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Abstract. We determined shear wave splitting parameters at four island sites
in French Polynesia: Tiputa (TPT) on Rangiroa in the Tuamotu archipelago;
Papeete (PPT) on Tahiti in the Society Islands; Tubuai (TBI) in the Cook-Austral
island chain; and Rikitea (RKT) on Mangareva in the Gambier Islands. We also
examined splitting at Pitcairn (PTCN) on Pitcairn Island; because of the short
time of operation of PTCN, our results there are preliminary. We find substantial
differences in splitting, most likely caused by variable upper mantle deformation
beneath the five stations. At TPT the fast split shear wave {¢) direction is
N66°W+4°, parallel to the current Pacific-hotspots relative motion (APM) vector;
the delay time between fast and slow waves is 1.3 £ 0.2 s, At PPT, on Tahiti, we
could detect no splitting despite many clear K5 observations. At TBI, on Tubuai
we detected splitting with a delay time of 1.1 £ 0.1 s and a ¢ direction midway
between the local APM direction and the fossil spreading direction (N86°W£2° ),
as locally indicated by the nearby Austral Fracture Zone. At RKT in the Gambier
Islands, ¢ trends N53°W=£6°, 16° clockwise of the local APM azimuth, and delay
time at RKT is 1.1 £ 0.1 s. Results at PTCN include ¢ near N38°W=9° and

a delay time of 1.1 £ 0.3 5. These different results imply variable upper mantle
deformation beneath the five sites. We interpret splitting at TPT and, possibly,
RKT as indicative of asthenospheric flow or shear in the APM direction beneath
the stations. At PPT, azimuthal isotropy indicates deformed upper mantle with
a vertical symmetry axis, or absence of strong or consistently oriented mantle
deformation fabric beneath Tahiti. Either effect could be related to recent hotspot
magmatism on Tahiti. At TBI, splitting may be complicated by juxtaposition of
different lithospheric thicknesses along the nearby Austral Fracture Zone, resulting
in perturbation of asthenospheric flow. The absence of splitting related to fossil
spreading in French Polynesia indicates that upper mantle deformation processes
postdating lithosphere formation are important at all four sites within that region.
The ¢ azirth at PTCN does not align with either the fossil direction or the APM
direction, but our best individual determination of splitting parameters at this
station lies within 10° of the local APM at Pitcairn Island.

1. Introduction

In the last decade, characterization of upper man-
tle deformation has become possible with the advent of
shear-wave splitting measurements [Bowman and Ando,
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1987; Silver and Chan, 1991; Vinnik et al., 1989; Helf-
frich et ol., 1994; Yang et al., 1995; Gledhill and Gub-
bins, 1996; Russo et ol., 1996]. Splitting of shear waves
into two orthogonally polarized quasi-shear waves, one
traveling slightly faster than the other, is primarily the
result of systematic alignment of upper mantle miner-
als, most probably olivine, by plastic deformasion as a
consequence of flow in the upper mantle, an idea orig-
inally introduced by [Hess 1964]. To date, many split-
ting measurements utilizing the near-vertically incident
phase SKS have been made for stable continental and
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active tectonic regions. However, characterization of
anisotropy in the ocean basins via shear wave splitting,
despite a few studies [Ansel and Nataf, 1989: Kuo and
Forsyth, 1992; Su and Park, 1994}, has lagged behind
that of continents because of the difficulties of ocean
bottom seismometer deployment and because micro-
seismic noise levels are much higher at island stations
[Wolfe and Silver, 1998].

2. Tectonic Setting: French Polynesia
and Pitcairn

The study region in the south-central Pacific, includ-
ing the sites of the seismic stations {Tiputa, TPT; Pa-
.peete, PPT; Tubuai, TBI; Rikitea, RKT; and Pitcairn,
PTCN}, is shown in. Figure 1. These stations lie on dis-
tinct bathymetric features: TPT is on Rangiroa atcil
at the northwestern end of the Tuamotu Plateau [Ta-
landier and Okel, 1987; Jto et al, 1993); PPT is on
Tahiti in the Society Islands [Duncan and McDougall,
1976; Okal and Batiza, 1987}; and TBI is on Tubuat
in the Cook-Austral Island chain [Turner and Jarrard,

-10°]
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Figure 1. Map of French Polynesia study region.

squares. Bathymetry is ETOP05.

1982]. The RKT site is on Mangareva in the Gambier
Islands, and PTCN is on Pitcairn Island, both in the
Gambier island chain. The three island stations PPT,
TBI, and TPT lie between the Marquesas (north} and
Austral (south) Fracture Zones, which juxtapose Pacific
lithosphere of very different plate ages (Figure 1). Thus
the lithosphere beneath these three stations apparently
formed along the same spreading ridge segment, albeit
at different times. The age of the original Pacific litho-
sphere beneath the stations differs by about 15 m.y. be-
tween TPT, on what should be the youngest Pacific
lithosphere at around 72 m.y., and TBI, whose sur-
rounding lithosphere formed about 88 m.y. ago [Mueller
et al, 1983]. The local age offset across the Marquesas
Fracture Zone, in contrast, is around 25 m.y., and is
20 m.y. across the Austral Fracture Zone; in both cases
plate age increases to the south of the fracture zone.
RKT and PTCN lie SE of the Austral Fracture Zone
inn lithosphere that is 30 and 23 m.y. old, respectively
[Dupuy et el., 1993; Mueller et ol, 1993]. Both islands
lie in the Pitcairn Island chain, which stretches from the
active submarine Pitcairn hotspot [Duncan et al., 1974;
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Guillou et al.,, 1994}, actually located some 80 km SE
of Pitcairn island [Stoffers et al., 1990] to. Hereheretue
atoll.

- Although all the linear bathymetric features these is-
land stations lie on are volcanic in origin [Becker et al.,
1974; Dalrymple et al., 1975; Duncan and McDougell,
1978; Schianger et ol., 1984; Talandier and Okal, 1987;
Woodhead and McCulloch, 1989; Dupuy et al, 1993;
Guillou et ol., 1994; Fo et al, 1995}, with WNW-ESE
linear trends approximately parallel to expected Pacific
absolute (i.e., assumed fixed hotspots) plate motion,
and hotspot origins have been proposed for all five [Mor-
gan, 1872; Duncan et al., 1974; Jarrard and Clague,
1977; Okal and Cazenave, 1985; Okal and Batiza, 1987,
Ito et al., 1995, significant differences in ages, history,
and structure exist between the five islands. We out-

~ Hne the tectonic settings of the five sites, therefore, as

a preface to otr discussion of the results, below.

TPT, on Rangiroa, lies at the northwestern end of the
southern Tuamotu island chain; the Tuamotu Platean
includes both nerthern and southern groups of islands in
two approximately parallel chains (Figure 1). A few vol-
canic rocks aged 42 and 47 m.y. [Schlanger et al, 1984
were' dredged from the northwesternmost end of the
Platean, which is capped by thick limestone units [ Ta-
{ondier and Okal, 1987]. The northern Tuamotu chain
terminates abruptly at the Marquesas Fracture Zone,
perhaps indicative of a relation between the chain’s
formation and the Fracture Zone. The origin of the
Platean is unclear, but perhaps involves the activity
of two (or even three) hotspois and a propagating
ridge system; whether the hotspots were centered on
the Pacific-Farallon ridge between 70 and 30 m.y. ago
[Okal and Cazenave, 1985; Talendier and Okal, 1987,
or whether the Platean formed between 30 and 3¢ Ma,
at around 600 km from this ridge on lithosphere 10-20
m.y. old {Ito et al,, 1995}, is contested. The timing of the
formation of individual islands on the plateau structure
is also unknown.

