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Seismological structure of the upper mantle: a regional
comparison of seismic layering
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Abstract

Ž .We investigate seismic layering i.e., discontinuities, regions of anomalous velocity gradients, and anisotropy and its
Ž .lateral variability in the upper mantle by comparing seismic models from three tectonic regions: old ;100 Ma Pacific

Ž .plate, younger ;40 Ma Philippine Sea plate, and Precambrian western Australia. These models were constructed by
combining two data sets: ScS-reflectivity profiles, which provide travel times and impedance contrasts across mantle

Ž .discontinuities, and observations of frequency-dependent travel times of three-component turning S, sS, SS, sSS, SSS, Sa
Ž .and surface R , G waves, which constrain the anisotropic velocity structure between discontinuities. The models provide a1 1

better fit to observed seismograms from these regions than the current generation of global tomographic models. The
Australian model is characterized by high shear velocities throughout the upper 350 km of the mantle, with no low-velocity

Ž .zone LVZ in the isotropically averaged shear velocities. In contrast, the oceanic models are characterized by a thin,
Ž .high-velocity seismic lid underlain by a distinct LVZ, with a sharp boundary the G discontinuity separating them. The G is
Ž . Ž .significantly deeper beneath the western Philippine Sea plate than beneath the older Pacific 89 and 68 km, respectively ,

implying that thermal cooling alone does not control the thickness of the lid. We interpret this discontinuity as a
Ž .compositional boundary marking the fossilized base of the melt separation zone MSZ active during sea-floor spreading. No

discontinuity is detected at the base of the LVZ in the oceanic models. The S velocity gradient between 200 and 410 km
depth is much steeper in the oceans than beneath Australia. This high oceanic gradient is probably controlled by a decrease

Ž .in the homologous temperature over this depth interval. The relative depths of the transition zone TZ discontinuities are
consistent with Clapeyron slopes expected for an olivine-dominated mineralogy. The 660-km discontinuity displays
variability in its amplitude that appears to correlate with its depth; shallow and bright beneath the Pacific, deep and dim
beneath Australia and the Philippine Sea. Such behavior is possibly caused by the juxtaposition of the olivine and garnet
components of the phase transition. Radial anisotropy extends through the upper 250 km of the mantle in the Australia
model and through the upper 160 km of the two oceanic models. The magnitude of anisotropy is consistent with that
expected for models of horizontally oriented olivine, and the localization of anisotropy in the shallowest upper mantle
implies that it reflects strain associated with past or present tectonic events. q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

We have studied the seismic stratification of the
Earth’s upper mantle by inverting a novel and pow-
erful combination of travel time data from corridors
traversing the Australian continent, the central Pa-

Ž .cific Ocean, and the Philippine Sea Fig. 1 . On this
scale, some of the major differences in path averaged
shear velocities can be resolved by global tomo-
graphic models. For example, model S12_WM13 of

Ž .Su et al. 1994 shows that Australia has higher shear
velocities than the oceanic paths in the upper 400 km

and that the central Pacific Ocean has a faster lid
Ž .than the Philippine Sea Fig. 2 . These contrasts

reflect the lateral temperature andror compositional
differences in the upper mantle that we seek to
understand. However, the picture of the upper mantle
obtained from S12_WM13 and many other pub-
lished global tomographic models is necessarily in-
complete, because most were derived by holding the
anisotropy and discontinuity structure constant dur-
ing the inversion.

The purpose of our study is to investigate regional
variations in the depths of upper mantle discontinu-

Ž . ŽFig. 1. Seismic corridors solid black lines modeled in this study; each corridor represents the average path connecting a source array open
. Ž .circles, squares, and diamonds with a broad-band seismic station triangles . We model three corridors, one traversing Australia from New
Ž . Ž .Britain earthquakes to NWAO labeled AU3 , one traversing the central Pacific from TongarFiji events to HONrKIP labeled PA5 , and

Ž .one crossing the Philippine Sea basin from the Philippine events to MAJO labeled PHB3 . Ocean plate magnetic isochrons of Mueller et al.
Ž . Ž1993 are plotted in white. Also plotted are arrows which represent the NUVEL-1 plate motions relative to a hotspot reference frame Gripp

.and Gordon, 1990 .
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Ž .Fig. 2. Shear wave structures obtained from the global tomographic model S12_WM13 of Su et al. 1994 for the seismic corridors
Ž . Ž . Ž .corresponding to the AU3 solid line , PA5 dashed line , and PHB3 dash-dotted line regional models. These path averages were

Žcalculated by integrating the isotropic shear velocity perturbations in S12_WM13 described laterally by spherical harmonics to angular
.order 12, and vertically by Chebyshev polynomials to order 13 along each source–receiver path shown on the inset map, and applying these

Ž . Ž Žpath average perturbations to both shear velocities Õ and Õ in PREM. For each path average, the mean shear speed Õ s Õ qSH SV S SH
. . ŽŽ . Ž . .Õ r2 is plotted in the right panel, and the anisotropic deviations from this mean Õ yÕ rÕ and Õ yÕ rÕ , in percent areSV SV S S SH S S

plotted in the left panels. The negative anisotropic deviations are associated with Õ , the positive with Õ .SV SH

ities and the changes in material properties across
them, including anisotropy, and to relate these varia-
tions to geodynamics and the development of the
plate–tectonic boundary layers. Previous work has
demonstrated that these variations can be seismologi-
cally significant. Lateral differences have been ob-
served in the depth and reflectivity of the 410- and

