martin and Thomson, 1997] and reduce
the overall magnitude of velocity anisotropy required to
fit the data. The amplitude of the ¢L phase is propor-
tional to the thickness of the anisotropic layer (Figure '

40 °

HAWAII

velocity
ellipsoid

Figure 10. A schematic depiction of the velocity model
sufficient to produce matching ¢ waveforms for our
strike-slip events. The model is built as a perturba-
tion to PAS [Gaherty et al., 1996]. In addition to the
radial ”slow” anisotropy of PA5, there is an area of az-
imuthal ”fast” P only anisotropy of 6%, with horizontal
symmetry axis oriented at 45° to the propagation path.
The vertical boundary limiting an area of additional
anisotropy is located 3-5° from the station. See text
and Figure 11 for discussion of specific model parame-
ters.
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Figure 11. The sensitivity of ¢L to various model parameters. In each column the data trace
(the vertical component of record 910406) is at the top, all other traces are synthetics. Low-pass
filter at 0.02 Hz 1s applied to all waveforms. (@) Distance between the anisotropic gradient and
the observation point (marked on synthetic traces) influences both the relative timing of the ¢
phase and its shape. If the gradient is farther than 15° from KIP, ¢L phase arrives late enough

to blend with R1. (b) P and .S anisotropy yield

qL phases of opposite polarity. If both types

of anisotropy are present in the model, and have identical ”fast” polarity, the overall amplitude
of the gL phase is smaller. (c) The angle between the path and the symmetry axis affects the
amplitude of the resulting ¢L phase, with 45° yielding the largest effect. (d) The amplitude of
the pulse scales with the thickness of the anisotropic layer. (e) The depth of the anisotropic layer

influences the shape of the pulse.

11d). The depth of the layer affects both the amplitude
and shape of the waveform (Figure 1le). This last com-
parison is most important, as it indicates that the layer
with azimuthal anisotropy can be placed beneath the
11-68-km lithospheric lid of model PA5 with no changes
in other parameters, but that deeper placement of this
layer degrades the waveform fit significantly.

6. Discussion

For Tonga events of a thrust nature that occur at
depths of 30-40 km the observed SV-polarized phase is
well matched by a superposition of body phases (5SS,
SnSn). Tonga events of a strike-slip nature tend to be
shallow (CMT depths of 15 km or less), and P-SV exci-
tation is insufficient to generate body waves comparable
in amplitude with observed signals. We are therefore led
to conclude that for strike-slip events, Love-to-Raleigh
scattering is the most likely cause of the observed wave-
form. This implies that the path from Tonga to Hawaii
contains a significant gradient in the anisotropic prop-
erties of the mantle.

Locating this gradient in close proximity to Hawaii
would preserve agreement with previous studies of the
anisotropic structure in this region of the Pacific. The
study of the Tonga-Hawail corridor by Gaherty et al
[1996] modeled P-SV and SH dispersion discrepancies
with radial anisotropy, leading to model PA5. 1In the
region nearby, Su and Park [1994] identified horizontal
axis S wave anisotropy that imposes 1.8 s of splitting

onto P =S converted phases, with fast axis perpendicu-
lar to the Tonga-Hawaii corridor. Gaherty et al., [1996]
note that this orientation of azimuthal anisotropy would
leave SH and SV particle motion unmixed and could be
used as an alternative to the radial anisotropy of PA5.
Long-period Love and Rayleigh motions do not couple
strongly either for a vertical axis of symmetry or for a
fast axis oriented perpendicular to Tonga-Hawaii path.
This again suggests that any Love-Rayleigh scatter-
ing observed at Hawaii should be related to azimuthal
anisotropy gradients local to Hawaii. Our laterally vary-
ing model contains no azimuthal anisotropy along most
of the Tonga-Hawaii corridor. If azimuthal, rather than
radial, anisotropy is assumed to be the cause of the ob-
servations modeled by Gaherty et al. [1996], a sharp
gradient in azimuthal anisotropy close to Hawaii would
still be required to fit the gL phases we have identified.