PPT, on Tahiti, lies in the windward Society Islands

(Figure 1). Unlike the Tuamotus, Tahiti has been the

- site of late Cenozoic hotspot volcanism: time of caldera

collapse on the island is estimated at 1 Ma, and the
last volcanism occurred only 400 thousand years ago
[Becker et al., 1974]. The current location of the Soci-
ety hotspot lies 70-130 kin east of Tahiti [ Telandier and
Kuster, 1976; Cheminée et al, 1989]. Volcanic seis-
micity indicates that the Society Island chain has two
active branches with an en échelon pattern of volcanism
[ Talandier and Okal, 1984].

TBI, on Tubuai, in the Cook-Austral Island chain
{Figure 1) lies near the eastern end of the northern
branch of the chain [ Turner end Jarrard, 1982]. Forma-
tion of the Cook-Austral chain is difficult to reconcile
with simple hotspot models, however. Both segments of
the chain are marked by significant gaps in volcanism,
and known age dates clearly violate the expected age

-progression along chain associated with normal hotspot

tracks [Okal and Batiza, 1987]. Tubuai, for example,
was volcanically active between 25 and 9 Ma [Mottay,
1976; Turner and Jorrerd, 1982], and one rock suite
on the island has been dated at 1 Ma, so it is possi-
ble that this island’s volcanic history encompasses 24
m.y., an unexpectedly long duration for melts arising
from a single oceanic hotspot. Ages of other islands in
this chain lying NW of Tubuai (and which should thus
be older, assuming a single, stationary hotspot and a
northwestward moving Pacific plate) are also around 1
Ma {e.g., Rarotonga) and there is even evidence of an
inverse age progression. The Cook-Austral chain is also
the site of extreme variations in isotopic composition
[Hart, 1984; Okal and Batiza, 1987) that perhaps signal
great differences either in mantle reservoirs tapped by
the associated hotspot(s), tremendous variability in the
interaction of hotspot melts and Pacific lithosphere, or
both.

RKT, on Mangareva in the Gambier Islands, Hes in
the central portion of the Pitcairn island chain. The
Gambiers have been linked to Hercheretue atoll, the
Duke of Gloucester islands, Mururoa and Fangataufa
atolls, and Pitcairn Island to form a 1,900 km long is-
land chain presumably formed by the Pitcairn hotspot
[Duncan et al., 1974; Guillou et al., 1994]. Alkaline and
tholeiitic volcanics occur on the several islands form-
ing the Gambiers, each of which are remnants formed
during caldera collapse from a single, much larger, vol-
canic ijsland that predated them. K-Ar ages of volcan-
ism range from 5.7 to 6.2 Ma [Guillou et al., 1994]. The
dated volecanism in the Gambiers is probably related
to post hotspot subaerial activity, but the time of for-
mation of the precursor island seems to be consistent
with shield buiiding during passage over the Pitcairn
hotspot.

PTCN, on Pitcairn Island, lies some 80 km WNW
of the current location of the Pitcairn hotspot [Stof-
fers et al., 1990]. The hotspot itself is expressed as a
series of seamounts formed of fresh volcanic edifices ris-
ing several thousand meters above surrounding seafloor;
recent volcanic flows and extensive pillow lavas attest
to the eruptive origin of the seamounts [Binard et al.,
1992]. Methane anomalies indicate the presence of ac-
tive hydrothermal systems at the seamounts, but there

is no indication of intervening volcanic activity between
Pitcairn Island and the hotspot seamounts. Dupuy
et al. [1993] suggest that isotopically distinct magmas
present in the Gambiers and Pitcairn may be related
to the degree of lithospheric melt which contributed to
the sampled volcanic units; they claim Pitcairn shows
increasing degree of lithospheric melting, which they
infer from isotopic compositions of magmas from the
post-erosional phase on that island. This is germane to
our discussion because it seems to indicate that melting
of the lithosphere is probable beneath Pitcairn during
passage over the hotspot, and we are interested in pro-
cesses that maintain or alter mantle fabrics.
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3. Possible Sources of Splitting
in French Polynesia

Given the significant variability in tectonic history
and setting amongst the five sites, we briefly discuss po-
tential sources of shear wave splitting in data recorded
at these islands. Potential contributions to splitting
from crustal minerals and crack alignment, as deter-
mined from observations of purely crustal § wave paths,
are limited to delay times (difference between fast and
siow wave arrival times) of 0.1-6.3 s with a few extreme
values near 0.5 s [Silver and Chan, 1991; Silver, 1996}.
Yet the global average of splitting delay times from
shear waves that traverse the upper mantle is just over
1 s [Silver, 1996}, indicating that the upper mantle con-
tribution to splitting is dominant. Three basic processes
potentially result in significant upper mantle olivine
fabric development in the study region: formation of
upper mantle lithosphere at spreading ridges, and ac-
cretion of lithosphere from asthenosphere as the plate
ages (which we refer to as “fossil spreading anisotropy”};
flow in a more mobile and easily deformed astheno-
sphere below the lithosphere; and the perturbing af-
fects of magma rise on both lithosphere and astheno-
sphere in the local regions of active hotspots. Combi-
nations of all three processes could also affect the upper
mantle regions beneath all the seismometer sites. Thus
shear waves rising from the core-mantle boundary might
become split traversing an anisotropic asthenosphere,
and be split again in a differently anisotropic foliated
and /or lineated upper mantle lithosphere. Nor can one
rule out complications like channelized asthenospheric
flow along the bases of fracture zones [Vogt and John-
son, 1975; Epp, 1984}, or along any other relief on the
lithosphere-asthenosphere boundary that migat channel
flow [Sleep, 1994; Bormann ef al, 1996].

The expected effects of these processes on upper man-
tle fabric, and thus on expected splitting parameters,
can be readily estimated if we assume that the pri-
mary anisotropy-imparting mineral is olivine and that
the upper mantle can therefore be closely approximated
by a hexagonally symmetric medium resulting from
development of linear preferred orientation (LPO) of
olivine [Hess, 1964; Silver and Chan, 1991; Muinprice
and Silver, 1993]. Oceanic lithosphere begins forming
at spreading ridges and rapidly acquires a fabric from
fow and freezing processes. Seismic refraction data
{Morris et al., 1969; Francis, 1969; Shearer and Or-
cutt, 1986}, regional surface wave dispersion and tomo-
graphic studies [Forsyth, 1975; Montagner and Nataf,
1986: Cara and Lévéque, 1988; Nishimura and Forsyth,
1988, 1989; Montagner and Tanimoto, 1990, 1991}, and
analyses based on reflectivity and travel time anoma-
lies | Gaherty and Jordan, 1996] confirm the significance
of azimuthal anisotropy in the upper mantle and its
relation to the deformation induced in olivine by man-
tle flow during the formation of oceanic lithosphere at
ridges and during its subsequent thickening [Carter et

al., 1972; Guéguen and Nicolas, 1980; Nicolas, 1986;
Nicolas and Christensen, 1987; Ribe, 1989; Ribe and
Yu, 1991; Tommasi et al., 1996]. These frozen flow fab-
rics preserve local flow directions and at large scale in
the shallow lithosphere the resuiting seismic anisotropy
parallels the fossil spreading direction, delineated, for
example, by fracture zones associated with the ridge
that formed the lithosphere.