Ž660-km discontinuities e.g., Revenaugh and Jordan,
.1991a; Vidale and Benz, 1992; Shearer, 1993 , the
Žcharacter of shallow upper mantle reflectors e.g.,

Revenaugh and Jordan, 1991b; Vidale and Benz,
.1992; Shearer, 1993; Zhang and Lay, 1993 , and the

Žorientation of shear wave anisotropy Vinnik et al.,
.1992; Silver, 1996 . Incorporating these observations

into seismological models is difficult, however, be-
cause the sampling of the upper mantle afforded in
such studies is usually more localized than that
obtained using conventional surface wave and body
wave methods. Moreover, the standard methods of-
ten use different representations of the seismogram
to analyze different waveforms; SH waveforms are

Žusually represented as a summation over rays e.g.,
.Grand and Helmberger, 1984a,b , while PSV wave-

forms are modeled as a summation over traveling

Žmodes e.g., Nolet, 1975; Lerner-Lam and Jordan,
.1983, 1987 . The mutual consistency of the data sets

is thus compromised by differing wave-theoretic ap-
proximations, especially with regard to the waveform
splitting effects that are diagnostic of upper mantle
anisotropy.

2. Methodology

2.1. Data analysis

A key aspect of this study is the unified method-
ology employed to measure and invert the data for
all three corridors. The corridors were defined by the
wave paths between localized source arrays and
three-component, high-performance seismic stations,
chosen to traverse relatively homogeneous tectonic
regions. To obtain the best sampling of the upper
mantle, we selected source arrays in deep seismic
zones with a full range of focal depths, at epicentral
distances of between 25 and 558 from the chosen
receivers. The first step in the data analysis, taken by

Ž .Revenaugh and Jordan 1991a,b,c , was to stack the
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Ž . Ž . Ž .Fig. 3. Summary of the frequency-dependent travel time data. Average phase delays dt for a the Australia corridor, b the Pacific corridor, and c the Philippine Seap
Ž . Ž .corridor, referenced to corridor-specific isotropic starting models and plotted against frequency for surface waves top panels , SS and SSS waves middle , and S waves

Ž . Ž . Ž .bottom . Points with standard errors are averages of measurements for each seismic phase from vertical squares and transverse circles seismograms, summarizing the
frequency-dependent travel times used in the inversions; solid and dashed lines are corresponding averages computed for the models of Fig. 4. The total number of phase delay
measurements summarized are: Australia, 797; Pacific, 1499; Philippine Sea, 1039.
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ScS reverberations from a subset of these seismo-
grams for the shear wave reflectivity profile of the
mantle within each seismic corridor. This procedure
first involved fitting the waveforms of the primary

Ž .ScS and sScS phases zeroth-order reverberationsn n

to determine the whole-mantle ScS travel time and
Ž .attenuation factor Q for each path. With thisScS

calibration, the travel times and amplitudes of the
primary reflections from upper mantle discontinuities
Ž .first-order reverberations were determined via a
stacking and migration procedure. The resulting cor-
ridor-specific profiles of mantle reflectivity provided
the vertical travel times to, and SV impedance con-
trasts across, all mantle discontinuities. This proce-
dure was able to detect, measure, and locate
impedance variations as small as 1%, and the vertical
travel times and impedance contrasts provide precise,
layered frameworks for the regional upper mantle
structures. We follow the conventions of Revenaugh

Ž .and Jordan 1991b in designating internal disconti-
Žnuities above 400 km by a capital letter Ms

Mohorovicic, H s Hales, G s Gutenberg, L s
.Lehmann and TZ discontinuities by their nominal

depths in kilometers; e.g., 410, 520, 660, 710 and
900.

The second step was to measure an extensive set
of frequency-dependent travel times from surface
waves, body waves, and guided waves of all polar-

Ž .izations Fig. 3 . The analyzed seismic phases in-
cluded S, sS, SS, sSS, SSS, Sa, R , and G , and the1 1

travel times were measured by cross-correlating ob-
served seismograms with spherical Earth synthetic

Žseismograms computed by mode summation Gee
.and Jordan, 1992 . At the epicentral distances and

Ž .frequencies 10–45 mHz used here, these phases are
affected by complex interference of multiple refrac-
tions, reflections, and conversions from upper mantle
discontinuities, and they show clear evidence of
splitting between SH and P–SV components, indica-

Ž .tive of anisotropy Fig. 3 . Frechet kernels used to´
invert these data accounted for radial anisotropy,
frequency-dependent diffractions, and other wave-
propagation effects, including the interference from

Žother seismic phases Gee and Jordan, 1992; Gaherty
.et al., 1996 . The number of measured travel times

ranged from approximately 800 from the Australian
corridor to nearly 1500 from the Pacific corridor.
Such data provide good constraints on the radially

Žanisotropic velocities and gradients especially the
.shear velocities between the discontinuities.