The model we propose places a change from the ra-
dial anisotropy to a combination of radial and azimuthal
anisotropy at a distance of 330-550 km from Hawaii.
This distance is consistent with the timing of the ¢L
phase relative to Love. The lack of complexity in the gL
phase argues against the existence of multiplescattering
points along the Tonga-Hawaii corridor. We note, how-
ever, that scattered waves generated close to the source,
perhaps associated with mantle flow proximal to the
Tonga slab edge, would be difficult to distinguish visu-
ally from the near-nodal Rayleigh wave. It is natural to
associate this change with the influence of the hot spot-
related flow pattern in the upper mantle. In the model
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suggested by Ribe and Christensen [1994], the hotspot-
induced disruption of the ambient mantle flow follows a
“stagnation streamline” that bounds the the Hawaiian
swell. Since their theoretical model predicts a some-
what wider topographic disturbance than is observed,
we identify the orientation of the stagnation streamline
with the 5100 m isobath on Figure 1, approximately
where our modeling indicates a strong lateral gradient
in anisotropic properties. Since this isobath intersects
the Tonga-KIP path at roughly ¢ =75°, an exact align-
ment of the anisotropy axis with the flow line seems
plausible only if we allow for a large ( 10%) amount of
anisotropy and/or for a horizontally anisotropic layer
that 1s 200-300 km thick.

An interpretation purely in terms of hot spot man-
tle flow becomes less tenable if we accept the sim-
plest model obtained from our waveform synthetics,
namely, uniform azimuthal anisotropy between 12 and
166 km depth in model PA5. This depth range includes
both the upper asthenosphere and the lithospheric lid.
Anisotropy in the lithospheric lid is not likely to be in-
duced directly by the upwelling hot spot flow, as 3-D
thermomechanical modeling of plume-lithosphere inter-
action by Ribe and Christensen [1994] indicates that
lithospheric “erosion” is minimal. Alternatively, the as-
cent of basaltic melts through porous peridotite could
leave an anisotropic imprint on nominally undeformed
oceanic lithosphere. Numerous studies of ophiolites
have reported “residual dunite” bodies on length scales
of 1 cm to 100 m, thought to represent conduits for up-
ward flow of basaltic melt [Nicolas, 1989]. These tabu-
lar olivine-rich conduits are thought to develop because
basaltic melts interact with the porous wall rock to in-
duce orthopyroxene melting and olivine crystallization,
if the melt is close to the peridotite solidus [Kelemen,
1990]. Field evidence suggests strong olivine crystal
alignment in residual dunites is common, due primarily
to recrystallization in the presence of upward magma
flow [Kelemen and Dick, 1995]. Though not specifi-
cally required by our data analysis (Figure 11), residual-
dunite recrystallization may influence anisotropy in the
lid here and near other sites of marine volcanism.

It should be noted that a simple plume flow pattern,
like that envisioned by Ribe and Christensen [1994],
may not necessarily apply. Strong ¢L converted phases
arrive at KIP from the direction subparallel to the
Hawaiian-Emperor chain [Desai et al., 1997), suggest-
ing significant anisotropic gradients where the symme-
try of a simple plume model would predict little or
no Love-Rayleigh coupling. A 2-D tomographic image
of the Tonga-Hawaiian path based on shear wave data
prompted. Katzman et al. [1998] to dispense with the
plume idea altogether in favor of a more extensive upper
mantle flow pattern, with velocity variations induced by
partial melting. Other plume-flow models are possible,
however. To explain volcanic seamounts in en eche-
lon segments along the Hawaii-Emperor hot spot track,
as well as geochemical differences among Hawaiian vol-
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canos, Thinger [1995] argued for intermittent plumelets
drifting in an ambient upper mantle return flow, oblique
to the nominal hotspot track. Flow in the sublitho-
spheric mantle in Thinger’s kinematic model is oriented
50° south of east with respect to the Hawaii hot spot,
roughly 30° clockwise of the strike defined by the Hawai-
ian island/seamounts chain. This orientation is more
conducive to Love-Rayleigh scattering on the Tonga-
Hawaii corridor than the standard hot spot model, that
is, it would require a smaller jump in anisotropic prop-
erties to model the ¢L observations.

Numerous trade-offs among parameters of our model
require final interpretation on the basis of “external”
data. For example, anisotropy in either P wave velocity
or .S wave velocity results in ¢ L phase development, but
of opposite polarities. Clearly, one type of anisotropy
must dominate to produce the observed effect. P ve-
locity anisotropy is believed to be more pronounced in
deformed peridotites [Karato, 1989; Anderson, 1989,
and thus our choice of the NW-SE alignment of the
anisotropic symmetry axis is controlled by the effect of
P anisotropy. The upper and lower depth bounds of

* the proposed horizontal anisotropy layer have consider-

able uncertainty (see Figures 11d and 1le). Neverthe-
less, a need for such anisotropy in the upper 200 km of
the mantle is quite well established. Placing the upper
bound of the layer below 150 km leads to a consider-
able mismatch of synthetics and data. As the thickness
of the layer is in direct trade-off with the amount of
anisotropy, an independent constraint on the amount of
anisotropy (e.g., from a refraction experiment like the
Ngendie by Shearer and Orcutt [1986]) would greatly
reduce the range of possible models.
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