Beneath the ocean lithosphere, a clear seismic low-
velocity zone interpreted as asthenospheric upper man-
tle [Gutenberg, 1926] is observable via dispersion of
long-period surface waves [e.g., Tanimoto and Ander-
son, 1985], and through high-resolution surface wave
overtone studies of the ocean basins [e.g., Cara and
Lévéque, 1988]. This asthenospheric layer is the decou-
pling zone between oceanic plates and their underlying
mesospheres, and therefore its deformation and hence
its effect on splitting probably arises from shear caused
by differential motion between plate and mesosphere.
The Pacific plate, in particular, can be thought to be
decoupled at the asthenosphere from a comparatively
sluggish underlying mesosphere, given the analysis of
Forsyth and Uyeda [1975] excluding basal drag forces
as significant agents of the plate’s dynamics. Thus fow
in the asthenosphere would tend to align olivine crystals
parallel to the direction of the Pacific plate’s motion rel-
ative to the hotspots (APM), and we would expect to
see shear waves traversing this asthenosphere split with
their fast waves polarized in this direction { Vinnik ef al.,
1989]. The delay time between fast and slow split waves
in such a medium would depend mostly on the thick-
ness of the deformed asthenospheric layer [Tommasi et
al., 1996].

Given that our data come from Pacific island sites, an
important possible complication to upper mantle defor-
mation here is the likelihood that hotspot volcanism
and the establishment of hotspot conduits seriously af-
fect the state of the mantle. The most likely effects of
hotspots are reheating and thinning of the lithosphere
[ Detrick and Crough, 1978] and/or ponding of melts at
the base of the lithosphere [Sleep, 1994}, in either case
leading to a reorientation of lithospheric olivine from
the frozen fossil direction to new directions reflecting
either propagation of hotspot melts through the litho-
sphere or the APM direction at time of hotspot activ-
ity. The latter process would presumably occur because
weakening of the lithosphere, an effective volume in-
crease of the asthenosphere, locally, would concentrate
lithosphere-mesosphere relative motions preferentially
within the weakest most plastic regions. ‘

From the above considerations, three basic outcomes
from searches for splitting parameters at Pacific island
stations are possible: fast polarization directions may
be parallel to fossil spreading directions, in which case
the major contribution to the splitting signal is the un-
reconstituted lithosphere, virtually pristine as formed
at the ridges. Or, fast polarization directions could
be parallel to the local APM direction, in which case
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the asthenospheric decoupling layer would be the pri-
mary source of splitting; or, over time, lithospheric
olivine is somehow reoriented to the APM direction,
perhaps by strain-induced recrystaliization of either ro-
tation or migration type [Avé Lallemant and Carter,
1970; Guillope and Poirier, 1979]. Finally, splitting
could be more complex, perhaps reflecting complicated
lithospheric anisotropy due %o a long history of changing
plate motions; presence of anisotropic lithosphere and
asthenosphere, each characterized by a unique deforma-
tion; thermal erosion or deformation during magma as-
cent associated with hotspot plumes; flow along fracture
zones or lithosphere-asthenosphere boundary topogra-
phy; or some combination of all these effects.

4. Data

The data in our study were recorded on broadband
seismometers at four stations of the Polynesian Seismic
Network (Figure 1) and at Pitcairn. The instruments
have an approximately flat magnification response be-
tween 1 and 100 s, and thus are ideal for recording shear
waves with peak energy in the 5-20 s period range of
most of our SKS and § data. The digital seismogram
recording system used to archive the data includes fil-
tration with a strong narrowband reject centered at 6 s
to reduce microseismal noise related to sea swell. This
filtration did not apparently affect our measurements
adversely.

Details of the earthquakes we used are given in Ta-
ble 1. For SKS, we limited ourselves to earthquakes
farther than 88° epicentral angle so as to aveid contam-
ination by S and S¢S in the crossover distances of these
phases. For S data, we used events at distances between
30° and 80° that were deeper than 410 km to avoid
possible contamination by splitting at the source [e.g.,
Kaneshima and Silver, 1992; Vinnik and Kind, 1993;
Russo and Silver, 1994]. We used the IASP91 [Ken-
nett and Engdehl, 1991] Earth model as an aid in phase
identification (see Figure 2), and we checked high signal-
to-noise ratio seismograms of SK§ particle motion in
the horizontal plane for off-azimuth arrival and parti-
cle motion in the sagittal {i.e., vertical-radial) plane for
unexpected incidence angles at the Earth’s surface that
could signal phase misidentifications or local structural
heterogeneities that might corrupt results. In all cases,
phases arrived on-azimuth within a tolerance of several
degrees and at incidence angles of 10°-15° from vertical
as expected for SK5. We examined all available data
for events of magnitude my > 5.7 during the time pe-
riod 1990 to mid-1995 fitting these criteria; for stations
RKT and PTCN, we examined all such data during the
operative life of the station to date. We also examined
several events recorded earlier {1987-1990) during the
installation of the broadband network, but this search
was not exhaustive. In all, we examined seismograms
for 66 events at PPT, 18 events at P'TCN, 15 events at
RKT, 38 events at TBI, and 22 events at TPT. From
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these we obtained 9 usable measurements at PPT, 4 at
PTCN, 8 at RKT, 16 at TBI, and 6 at TPT (Table
1). A large majority of the seismograms we did not
use were rejected because of low signal-to-noise. A few
were unusable because of instrument problems such as
obviously corrupted signal on one of the horizontal com-
ponents. The majority of the data was usable, and we
attempted to measure splitting on these selsmograms,
but the results often did not pass all four of our diag-
nostic criteria for good measurements (see below).

5. Methods

To analyze splitting of the shear wave phases we ex-
amined, we used two methods: the method of Silver and
Chan [1991] and a more recently formulated method
by Wolfe and Silver [1998]. Both methods rely on the
assumption that the shear wave rising to the surface
beneath the station from the core-mantle boundary is
radially polarized. Energy on the transverse compo-
nent of these shear waves is diagnostic of shear wave
splitting caused by propagation through foliated and
lineated olivine aggregates in the upper mantle beneath
the recording station. The Silver and Chan method uti-
lizes a grid search for the combination of splitting pa-
rameters ¢, the polarization direction of the fast split
shear wave (azimuth from north}, and 6¢, the delay time
between fast and slow waves, that best minimizes en-
ergy on the transverse component of the seismogram,
when used to reconstruct the rising shear wave prior
to interaction with anisotropic layers. Both methods
are also applicable for determination of splitting of §
waves from deep {h > 410 km) earthquakes. In this
case, the initial polarization of the phase is estimated
from the data and splitting parameters derived from
a minimization of energy on the component of motion
corresponding to the smaller eigenvalue of the polar-
ization matrix. A measurement is considered good if
(1) there is clear energy on the transverse component
(SKS) and the signal-to-noise ratio is better than about
5:1 (8, SKS); (2) the signal on the linearized transverse
(SKS) or on the component corresponding to the min-
imum eigenvalue of the covariance matrix (S} is, after
linearization, not distinguishable from noise outside the
measurement window; (3} particle motion in the hor-
izontal plane is elliptical before energy minimization,
and is linear after energy minimization; (4) the con-
toured energy for the complete parameter space of the
¢ — 6t grid search has a single well-defined minimum.