2.2. InÕersion

The two data sets from each corridor were jointly
Žinverted for regional radially anisotropic trans-

.versely isotropic models of the upper mantle, de-
Žfined by six medium parameters e.g., Dziewonski

. Ž .and Anderson, 1981 : mass density, r z ; the speeds
of horizontally and vertically propagating P waves,

Ž . Ž .Õ z and Õ z ; the speed of horizontally propa-PH PV
Ž .gating, transversely polarized shear waves, Õ z ;SH

the speed of a shear wave propagating either hori-
zontally with a vertical polarization or vertically with

Ž .horizontal polarization e.g., ScS reverberations ,
Ž .Õ z ; and a parameter that governs the variation ofSV

Ž .the wave speeds at oblique propagation angles, h z .
The models are frequency dependent, with the atten-
uation structure along each corridor chosen to satisfy
the observed Q in conjunction with surface waveScS

amplitude data. Our modeling procedures sought
minimal structure: first-order discontinuities were
suppressed unless detected by ScS reverberations;
linear gradients were maintained between discontinu-

Žities; second-order discontinuities i.e., changes in
gradient between two observed first-order disconti-

.nuities were only allowed if a single layer was
Žunable to satisfy the data; and isotropy Õ sÕ ,PH PV

.Õ sÕ , hs1 was required wherever consistentSH SV

with the data. Various inversion experiments were
performed to test for the depth distribution of the
anisotropy. The non-linear analysis procedure was
fully iterated at least twice for each corridor, with
each iteration including complete remeasurement of
the data using synthetic seismograms computed from
the new model and recalculation of their associated
partial derivatives.

The data sets were complementary, in that the
ScS reverberation data provided strong constraints
on the discontinuity depths and SV impedance con-
trasts, while the extensive shear wave travel time
data were most sensitive to the shear velocities be-
tween discontinuities. Using the formal posterior un-
certainties as a guide, we conservatively assess our
standard errors of estimation to be of order 3–5 km

Žfor the depths of the major discontinuities M, G,
.410, 660 , 5–10 km for the smaller discontinuities



( )J.B. Gaherty et al.rPhysics of the Earth and Planetary Interiors 110 1999 21–4126

Ž .H, L , approximately "0.05 kmrs in the layer
averages of Õ and Õ , and ;1% in shear anisot-SH SV

ropy through the upper mantle and TZ. Our shear
wave data are relatively insensitive to the compres-
sional velocities and density, however, and we con-
strained these parameters by incorporating a comple-
mentary set of mineral physics data. At six discrete
depths between 250 and 780 km, we required the

Ž 2density r and bulk sound velocity Õ s Õ yf P
2 .1r24Õ r3 to satisfy the estimates obtained by ItaS

Ž .and Stixrude 1992 for a pyrolite mineralogy, as-
signing a standard error of "1% to each estimate.
These parameters can be inferred with reasonable
precision from laboratory observations; moreover,
the choice of a pyrolite composition is not particu-
larly restrictive, since similar estimates for compet-

Žing mineralogical models e.g., high-aluminum pi-
.clogite differ from pyrolite by less than the assigned
Ž .errors Ita and Stixrude, 1992 . These constraints had

little effect on the estimated shear velocities, but they
ensured that the relative behavior of the density,
shear, and compressional profiles conform to realis-
tic mineralogies.

We have completed the modeling for the three
corridors in Fig. 1, and the final models are pre-
sented in Tables 1–3. A complete discussion of the
analysis and inversion is presented by Gaherty et al.
Ž .1996 for the Pacific corridor, with details associ-
ated with Australia and the Philippine Sea provided

Ž .by Gaherty and Jordan 1995 and Kato and Jordan
Ž .1998 , respectively. Here we investigate the re-
gional variation of mantle layering as described by
these three models. Because the shear velocities are
the best resolved parameters in our model, they are
the focus of our discussion.

Fig. 4 displays the S wave structures from our
models, designated AU3, PA5, and PHB3 for the
Australia, Pacific, and Philippine Sea corridors, re-
spectively. Comparing Figs. 2 and 4, it appears that
the regional models capture a number of the impor-
tant features of upper mantle structure that cannot be
discerned in S12_WM13. These features include
substantial heterogeneity in lid and low-velocity zone
Ž .LVZ structure in the uppermost mantle, and large
variations in the discontinuity depths and amplitudes,
in the maximum depth of the anisotropy, and in the
shear-speed gradients, especially between 100 and
400 km. Moreover, S12_WM13 has a large jump in

Ž .Õ across a Lehmann L discontinuity at 220 kmS
Ž .inherited from its reference model, PREM , while
the isotropic shear speeds at this depth are essentially
continuous in our models.

A simple visual evaluation indicates that our mod-
els better characterize upper mantle structure in these
regions. Fig. 5 displays representative seismograms
for the three corridors, and it compares these obser-
vations with synthetics calculated for the path aver-
aged models in Tables 1–3 as well as global model

Table 1
Model AU3)

3Ž . Ž . Ž . Ž . Ž . Ž .z km r Mgrm Õ kmrs Õ kmrs Õ kmrs Õ kmrs h QSV SH PV PH m

0.0 2.85 3.62 3.62 6.05 6.05 1.00 300
30.0 2.85 3.62 3.62 6.05 6.05 1.00 300
30.0 3.30 4.28 4.40 8.00 8.15 0.90 300
54.0 3.30 4.28 4.40 8.00 8.15 0.90 300
54.0 3.40 4.56 4.68 8.23 8.52 0.90 300