We also used the method of determining splitting
parameters specifically developed by Wolfe and Silver
[1998] for analysis of seismograms collected at ocean is-
land stations: we search for the splitting parameters, ¢
and &t that best fit, simultaneously, all the observed

- waveforms from a suite of SKS and/or § arrivals at

the station. The method is based on the procedure
of Silver and Chan [1991}, and as they did, we calcu-
lated the smaller eigenvalue of the covariance matrix
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Table 1. Single-Event Splitting Parameters

Julian  Time,  Latitude, Longitude, Depth, Magni- Baz}® 3 ét,

Station Date Day UT deg deg ki tude  deg Phase deg 8 Result
PPT May 12, 1990 132 0450:08.7 48.940 141.380 606.0 6.5 322 SKS .38 22 R 1)
PPT May 2, 1993 122 1126:548  -56.415 -24.49] 13.0 6.3 152 SKS .37 £22 — — null
PPT Aug. 7, 1993 218 0000:37.0 26.585 125610 155.0 60 297 SK§ 74 122 — — mli
PPT May 10, 19% 130 0636:283  -28.501 -63.096 601.0 6.4 116 5 52 22 — — nuli
PPT July 21, 1994 202 1836:31.7 42.340 132.87C 471.0 65 313 SKS 46 22 — —  null
PPT Sept. 28, 1994 271 1639:51.6 -5.786 110.350 638.0 59 261 SKS 81 £22 L 111
PPT Nov. 4, 1994 308 0113:20.1 -9.397 -11.334 591.0 5.8 96 hy <76 22 — — nuli
PPT Jan. 6, 1993 006 2231379 40.246 142.180 278 6.7 3i5 SK§ 45 k12 e U
PPT Apnl 21, 1995 111 0009:56.2 11.999 125.700 33.0 6.1 283 SKs 77 £20 — —  nuil
PTCN March 21, 1997 080 1207176 -31.163 179.624 449.0 56 250 § -83 5 28 +6

PTCN March 25, 1997 084 1644:32.6 -9.063 -71.295 603.0 3.4 85 S T3 £22 — —  nujl
PTCN March 26, 1997 085 0208:57.2 51.277 179.533 33.0 60 33 SKS 29 422 — —  null
PTCN April 23, 1997 113 1944:28 4 [3.986 144.901 101.0 6.2 285 SKS <75 #22 - null
RKT Dec. 25, 1995 359 0443:24.5 -6.903 129.151 141.0 6.3 261 SKS .62 %13 LT 3

RKT Jan. 1, 1996 001 0805:10.8 0.72% 119.931 24.0 6.3 265 SKS 63 %14 12 3

RKT Feb. 7, 1996 038 2136:46.3 45.324 149.892 42.0 6.3 317 SKS 43 £22 Rl 1131
RKT May 2, 1996 123 1334:29.0 -4.548 154.833 500.0 56 274 hY 62 9 22 +4 poor
RKT June 23, 1996 173 1357:10.0 51.568 [59.119 20,0 6.0 325 SK§  -35 222 — —— null
RKT July 22, 1996 204 1419:35.7 1.340 120.650 28.0 10 265 SKS 43 &9 1.7 £3 poor
RKT Aug. 3, 1996 228 2238:22.0  «20.720 -178.160 555.0 7.4 265 kY 719 11 1.7 =4 poor
RKT Oct. 18, 1996 262 1050:20.8 30.470 131.290 220 6.6 297 SKS 63 22 — — null
T8I Dec. 10, 1993 344 0859:35.8 20,812 121.280 120 5.8 289 SKS 70 +22 — —  null
TBI Jan. 10, 1994 010 1553:50.1 -13.339 -69.446 589.0 6.4 99 5 -37 45 1.8 +6 poor
T8l Aprit 29, 1994 119 0711:29.6  -28.299 -63.252 562.0 6.3 115 A 27 £12 1.0 4 péar
TBI May 3, 1994 123 1636:43.6 10.241 -60.758 36.0 58 80 SKS  -87 6 23 %4 poor
TBI May 10, 1994 130 0636:28.3 -28.501 -63.096 601.0 6.4 115 5 32 46 14 27 poor
T8I May 23, 1994 143 0536:01 .6 24.065 122.560 200 57 293 SK§ 73 222 — — il
TBI May 29, 1994 149 1411:50.9 20.556 94.160 36.0 6.2 281 SK§ 79 £22 — — null
TBI May 29, 1994 149 1411:50.9 20.556 94.160 36.0 6.2 281 SKS 79 22 — — null
TBI Aug. 19, 1994 231 1002:51.8 -26.642 -63.421 564.0 6.4 ii3 5 19 7 1.5 7 poor
T8I Nov. 4, 1994 308 0113:20.1 -8.37% -71.334 591.0 58 4 5 -80 %8 21 7 poor
T8l Nov. 14, 1994 318 1915:30.6 13.525 121.070 32.0 6.1 283 SKS 77+ — —  quli
TBI Nov. 15, 1994 319 2018:11.3 -5.589 110.190 561.0 62 261 SKS§ 86 *1 3.2 %5 poor
T8I Jan. 6, 1995 006 4237379 40.246 142.180 270 67 315 SK§ 69 £S5 19 £3

TBI Apri 17, 1995 107 2328:08.3 45.504 151.290 34.0 6.1 323 SKS 4% 43 =~ pOOC
T8I Apnl 21, 1995 111 0009:56.2 11.999 125.700 33.0 6.1 283 SKS STT 22 — —  null
TBI May 5, 1995 125 0353:47.6 12.622 125330 330 62 283 SKS -77 14 — —  nuli
TBi June 11, 1996 163 1822:55.7 12.610 125.15C 330 6.6 283 SKS 77 £2 — — null
TPT May 12, 199¢ 132 0450:08.7 48.940 141.380 606.0 6.5 321 SKS  -36 3 2.7 4

TFT May 2, 1993 122 1126:548 -56.415 -24.497 13.0 6.3 152 SKS -39 22 — — poor
TPT Jan. 10, 1994 210 1553:50.1 -13.339 -69.446 589.0 6.4 100 s -2F 422 — = pull
TPT April 29, 1994 119 0711:29.6  -28.299 -63.252 562.0 6.3 116 5§  -65 22 - = qull
TPT May 10, 1994 130 0636:28.3  -28.501 -63.096 601.0 6.4 117 5 <60 22 — — ol
TPT May 24, 1994 144 0400:42.1 23.959 122.450 16.0 6.2 293 SKS 67 422 — —  pull
TPT July 21, 1594 202 1836:31.7 42.340 132.870 471.0 6.5 313 SKS  -46 22 — —  null
XMAS  Sept. 4, 1997 247 0423:36.5  -26.535 178.322 618.0 68 218 b -58 +8 25 2

*Baz, backazimuth.

of corrected particle motion for each value of candidate by its minimum valte and summed the results to find
polarization directions (0° to £90°) and delay time (0 the splitting parameters corresponding to the most lin~
to 4 s). We then normalized the energy surface corre- earized corrected particle motion for the whole suite of
sponding to each of the seismograms within the suite events. Errors were estimated in a fashion similar to
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Figure 2. Example of individual splitting measurement at station TPT. Event is 1990 Julian

day 132 (see Table 1). {a) Original waveforms (radial, transverse} before linearization are top
two traces; bottom two traces are linearized waveforms. Measurement window marked by A and
F. Expected arrival times of shear waves phases calculated from IASP91 Earth model shown as
vertical dashed lines. Note SKS signal on transverse phase, but low signal to noise ratio. (b) Fast
and slow waveforms from measurement window and particle motions. (top left) Fast and slow
waveforms in the fast and slow reference frame. (top right) Same waveforms, deIay removed; note
excellent waveform coherence. (bottom left) Particle motion of waveforms in upper left frame
note clear ellipticity. (bottom right} Linearized particle motion of delay-removed phases. (c)
Contours of energy on transverse component for the full range of candidate ¢ and §¢. Minimum
energy denoted by star. Note large uncertainty in delay time.

15,085




15,096

80132 TPY angie-56:2 lag2.7+0.4
(c) Polarization Az, -42.3

o
[=]

Azimuth (degrees)
o
i

Figure 2. {continued)

that of Silver and Chan [1991] by assuming that the
minimurm value of the covariance matrix eigenvalue is a
sum-of-squares noise process that is x* distributed, es-
timating the total number of degrees of freedom in the
system by summing the calculated degrees of freedom
for each transverse record after linearization and then
determining a 95% confidence limit. We emphasize that
this method does not involve stacking of data within
the measurement windows, but rather only summing
of the normalized energy surfaces corresponding to the
complete azimuth-delay time grid search. The result is
the best fitting splitting parameters for all the included
data. These results are easier to interpret objectively
since they yield a single set of splitting parameters with
errors rather than a range of less well constrained pa-
rameters which may encompass a range of interpretive
possibilities. _ ‘

We used events from varying back azimuths when-
ever possible in order to evaluate better the assumption
of horizontal symmetry axis, single-layer anisotropy in-
herent in the Silver and Chan method. This is effec-
tive because splitting parameters vary as functions of
back azimuth if symmetry axes dip or more than one
anisotropic layer is present [Babugska et al., 1993; Silver
and Savage, 1994]. {We note that the scatter in splitting
parameters we observe for the individual event mea-
surements do not match the variations expected if two
anisotropic layers are present.) Barring such complica-
tions, the method yields the best single-layer splitting
parameters for the given suite of data.
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The simultaneous linearization technigue is particu-
larly necessary for island station data because micro-
seismic noise levels can be high and because of greater
shear wave attenuation beneath the oceans. Typically,
noise is great enough to degrade splitting measurements
at island stations, and most recorded S waves must be
low-pass filtered at periods greater than 10 s to be de-
tected. Thus individual measurements of splisting delay
time (on the order of 1 s) and of fast polarization axis
orientation may have large errors: for example, pub-
lished values of splitting parameters at Hawaii (KIP)
range in azimuth (clockwise from north) from 25° to
90° [ Vinnik ef ol., 1989; Ansel and Nataof, 1989; Kuo and
Forsyth, 1392]. This value was constrained to 90° &+ 3°
by Wolfe and Silver [1998] using their multiple data
technique.

6. Results: Splitting in French
Polynesia and at Pitcairn

Use of the Silver and Chan [1991] splitting method for
single SKS and S phases yielded highly variable results
(Table 1). In much of the data, energy on the transverse
component the primary diagnostic of splitting of the
core shear wave phases is apparent to the eye, but low
signal-to-noise ratios degrade the measurements, Many
of the seismograms that appear to include spiit shear
waves result in “null” {i.e., no resolvable splitting pa-
rameters) or nearly nuli (almost no resolution of delay
time) measurements. Nevertheless, at TPT, TBE, RKT,
and PTCN we found some clear evidence of splisting,
and we were able to make several moderately good mea-
surements. For PPT, however, all the data we examined
vielded no clear evidence of splitting.

Because the results from the individual measurements
did not satisfactorily reflect the evidence of splitting
we could see in the seismograms of at least four of
the stations, and because of the significant scatter in
the results of these individual measurements (see Table
1), we then applied the newer Wolfe and Silver [1998]
method to the data. The events we used and the split-
ting parameters we determined via the simultaneous lin-
earization method at the four Polynesian stations and
at Pitcairn are detailed in Tables 2 and 3. For PPT,
we stacked seven events (four § and three SKS phases;
Table 2} which yielded the results shown in Figure 3:
we can exclude delay times over 0.1 s for all orienta-
tions of ¢ so the mantle beneath PPT is azimuthally
isotropic within the limits of our ability to measure it
for the available data. For TBI, on Tubual in the Cook-
Austral chain, ¢ is N86°W and the delay time is 1.1 s,
as determined from a simultaneous lnearization of four
events recorded at that station. Splitting parameters
for 5 events at TPT are ¢ of N66°W and 1.3 s delay
(Figure 4). Four RKT events linearized simultaneously
yielded a ¢ of N53°W and a delay time of 1.1 s. Four dif-
ferent events recorded at PTCN yield a simultanecusly
linearized ¢ of N38°W, and a delay time of 1.1 5. We
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Station Stack Event Information

Table 2,
Julian Time, Latitude,  Longitude, Depth, Magnitude Distance, Baz®
Date Daj ur "deg o, deg km o ~deg ¢ dc;g Phase  Station
Aug. 7, 1993 219  0000:37.0  26.585 125610 1550 6.0 93 297 SKS PPT
May 10, 1994 130 0636283  -28.501 63096 6010 . 64 79 116 s  PPT
July 21, 1994 202 1836:31L7 42340 132870 4710 65 " 93 "~ 313 SKS  PPT
Sept. 28, 1994 271  163%:516  -5.786 110350 6380 5.9 98 261  SKS  PPT
Nov. 4, 1994 308 0113201 9397 71334  $91.0 5.8 76 96 s PPT
Jan. 6, 1995 006  2237:379 40246 142180 270 67 86 314 5 oerT
May 5, 1995 125 0353476 12622 125310 330 62 89 283 s PPT
March 21, 1997 080  1207:17.6 31163  179.624  449.0 56 45 250 §  PICN
March 25, 1997 084  1644:326  -9.063 71295 6030 54 58 8  §  PICN
March 26, 1997 085  0208:572 51277 179533 330 60 88 331 SKS PICN
April 23, 1997 113 1944:284  13.986 144901 1010 6.2 92 285  SKS PTCN
Dec. 25, 1995 359  (443:245  -6903 120151 1410 63 93 261 SKS RKT
Jan. 1, 1996 00  0805:10.8 0729 119931 24.0 6.3 104 265  SKS  RKT
July 22, 1996 204 1419:357 1340 120650 280 70 104 265  SKS RKT
S Oct. 18, 1996 292 1050208 30470 131290 220 6.6 105 297  SKS  RKT
May 10, 1994 130 0636:283  -28.501 63096 6010 6.4 %6 115 s TBI
_ Aug. 19, 1994 231 1002:51.8 26642 63421  564.0 6.4 77 113 §  TBI
Nov. 15, 1994 319  201%:13  -5580 110190  S61.0 62 97 261  SKS  TBI
Jan. 6, 1995 006  2237:379 40246 142180 270 6.1 90 315  SKS  TBI
May 12, 1990 132 0450:08.7 48940 141380  606.0 6.3 89 321  SKS  TPT
May 2, 1993 122 1126:548  -56415 24491 13.0 63 95 152 SKS TPT
Aprl 29, 1994 119 07101:29.6  -28299  -63252 5620 63 78 116 s TPT
May 10, 1994 130  0636:283  -28.501 63006 601.0 6.4 78 117 s TeYT
July 21, 1994 202 1836:317 42340 132370 4710 65 92 313 SKS  TPT

*Baz, backazimuth.

also estimated splitting parameters for more and differ-
ent seismograms at the five stations, but the results did
not vary significantly from those quoted.