252.0 3.44 4.52 4.70 8.28 8.61 0.90 300
252.0 3.45 4.63 4.63 8.45 8.45 1.00 120
406.0 3.58 4.80 4.80 8.88 8.88 1.00 120
406.0 3.69 5.07 5.07 9.31 9.31 1.00 312
499.0 3.85 5.19 5.19 9.64 9.64 1.00 312
499.0 3.88 5.23 5.23 9.67 9.67 1.00 312
659.0 4.00 5.58 5.58 10.21 10.21 1.00 312
659.0 4.21 5.94 5.94 10.72 10.72 1.00 312
861.0 4.50 6.28 6.28 11.21 11.21 1.00 312
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Table 2
Model PA5)

3Ž . Ž . Ž . Ž . Ž . Ž .z km r Mgrm Õ kmrs Õ kmrs Õ kmrs Õ kmrs h QSV SH PV PH m

0.0 1.03 0.00 0.00 1.50 1.50 1.00 9999
5.0 1.03 0.00 0.00 1.50 1.50 1.00 9999
5.0 1.50 0.92 0.92 2.01 2.01 1.00 9999
5.2 1.50 0.92 0.92 2.01 2.01 1.00 9999
5.2 3.03 3.68 3.68 5.93 5.93 1.00 150

12.0 3.03 3.68 3.68 5.93 5.93 1.00 150
12.0 3.34 4.65 4.84 8.04 8.27 0.90 150
68.0 3.38 4.67 4.83 8.06 8.30 0.90 150
68.0 3.35 4.37 4.56 7.88 8.05 0.90 50

166.0 3.41 4.26 4.34 8.04 8.09 1.00 50
166.0 3.42 4.29 4.29 8.06 8.06 1.00 150
415.0 3.58 4.84 4.84 8.92 8.93 1.00 150
415.0 3.71 5.04 5.04 9.29 9.29 1.00 150
507.0 3.85 5.20 5.20 9.64 9.64 1.00 150
507.0 3.88 5.28 5.28 9.71 9.71 1.00 150
651.0 4.02 5.43 5.43 10.11 10.11 1.00 150
651.0 4.29 5.97 5.97 10.76 10.76 1.00 231
791.0 4.46 6.23 6.23 11.08 11.08 1.00 231
791.0 4.46 6.23 6.23 11.08 11.08 1.00 231
801.0 4.46 6.24 6.24 11.10 11.10 1.00 231

Table 3
Model PHB3a

3Ž . Ž . Ž . Ž . Ž . Ž .z km r Mgrm Õ kmrs Õ kmrs Õ kmrs Õ kmrs h QSV SH PV PH m

0.0 1.03 0.00 0.00 1.50 1.50 1.00 9999
5.4 1.03 0.00 0.00 1.50 1.50 1.00 9999
5.4 1.50 0.92 0.92 2.10 2.10 1.00 9999
5.5 1.50 0.92 0.92 2.10 2.10 1.00 9999
5.5 2.83 3.48 3.48 6.27 6.27 1.00 140

16.9 2.83 3.48 3.48 6.27 6.27 1.00 140
16.9 3.28 4.39 4.54 7.91 8.02 0.91 140
51.0 3.28 4.39 4.54 7.91 8.02 0.91 140
51.0 3.35 4.41 4.59 8.00 8.14 0.91 150
89.3 3.35 4.41 4.59 8.00 8.14 0.91 140
89.3 3.35 4.22 4.43 7.89 8.05 0.91 55

165.5 3.35 4.23 4.31 7.99 8.07 0.94 55
165.5 3.35 4.27 4.27 8.03 8.03 1.00 140
407.7 3.66 4.88 4.88 8.97 8.97 1.00 140
407.7 3.76 5.12 5.12 9.36 9.36 1.00 140
520.4 3.87 5.27 5.27 9.76 9.76 1.00 140
520.4 3.88 5.34 5.34 9.77 9.77 1.00 140
664.0 4.02 5.57 5.57 10.22 10.22 1.00 140
664.0 4.35 5.78 5.78 10.66 10.66 1.00 231
761.3 4.42 6.16 6.16 10.94 10.94 1.00 231
761.3 4.44 6.19 6.19 11.02 11.02 1.00 231
771.0 4.44 6.22 6.22 11.05 11.05 1.00 231

a Models are calculated at a reference frequency of 35 mHz and linearly interpolated between depths. Below the last depth listed, velocities
Ž .and density are identical to PREM and Q remains constant. Q is set to the PREM value 57 823 throughout the mantle.m k
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Ž Ž . .Fig. 4. Shear wave structures for the three regional models discussed in this study. The mean shear speeds Õ s Õ qÕ r2 for AU3S SH SV
Ž . Ž . Ž .solid line , PA5 dashed line , and PHB3 dash-dotted line are plotted in the right panel, and the anisotropic deviations about these means
ŽŽ . Ž . .Õ yÕ rÕ and Õ yÕ rÕ , in percent are plotted in the left panels. In all three models, Õ is the slower velocity, Õ is theSV S S SH S S SV SH

Ž .faster velocity. Depth intervals for the upper mantle discontinuities discussed in the text are shaded: the Gutenberg G discontinuity
Ž .represents the lidrLVZ transition in the oceanic models, and the Lehmann L represents the termination of anisotropy, best observed in

Ž . Ž .AU3. The inset map keys the models to the appropriate seismic corridors, including the stations triangles and earthquakes dots used in
the data processing.

Ž .S12_WM13. At low frequencies left panels , both
our regional models and those derived by the global
tomography match the observations, but at higher

Ž .frequencies right panels , the latter show substantial
discrepancies. The detailed seismic layering incorpo-
rated in the regional models provides an improved
capability for calculating the effects of wave propa-
gation through the upper mantle.