7. Discussion
We first address the apparent failure of the individ-
ual measurements to constrain splitting parameters at
the five stations. Two observations are germane: First,
" signal-fo-noise ratios were low, even when SKS energy
~ was apparent on the transverse components of selsmo-
grams (Figure 2a}. Second, the result of this is visible
even in the individual measurements we judged best
(Figure 2b), which show that although the polariza-

tion of the fast wave is fairly well established (confi-
dence ellipses are narrow with respect to azimuth), de
lay times are much more poorly resclved (the ellipses
are very long in the delay time direction). We infer
that this is because the noise interferes more strongly
with the small-amplitude transverse energy, swamping
it enough, in effect, to render delay time estimation dif-
ficult. Because such noise is inherently uncorrelated,
whereas the splitting should be the same, for different
events recorded at the stations, the stacking method al-
lows a better estimation of the splitting delay time. For
this reason, we have greater confidence in the quality
of the simultaneous linearization measurements than in
the individual measurements we made for the five sta-

Table 3. Station Locations and Stacked Splitting Parameters

South West @, at
Code Name Site Latitude, deg  Longitude, deg deg 5
PPT Papeete Tahiti 17.569 149.432 isotropic
PTCN  Pitcaimm  Pitcaim 25.073 130.095 3849 1 403
RKT Rikitea Rikitea 23.118 134972 5345 1L 01
TB{ Tubuai Tubuai 23.349 149.461 -86 +2 L1 +0.1
TPT Tiputa  Rangiroa 14.984 147.619 66 £4 1.3 102




RUSSO AND OKAL: SHEAR WAVE SPLITTING IN FRENCH POLYNESIA

15,098

(1 peqIeut InOJUGH) U] SIUSPLYUCD

%S6 ¢ pepnioxs sIe 8 1°() Ueyy Jayeerd sourn Aepp Suniids 930N "$IusAs J,JJ UIASS JO 30UIS SY)
10} Adrous painojuoy) (8) suorowr apnred Supuodseiiod pur SURY MO[S-]SB] BI[] U] SULIOPARM
LLZ¥6 YWoal (J) "128F6 1uaAe 1oy stuwiojaseps (a) “suopowt opipred Suipuodseliod pue SurRI] MOols
-158} 91} Ul SULIOBARM ZOZF6 JUaAT (P) "Z0TFE 1U8Aa 10} suriojoarp (9) Suryds ou jo uds ‘reaur
sfeme st Uoljou s[Ired 930N suorow opdyred FuIpuodssIiod PUE JUIRI] MO[S-1SE] UL SULIOJOARM
61266 1mAS (g} "ASI0UB G)G 9SIGASURI) OU 810N "GIZEG 1U9AB 10 suaopoaepy (e} (g 8qel)
SHU2AD WOADS JO OIS ® 107 IJJ 1e uoneuiuioiep umids pug suiojesea jo sidurexy g ey

o I

¥

1 2 |

ieaury -4

-0

leaur 1

i L 1 1

0Ll o00F 08
e

1 i

OLL
e

A=jaqg g

0oL 06
i ¥ T

MOlS 50-

0o

g0

Y/ 1seq |
]

1'p:Bep g

081 091 OvL 021 004
L M | 7 Y

iyd

9 O 0T 0 02 Op-

Jd6-zejod SMS ldd )

feaur |
0t

i+

0Lk 961 001 56
Ty Ty

0L} SOF 001 S6
L T

80

00

180

ot

Shiud  jp-ize

SpUOGIag
002 OBLOYL OpE OZTL 008 OB 0% OF O O

o

00
S0
oL

Jdd

{(p)

[ S [ I
[ | LI FALE I
L d4- -
- 10 ° 10
- seaupy b tesury |t
P SPE  TP S cbad ]
SpuoIas SpUDIas
0¥i SE1 0B} 521 Oyl Sgl 0Bl SEL .
T e O ey 876
- g0~ §'0
3 o0 o0
N :
H/ [ 50
bt S L L

$pU0dag

02Z 00Z OBl 09i OFi OZL 001

. J P N .
voBep ghyd gu-:zevjod $)S idd

08 0% O 02 O
¥ T T

(a)

¢ d

NS

#ips’

SUNS
6'G:Bepy

uB8e9 H0Se0LL S98L°S

: 1+
L.\.{A!\/\/\( 10
pezueoury |

L/ I\

10

1t

;Fi

410

OSIOASURIE] i

ERE

o AN 10
: ieipey it
(9)

legzeg ®°L6°1SI0 Ldd:UlS 1/2v6 JUaAl

Qﬁ

A4

=

SHNS

go:Bey unjisb 30.8°2EL NOVE'ZY
rleszeq 87671810 LddiUlS 20296 iusal

T N

LRI B

_ _ ' nw _<“_

1

1
P

)

1

1

1

1
\J/M\Jﬂ

igZ:zeqd £'€6:1S1] 1idd

¥ T

Je-

o

/ueu_._mo:_;m 1

T

leipey |z
(&

UIS 612E6 1ueAlg




Fnl i

RUSSO AND OKAL: SHEAR WAVE SPLITTING IN FRENCH POLYNESIA 15,099

PPT Summed Error for 7 Events
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Figure 3. (continued)

tions, and we limit our interpretations to the resulis of
the multiple event procedure (Figures 3, 4, and 3).

7.1. TPT, Tuamotu Plateau

The results at the five stations demonstrate that sig-
nificant variation in splitting {and therefore in upper
mantle deformation) occurs at relatively small scale in
French Polynesia (Figure 6). Four stations, TPT in the
NW Tuamotu Plateau, TBI in the Cook-Austral chain,
and RKT and PTCN in the Pitcairn chain, clearly lie
above significant thicknesses (100 to 130 km) of de-
formed upper mantle, but PPT, on Tahiti, apparently
does not. Within the context of possible anisotropy-

forming mechanisms we discussed above, the results at
TPT could be explained two ways. The fast polariza-
tion direction at TPT, N66°W, is parailel to the Tu-
amotu chain underlying Rangiroa, and is also parallel
to the Pacific plate’s motion relative to Pacific hotspots.
The splitting could be engendered in the asthencsphere
beneath TPT, caused by shear in the upper mantle low-
velocity zone between the base of Pacific lithosphere and
deeper mesosphere. In contrast, this result cannot he
related to fossil lithospheric fabrics, which should be
parailel to nearby fracture zones (Figure 6). The spiit-
ting fast polarization direction we measured at TPT is
consistent with the analysis of Talandier and Bouchon
[1979], who showed that P, azimuthal anisotropy in the
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TPT Summed Error for 5 Events
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Figure 4. (continued)

Polynesian province is oriented fast-axis parallel to the
island chains and local APM direction.

The possibility that the shear wave splitting at TPT
arises only from the asthenosphere is interesting be-
cause on the basis of surface wave studies [Forsyth,
1975; Nishimura and Forsyth, 1988, 1989; Montagner
and Tanimoto, 1990, 1991] and refraction experiments
[Hess, 1964; Francis, 1969; Morris et al., 1969; Shearer
and Orcutt, 1986], we expect oceanic mantle lithosphere
to have a fossil fabric and, given lithospheric age and
corresponding thickness at TPT, that this lithosphere
should contribute significantly to the splitting. Absence
of clear evidence for a lithospheric contribution at TPT
can be ascribed to the reheating effect of hotspots [Det-

rick and Crough, 1978; Sleep, 1994], which may destroy
fossil lithospheric olivine fabrics through dynamic re-
crystallization. I this is so, it implies temperatures
sufficiently high to call into question the definition of
such upper mantle as lithospheric. The emplacement
of the 30 km thick crust [Talandier and Okal, 1987] of
the Tuamotu Plateau, by one or more hotspots and/or
a propagating ridge segment [Okal and Cazenave, 1985;
Ito et al., 1995] may have altered sub-TPT lithospheric
mantle fabrics formed previously at the Pacific-Farallon
Ridge. If the post-Plateau emplacement lithospheric
mantle fabrics were weakly developed (e.g., randomly
oriented olivine crystals), then the lithosphere would
not contribute to the observed splitting. The paral-
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Figure 5. (a) Summed contours of energy corresponding to either the transverse component or
smaller eigenvalue of the polarization matrix for four events at station TBI. Note grid search yields
a single good estimate of splitting parameters that best linearize the four events simultaneously
(star). {b) Same as Figure 5a, but for four events at station RKT. (¢} Same as Figure 5a, but

for four events at station PTCN.

lelism of the fast polarization direction at TFT and the
Pacific-hotspots APM would thus arise solely from the
sub-Tuamotu asthenosphere, and this fact would place
no temporal constraint on the time of formation of the
Platean.

A variation on the idea of an asthenospheric scurce of
the TPT splitting, consistent with the surface wave and
P, data, is that hotspot reheating could have formed
a horizontal channel of asthencsphere by thermal ero-
sion cutting up into the base of an otherwise horizontal
lithosphere-asthenosphere boundary [Sleep, 1994; Bor-
mann et al, 1996]. This thermal erosion might erase
fossil lithospheric fabrics, replacing Hthosphere by as-
thenosphere in a channel trending in the APM direc-
tion {post 43 Ma formation of the channel therefore
required). A localized channel might not have a large

effect on surface waves, and, if filled by asthenospheric
mantle, could explain the observed shallow low F,; and
Sy velocities,

The alternative to solely asthenospheric anisotropy
in the sub-TPT upper mantle is that the source of
anisotropy is lithospheric, but that the fossil spread-
ing fabric in the sub-Tuamotu lithosphere has been de-
stroyed and replaced by APM-parallel fabrics. Evidence
in support of such an idea is the existence of the thick,
linear, grossly APM-parallel Tuamotu Plateau, whose
emplacement via hotspot volcanism probably had a
strong effect on surrounding lithosphere. Again, the
pervasive deformation required to reorient existent fab-
rics in the lithosphere calls into question, if only locally,
the concept of a rigid, little-deforming plate. Heated
and deformed {asthenospheric?} upper mantle would
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Figure 6. (a) Splitting parameters determined from stacks at TPT, PPT, and TBI stations
shown; ¢ direction is parallel to bar shown at the two stations, TPT and TBL Delay time is
proportional to length of bar according to key, lower left. Azimuthal isotropy at PPT indicated
by star. APM directions [Gripp and Gordon, 1990] shown as white arrows. Pacific lithosphere
age {Mueller et al., 1893] shown as thin black lines, ages as labeled. Splitting parameters at RAR
and AFI from Wolfe and Silver [1938]. Note, except for PPT, ¢ directions in the south-central
Pacific are nearly parallel to the APM direction. {b) Same as Figure 6a, but background is free-
air gravity of Sandwell and Smith {1997]. Marquesas and Austral Fracture Zones (near stations
TPT and TBI, respectively) are more clearly evident in the gravity field than in ETOPOS.

then have to refreeze in the current APM direction.
Lithospheric fabric recrientation would have to be a lo-
cal phenomenon given the results of surface wave stud-
ies indicating little anisotropy in much of the western
Pacific lithosphere. If the source of TPT splitting is

reoriented lithospheric fabrics, then, given the motion
history of the Pacific plate relative to Pacific hotspots,
this lithospheric fabric must have developed after the
change to current Pacific APM at 43 Ma [Dalrymple
and Clague, 1976]. In this case, the major effects of Tu-
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amotu Plateaun formation on the local lithosphere would
have had to take place after 43 Ma, unless such litho-
spheric recrystallization is pervasive and widespread.

7.2. PPT, Tahiti, Society Islands

Splitting parameters, and hence upper mantle seis-
mic anisotropy, are highly variable between islands in
French Polynesia, as exhibited by the different results
at PPT and TPT; a mere 350 km apart. Splitting is
clearly detected at TPT, but PPT is apparently un-
derlain by an effectively azimuthally isotropic mantle.
Given the small number of stations for which data ex-
ist, we can only speculate as to the meaning of this
result: perhaps the absence of detectable upper man-
tle deformation at PPT is related to the recent {1 Ma)
volcanism on the island. We note that if the symmetry
axis of the anisotropic medium beneath PPT were ver-
tical rather than horizontal, as we might expect if this
volcanism were the result of the rise of magma within
a hotspot conduit, we would detect no splitting. We
infer that the different nature of the sites is of funda-
mental importance in this result: Tahiti is a young vol-
canic island (~ 1 Ma) with a typical “Hawailan” crust
[Becker et al., 1974; Calmant and Cazenave, 1985] only
70 ki away from an active underwater volcano, whereas
Rangiroa {TPT) is an atoll sitting on the massive, 30
km thick crust of the Tuamotu Plateau [ Talandier and
Okal, 1987; Ito et ol, 1995]. This raises the question
of the possible infiuence of young volcanism on shear
wave spiitting and on the local mantle flow pattern.
More generally, the apparent variability of mantle de-
formation that we infer is at the root of this observation
is most likely ascribable to the effects of hotspots on
the lithosphere and asthenosphere at these island sites.
With the exception of the Hawaiian chain, variability
of island chain structure, geochemistry, and geochronol-
ogy, and discrepancies between predictions concerning
these parameters based on the hotspot model [Morgan,
1972] and their observations are the hallmark of the
Pacific hotspot islands [Okal and Batiza, 1987].

7.3. TBI, Tubuai, Cook-Austral Chain

At TBI, on Tubuai in the Cook-Austral chain, the
fast polarization direction is N§6°W, 22° westward of
the local Pacific APM direction (Figure 6} {Gripp and
Gordon, 1990]. The trend of the nearby (70 km) Aus-
tral Fracture Zone is 25° southwestward of the TBI ¢
direction. Thus neither the asthenospheric (APM) nor
fossil spreading (Ausiral Fracture Zone) hypothesis ap-
pears to explain uniquely the ¢ trend at TBI. We note
that although the ¢ direction from the individual split-
ting measurement for TBI from the event on January 6,
1990 (N69°W,; Table 1} is very close to the APM direc-
tion, the data for this event are nearly equally well fit
by the splitting parameters derived from the multiple
data procedure. Given the proximity of the station to
the Austral Fracture Zone to TBI, the TBI ¢ direction,

which lies between the APM and expected fossil direc-
tion, may indicate that the fracture zone structure per-
turbs asthenospheric flow beneath. However, compari-
son of their relative positions (Figure 6a) reveals that
to the north, station TPT is almost equally close to the
Marquesas Fracture Zone, without the attendant pre-
sumed perturbation. This difference could result from
the greater thickness of crust { Talandier and Okal, 1987;
Ito et al.,, 1995] beneath the Tuamotu Plateau, relative
to that of Tubuai and the Austral chain [Calmant and
Cazenave, 1985).