2.3. Potential bias due to lateral heterogeneity

In constructing these models, we utilized a path-
average approximation, which assumes that the ob-
served waves effectively average heterogeneity be-
tween source and receiver, and that the resulting 1-D
model represents the average velocity structure along
the corridor. The choice of relatively homogenous
paths enhances the validity of this approximation,
and we further improve the assumption by selec-
tively downweighting observations with substantial

Žsampling outside the regions of interest the south-
ernmost events in Tonga, or events internal to the

.Philippine archipelago, for example .

In the case of the Pacific model, we can test this
approximation by examining a recent high-resolu-
tion, 2-D image of shear velocities along the

Ž .Tonga–Hawaii corridor. Katzman et al. 1998a
measured an extensive set of travel time data from S,
SS, SSS, R , G , and ScS-reverberation phases simi-1 1

Ž .lar to but more extensive than that used in the
construction of PA5. These data were inverted using

Ž .2-D sensitivity kernels Zhao and Jordan, 1998 ,
with PA5 as the reference model. The resulting
model TH2 displays substantial along-path variabil-

Ž .ity in mean shear velocity "2.5% , shear wave
Ž .anisotropy "1% , and depths to the 410- and 660-

Ž . Ž .km discontinuities "10 km Katzman et al., 1998a .
This lateral heterogeneity does not compromise
PA5’s representation of the average velocity along
the corridor, however. Fig. 6 compares the mean
shear speed in PA5 with the along-path average of
shear velocities in TH1. The two representations

Ž .differ negligibly -0.5% throughout the upper
mantle and TZ, and similar conclusions can be drawn
from comparisons of average discontinuity depth and
anisotropy between the two models.
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Ž . ŽFig. 5. Comparison of observed seismograms labeled Data with synthetics computed from the regional models of Fig. 1 labeled AU3,
. Ž . ŽPA5, and PHB3 and the tomographic model S12_WM13 of Su et al. 1994 labeled S12, calculated via perturbation theory of Woodhouse

.and Dziewonski, 1984 . The seismograms are from shallow-focus events recorded at the seismic stations indicated on Fig. 1. They have
Ž . Ž .been low-pass filtered with corners at 15 mHz left panels and 45 mHz right panels .

An additional test comes from comparing two
measures of the mean shear velocity contrast be-
tween the Philippine Sea basin and the western
Pacific in the uppermost mantle. PA5–PHB3 give a

difference of approximately 6%, while a 2-D analy-
sis extending from the Ryuku subduction zone to

Ž .Hawaii Katzman et al., 1998b gives a nearly identi-
Ž .cal value 5.8% . These tests strengthen our confi-
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Fig. 6. Comparison of PA5 with the along-path average of the 2-D
Ž .shear velocity model TH2 of Katzman et al. 1998a .

dence that the path average approximation provides
meaningful information for investigating mantle lay-
ering in these and other regions.

2.4. Potential bias due to restricted anisotropic pa-
rameterization

The apparent splitting between SH and P–SV
Ž .observations Fig. 3 is direct evidence for seismic

anisotropy in the upper mantle. This anisotropy is
most likely related to the lattice-preferred orientation
Ž .LPO of olivine in upper mantle peridotites caused
by shearing during plate formation, translation, and
deformation, which induces 3-D directional asymme-

Žtry in the wave speeds e.g., Nicolas and Chris-
.tensen, 1987 . A complete description of this anisot-

ropy requires 13 elastic parameters: the five parame-
ters of radial anisotropy, which distinguish vertical
and horizontal velocities; and eight additional param-
eters which describe azimuthal velocity variation
Ž .e.g., Montagner and Nataf, 1986 . The restriction of

Žour analyses to single-azimuth corridors which min-
.imizes the impact of lateral heterogeneity limits us

to a radially anisotropic model. This limited parame-
terization could potentially bias our results.

The magnitude of this bias depends in the length
scale over which LPO is coherent, and we consider

two scenarios. The travel times used in our analysis
represent integrals of a projection of the 3-D anisot-
ropy onto the direction of wave propagation, with the
SH times being dominated by the horizontal veloci-
ties, and SV times dominated by vertical velocities.
If the local anisotropy varies significantly along the
propagation path, then the azimuthal terms average
out, and radial anisotropy inferred from these travel
times represents an unbiased path average of the

Žmedia e.g., Estey and Douglas, 1984; Jordan and
.Gaherty, 1995 . This scenario seems to be appropri-

ate for the geologically complex continental litho-
Ž .sphere in Australia Gaherty and Jordan, 1995 . Al-

ternatively, the local anisotropy may be coherently
aligned over distances as large or larger than the
corridor lengths. Such a situation may occur in
oceanic lithosphere, and in oceanic and continental
asthenosphere, where plate-scale anisotropy associ-
ated with sea-floor spreading and present-day plate

Žmotion has been proposed e.g., Montagner, 1985;
Nicolas and Christensen, 1987; Nishimura and

.Forsyth, 1989; Montagner and Tanimoto, 1991 . For
Žplausible values of local anisotropy 3–8%; Chris-

.tensen, 1984 , the projection of such large-scale
horizontal anisotropy onto the propagation path is
expected to yield radial anisotropy magnitudes that