7.4. RKT and PTCN, Pitcairn Chain

Splitting fast polarization trends about 15° north-
ward of the local APM direction at station RKT. The
uncertainty in the ¢ measurement (+6°) reduces the
possible angle between the fast-axis trend and APM to
about 10°, and therefore the simplest interpretation of
this measurement is that ¢ is close to the local APM.
Thus similar arguments to those we outlined above for
TPT can be invoked for this station: the anisotropic
source is either the asthenospheric decoupling zone be-
tween the Pacific plate and underlying mesosphere with
no contribution from fossil lithospheric spreading fab-
rics, or those lithospheric fabrics have somehow been
erased and reoriented to nearly parallel the local APM
direction.

Like the measurement at TBI, the preliminary ¢ di-
rection we find for PTCN parallels neither the local
APM trend nor the trends of nearby fracture zones.
Note that Pitcairn Island is underlain by lithosphere
some 23 m.y. old, formed well afier the reorganization
of the Pacific-Farallon Ridge, which ocecurred begin-
ning around 30 Ma. Thus, fracture zones and APM
are nearly parallel in this region, and the two possible
choices for anisotropy source discussed throughout this
paper are in fact reduced to an indistinguishable case:
expected ¢ from APM and fossil spreading are paral-
lel. We note that our measurement at Pitcairn is pre-
liminary; however, ¢ at PTCN trends some 30° clock-
wise of the local APM and fossil spreading direction
(NNW rather than WNW). The nearest major fracture
zone is the Austral, which passes some 250 km north of
Pitcairn Island trending WNW. This eastern extension
of the Austral Fracture Zone is clearly visible in the
recent 2-minute free-air gravity map of Sandwell and
Smith [1997], corroborating the analysis of that fracture
zone's morphology by Okal and Cazenave [1985]. If the
meagurement ¢ is assumed to be correct, then some pro-
cess unrelated to either motion between lithosphere and
mesosphere or formation of lithospheric spreading fab-
ries must have occurred to account for the splitting fast
axis. The obvious candidate processes for PTCN are
hotspot related mantle flow and/or lithospheric melt-
ing. The exact manner in which these processes might
yield a fast polarization trend of N38°W is not obvious,
however. Nonetheless, it seems likely that fabrics post-
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dating original lithosphere formation cause the split-
ting, given the clear difference between the observed ¢
and expected and clearly defined fossil fabric orienta-
tion.

7.5. Comparison te Other South Pacific Island
Stations

Although the indication of isotropy at PPT is unique
so far in the Pacific basin, the measurements at TBI,
TPT, RKT, and PTCN are similar to those made by
Woife and Silver [1998] at AFI (Samoa) and RAR
(Rarctonga) further west in the Cook-Austral chain.
Both stations have ¢ directions that approximately par-
allel the local Pacific APM direction. Delay times at
these stations are around 1 s, indicating an anisotropic
layer approximately 100 to 120 km thick in the upper
mantle beneath these stations. A preliminary exami-
nation of splitting at Kiritimati Island station XMAS
by us yielded one split § phase with ¢ of N538°W, and
delay time of 2.5 s (Table 1), bui the station has only
been operating for a short time and no other data are
vet available to confirm this result. However, in general,
the results of available splitting analyses indicate that
upper mantle deformation in the South Pacific is largely
controlled by the current motion of the Pacific plate
relative to the deeper mantle, as revealed by Pacific-
hotspot relative motion. This result is consistent with
results of regional (e.g., French Polynesia [Okal and Ta-
landier, 1980]) and larger-scale { Nishimura and Forsyth,
1988, 1989; Montagner and Tenimoto, 1990, 1991] sur-
face wave studies, and local P, azimuthal anisotropy
studies [Tulandier and Bouchon, 1979] that show that
upper mantle anisotropy beneath this portion of the Pa-
cific plate is parallel to the current local APM direction.

On the other hand, Shearer and Orcutt [1986] demon-
strated the presence of both crustal and upper mantle
anisotropy unrelated to Pacific APM at their Ngendai
experiment site WSW of our study region. They at-
tributed the mantle anisotropy to fossil fabrics formed
at the original spreading ridge. However, as those au-
thors note, magnetic anomalies that would clearly in-
dicate trends of fracture zones {and thus of expected
fossil lithospheric anisotropy) are absent from the area
of the experiment {Figure 6). The mantle fast axis they
obtained is N30°E, which Hes at a high angle to all
the measurements we present here, and to the near-
est clearly defined fracture zones, which trend ENE. It
seems clear that the fast direction they found is not re-
lated to current Pacific asthenosphere or it would have
an APM fast axis; it is likely that this anisotropy is re-
lated to fossil lithosphere fabrics formed at a spreading
ridge with significantly different trend from that of the
younger seafloor we have studied.

8. Conclusions

The goals of our study were to determine shear wave
splitting parameters at four isiands in ¥French Polynesia
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and on Pitcairn, to compare the resulting splitting fast-
polarization directions (¢) and delay times between fast
and stow waves (dt) with local fossil spreading directions
and Pacific motion directions relative to the hotspots,
and to examine the relationship(s) between deforma-
tion of upper mantle lithosphere and/or asthenosphere,
hotspot-related contributions to upper mantle deforma-
tion, and the coupling of the Pacific plate to its under-
lying mesosphere. Our analysis of shear wave splitting
at island stations in French Polynesia reveals substan-
tial differences in upper mantle deformation between
the five stations we analyzed for shear wave splitting:
TPT, on Rangiroa at the northwest end of the Tuamotu
Plateau, has an APM-parallel ¢ direction and a delay
time of 1.3 s; at PPT, on Tahiti, we could detect no
splitting; and at TBE, on Tubuai in the Cook-Austral
chain, we detected splitting with a delay time around
1 s, and a ¢ direction midway between the local APM
direction and the fossil spreading direction, as locally
indicated by the nearby Austral Fracture Zone. In the
Pitcairn chain, we find splitting on Mangareva in the
Gambiers (RKT) is close to APM-parallel, with a delay
time of 1.1 s. On Pitcairn Island itself, the ¢ trend,
N38°W, is not parallel to either local APM or expected
lithospheric fossil spreading fabrics. Delay time at Pit-
cairn is 1.1 s, identical to those at TPT, TBI, and RKT.
The simplest explanation of the variability of splitting
parameters we find is that the upper mantle has de-
formed differently beneath the five sites. We interpret
the measurements at TPT and RKT as indicating as-
thenospheric flow in the APM direction beneath the
station. At PPT, apparent isotropy could indicate the
presence of deformed upper mantle with a vertical sym-
metry axis or the absence of any strong and consis-
tent mantle deformation fabric beneath Tahiti. Both
effects could be related to recent hotspot magmatism
on Tahitl. Isotropy could result from destruction of
linear mantle fabrics by reheating and recrystallization
of lithospheric olivine. Vertical symmetry axes could
be a product of diapiric rise of magma and associated
lithospheric deformation related to hotspot activity. At
TBI, such asthenospheric flow may be complicated by
the effect of juxtaposition of different lithospheric thick-
nesses along the nearby Austral Fracture Zone, resalting
in perturbation of asthenospheric flow. The general ab-
sence of fossil spreading related splitting at all five sites
indicates that mantle processes postdating lithosphere
formation are important in the South Pacific.
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