Ž .are positive and large up to 5% for paths perpen-
Ždicular or oblique to the LPO, but small and even

.negative for paths within "208 to this direction
Ž .Kawasaki and Kon’no, 1984; Maupin, 1985 . The
values of the radial anisotropy parameters in our
models thus do not represent the true values of these
parameters in a complete azimuthal description. We
are primarily interested in the depth distribution of
anisotropy and its relationship to discontinuities and
other structural features of the mantle, however, and
in the oblique case, our models provide a robust

Ž .estimate of these attributes Maupin, 1985 . The
subparallel case is problematic for even these general
inferences because at such angles a large-scale, co-
herent anisotropic region could appear isotropic
Ž .Leveque and Cara, 1983; Maupin, 1985 .´ ˆ

In our three models, we feel that this latter sce-
nario is unlikely. Our corridors all are oblique or

Ž .perpendicular to current plate motion Fig. 1 , and
thus should be sensitive to anisotropy due to this
mechanism. The Philippine path does appear to be
nearly parallel to fossil spreading along its southern
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half, but we do infer approximately 4% radial shear
anisotropy in the lid in this model, and similar values
are found on an east–west profile across the basin
Ž .Katzman et al., 1998b . The Pacific path has a mean
orientation of 50–608 relative to fossil spreading and
also has anisotropy of about 4%, consistent with
expected values for a sea-floor spreading mechanism
Ž .Gaherty et al., 1996 . PA5 has proven to be a good
average model for subsequent analyses of lateral
variations in anisotropy across several Pacific corri-

Ž .dors Katzman et al., 1998a,b; Levin and Park, 1998 .
Despite these consistencies, however, we retain the
caveat that ‘isotropic’ regions of our models could

Ž .be locally anisotropic, but with alignment that is a
coherent and roughly parallel to the propagation

Ž .direction, or b incoherent over 3000–4000 km path
lengths.

3. Layering in the Earth’s mantle

The corridors in Fig. 1 traverse three distinct,
tectonically homogeneous regions, and the corre-
sponding models are representative of the seismic
signature of the associated tectonic regimes. The
Australia corridor is predominantly characterized by
continental crust, specifically a suite of Archean
cratons and Proterozoic platforms that were assem-
bled by 1400 Ma, with only minor subsequent inter-

Ž .nal reactivation e.g., Rutland, 1981 ; AU3 is thus a
model of a stable continent. The central Pacific path
is confined to 100–125 Ma oceanic crust, and PA5
thus represents the upper mantle beneath an old
ocean plate. The Philippine Sea corridor crosses the
western part of the Philippine Sea plate, primarily
the Western Philippine Basin, the Shikoku basin, and
the intervening ridges and plateaus. The oceanic
crust in these regions appears to be largely of back-

Žarc origin, with an age range of 15–50 Ma Hall et
.al., 1995 . PHB3 thus characterizes the upper mantle

beneath an oceanic plate that is significantly younger
than, and has a distinct origin from, that associated
with PA5.

We aim to understand the causative mechanisms
of four distinctive features of the upper mantle mod-
els by considering their regional variability. The first
three correspond to depth intervals in the mean shear

Ž .velocity structure: 1 the velocities and discontinu-

ities associated with the lid and LVZ, between the
Ž .Moho and approximately 200 km depth; 2 the

velocities and gradients between approximately 200
Ž .km depth and the 410-km discontinuity; and 3 the

TZ, including the 410-, 520-, and 660-km disconti-
nuities. The fourth is represented by the radially
anisotropic zone and associated discontinuities, which
may correspond to one or more of the above depth
intervals.

3.1. Lid, low-Õelocity zone, and the G discontinuity

The differences among the models in Fig. 4 are
largest in the upper 200 km, as observed in other

Ž .regional studies Nolet et al., 1994 . The two oceanic
models are characterized by a high-velocity seismic
lid separated from a distinct LVZ by the G disconti-
nuity. In contrast, AU3 has no LVZ in the mean
isotropic shear speed; nearly constant lithospheric
velocities extend to 250 km depth, and shear veloci-
ties in AU3 are resolvably higher than in PA5 to

Ž .over 300 km depth Gaherty and Jordan, 1995 . The
high velocities in AU3 most likely reflect the low
temperatures and depleted major-element chemistry
associated with the thick tectosphere beneath this

Ž .ancient continental region e.g., Jordan, 1978, 1988 ,
and are consistent with previous studies from Aus-

Ž .tralia Kennett et al., 1994 and other continental
Žregions Lerner-Lam and Jordan, 1983; Grand and

.Helmberger, 1984a,b; Lerner-Lam and Jordan, 1987
Žas well as global tomographic analyses e.g., Zhang

.and Tanimoto, 1993; Su et al., 1994 . Beneath the
oceanic regions, temperatures are higher and more

Ž .closely approach or cross the mantle solidus, lead-
Žing to a distinct LVZ Anderson, 1989; Sato et al.,

.1989 .
Further consideration of our oceanic models indi-

cates that temperature is not the sole control on the
transition from lid to LVZ, however. The reflection
peak for G observed in the ScS reverberation profile
for the Philippines was significantly deeper than that

Žobserved beneath the Pacific Revenaugh and Jordan,
.1991b , and the surface wave velocities were found

Ž .to be anomalously low Kato and Jordan, 1998 .
These observations required a thicker and slower lid
along the Philippine Sea corridor relative to the
Pacific. In PA5, the lid is 56"5 km thick with mean
shear velocity Õ s4.75"0.04 kmrs, whereas inS
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PHB3, it is 72"6 km thick with a mean velocity
Ž .Õ s4.48"0.05 kmrs Fig. 4 . Since the area sam-S

pled in the Philippine Sea is younger than in the
Pacific, the increased depth to the G discontinuity is
inconsistent with a thermally controlled transition

Žproposed in many previous studies e.g., Leeds et al.,
.1974; Anderson and Regan, 1983 , which would

require a thinning lid with decreasing age. This
inference is also supported by the magnitude of the
mean shear velocity difference; relative to the Pa-
cific, velocities beneath the Philippine Sea are too
low to be explained by thermal differences alone
Ž .Kato and Jordan, 1998 .

The models are consistent with a scenario where
the G in older oceanic regions is a compositional
boundary set by the depth of melting during the

Ž .production of the overlying oceanic crust Fig. 7 .
The extraction of basaltic melt at a mid-ocean ridge
generates two major compositional changes to the
mantle source region: it depletes it of Al, Ca, and Fe

Ž .relative to Mg e.g., Ringwood, 1975 , and it effi-
Ž .ciently strips it of any volatiles H O, CO that are2 2

Ž .present Karato, 1986; Hirth and Kohlstedt, 1996 .
The resulting compositional layering—dry, partially

Fig. 7. Schematic cross-section of oceanic upper mantle, depicting
the compositional layering hypothesized to give rise to the G
discontinuity. Decompression melting and extraction of basaltic

Ž .magma occurs in a narrow melt separation zone MSZ beneath
the ridge crest. Any volatiles present in the mantle source region
will enter the melt phase, resulting in a dry layer of depleted

Ž .peridotite residuum overlying water-undersaturated ‘damp’ nor-
mal mantle. This compositional boundary is preserved as the plate
ages. We argue that far from the partially molten near-ridge
environment, this contrast in volatile content is responsible for the
observed G discontinuity, and as such it represents the fossilized
base of the MSZ. One prediction of this model is that the depth to
G should be relatively constant for a given ocean basin far from

Ž .the ridge thick solid line . For comparison, if G corresponds to a
Ž .critical isotherm thin line , then its depth should increase with

plate age.

depleted peridotite residuum underlain by ‘damp’
Ž .hydrous but undersaturated fertile peridotite—per-
sists as the plate translates away from the ridge. The
major-element depletion increases the shear velocity

Žby less than 1% e.g., Fig. 8 in the work of Jordan
Ž ..1979 , but the volatile contrast could result in a

Ž .larger seismic discontinuity Karato, 1995 . By con-
sidering the likely quantities and solubility of
volatiles in oceanic upper mantle, Hirth and Kohlst-

Ž .edt 1996 estimated that the damp peridotite will be
two orders of magnitude less viscous than the overly-
ing dry harzburgite owing to the water-enhanced
defect mobility in olivine. Because defect mobility
also controls seismic Q, which in turn has an indirect

Ž .effect on seismic velocities, Karato 1995 suggested
that the presence of water can reduce seismic veloci-
ties by several percent. Building on these arguments,
we hypothesize that G represents the seismic signa-
ture of the relatively abrupt transition from drier to
more damp peridotite, and that it is coincident with a

Ž .sharp drop in Q Tables 2 and 3 and viscosity
Ž .Hirth and Kohlstedt, 1996 . This hypothesis ex-
plains several aspects of our regional velocity struc-

Ž .tures: the magnitude of the velocity drop 3–6% is
consistent with the mechanism predicted by Karato
Ž .1995 assuming the water content estimated by Hirth

Ž .and Kohlstedt 1996 ; the range of depth of the
dry-to-wet transition predicted by Hirth and Kohlst-

Ž .edt 1996 is compatible with the depth of G in PA5
and PHB3; and the abrupt transition from wet to dry
can explain the sharpness of the seismic transition
Žconstrained by ScS reverberations to be less than

.30-km width . The scenario is similar to that recently
Ž .proposed by Karato and Jung 1998 to explain the

seismic observations of Revenaugh and Jordan
Ž . Ž .1991b and Gaherty et al. 1996 .

The association of G with the depth of melting
suggests that melting initiated deeper beneath the
western part of Philippine Sea plate than beneath the

Ž .central Pacific 89 vs. 68 km depth, respectively .
This implication is testable, because an increase in
depth to melting should correspond to an increase in
crustal thickness due to the larger volume of the melt
column. As shown in Fig. 8, the crust in PHB3
Ž .11.5"1.5 km is significantly thicker than that in

Ž .PA5 6.8"1.0 km , in qualitative agreement with
this prediction. We evaluate the apparent correlation

Ž .between crustal thickness and depth to G melting
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Fig. 8. Observed depth to the G discontinuity in PA5 and PHB3, plotted against the path averaged crustal thickness found in these models.
Ž .Also plotted are curves for a simple polybaric, incremental batch, accumulative melting PIBAM model, after the work of Kinzler and

Ž .Grove 1993 . In this melting model, crustal thickness is a function of depth of initiation of melting, with average rate of melt generation
being a free parameter. Our observed correlation between crustal thickness and depth to melt initiation corresponds to plausible
Ž .0.5–1.0%rkbar average melting rates.

quantitatively by comparing it with that predicted for
a simple incremental, polybaric, near-fractional melt-

Ž .ing model Kinzler and Grove, 1993 . In this model,
Ž .melting is initiated at a chosen depth pressure , and

Žit proceeds at a constant rate 0.5 and 1.0%rkbar of
.ascent for the two curves in Fig. 8 , with 90% of the

melt being removed with each ascending step. Melt-
ing terminates at 12 km depth, and the predicted
crustal thickness is a smooth function of the initial

Ž .depth of melting Fig. 8 . This model is a gross
simplification of melt generation in the near-ridge
environment; it ignores the likely functional depen-
dence of melting rates and melt retention on pres-
sure, temperature, and water content, for example
Že.g., McKenzie and Bickle, 1988; Plank and Lang-

.muir, 1992 . The discontinuity depths in our seismic
models can be matched by such a model with an
average melting rate of approximately 0.7%rkbar,
however, and while we do not place any significance
in this specific value, it implies that the association
of G with initial depth of melting is petrologically
plausible.

An increase in the depth to melting beneath the
Žancient Philippine Sea ridge environment relative to

.the ancient Pacific could be accomplished via one

of two mechanisms: a lowering of the melting tem-
perature due to increased water content, or an in-
crease in temperature. There is evidence for the
former; relatively high vesicularity and alkalinity of
basaltic rocks drilled from the northwestern portion

Žof the Philippine Sea plate which our corridor tra-
.verses are consistent with increased water content

and deeper melting within the ancient source region
Ž .Dick, 1982 . The long history of subduction sur-

Ž .rounding the Philippine Sea plate Hall et al., 1995
provides a source of the extra water.

This hypothesis implies that there should be little
age-dependence in the depth to G within the stable
Ž . Ž .non-ridge portion of an oceanic plate Fig. 7 . This
prediction is in contrast with previous inferences
regarding the Pacific upper mantle, which indicate a
steady increase of seismic lid thickness with increas-

Žing plate age due to thermal cooling Leeds et al.,
1974; Anderson and Regan, 1983; Montagner and

.Jobert, 1983 . Such models result solely from the
inversion of fundamental-mode surface wave data,
which have poor resolution of lid thickness
Ž .Nishimura and Forsyth, 1989 . Direct observations
of reflections andror conversions from the G discon-

Žtinuity e.g., Revenaugh and Jordan, 1991b; Bock,
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.1991 are required to unambiguously determine lid
thickness, and we have utilized such observations
here.

3.2. Velocity gradients between 200 and 400 km
depth

Unlike PREM and some previous models from
Žthese regions Kanamori and Abe, 1968; Schlue and

Knopoff, 1977; Mitchell and Yu, 1980; Anderson
.and Regan, 1983 , our models do not have low-

velocity channels with a sharp lower boundary. PHB3
and PA5 smoothly transition from a minimum veloc-
ity near 170 km depth into a high-gradient zone
Ž .HGZ that extends to the 410 discontinuity. The
similarity of the velocities in the HGZ in PA5 and
PHB3 implies that the differences in thermal struc-
ture andror volatile content responsible for the low
lidrLVZ velocities in PHB3 are confined above 200
km depth. This steep gradient can be found in sev-

Ž .eral other oceanic models Fig. 9 , and it contrasts

sharply with the relatively flat gradient found in
Ž .AU3 and many continental models Fig. 9 within

this depth interval. The HGZ thus appears to be
governed by the thermal structure of the convecting
oceanic upper mantle, but it is intriguing in that it
cannot be accounted for as a simple adiabatic in-
crease of velocity and density for plausible mantle

Ž .mineralogies e.g., Ita and Stixrude, 1992 .
The HGZ most likely results from near-solidus

conditions at the base of the LVZ in stable oceanic
Ž .regions. The geotherm T z in this convecting re-

gion should approximate an adiabat with a gradient
Ž .of about 0.3 Krkm Ita and Stixrude, 1992 , while

Ž .the solidus temperature T z for mantle peridotitesm

has a significantly steeper gradient, on the order of
Ž .1.0 Krkm or greater Thompson, 1992 . The homol-

ogous temperature TrT therefore will decrease bym
Ž .of order 10% across the HGZ Fig. 10 . If the mantle

adiabat approaches the mantle solidus at the top of
Ž . Ž .the HGZ i.e., TrT )0.9 , then dÕ rd TrT maym S m

Ž .be sufficiently large e.g., Sato et al., 1989 to

Ž .Fig. 9. Mean isotropic shear velocity profiles for AU3, PA5, and PHB3, plotted with other regional oceanic left panel and continental
Ž . Žright panel models, as well as PREM. The oceanic models are characterized by a high-velocity lid, a distinct LVZ with velocities

.generally on the order of 4.3–4.4 kmrs , and a HGZ extending from near 200 km to the 410 discontinuity. The 220-km discontinuity and
underlying flat-gradient region in PREM is clearly in marked disagreement with the HGZ in the oceanic models. In contrast, the continental
models have high velocities extending throughout the upper mantle—even those such as SNA that have velocity reversals with depth
Ž .indicating an apparent LVZ never have velocities lower than 4.5–4.6 kmrs, significantly higher than those found in the LVZ in the
oceanic models. In addition, these models have a much flatter gradient between 200 km depth and the 410, in very good agreement with

Ž . Ž .PREM. References for models: PA2 and EU2, Lerner-Lam and Jordan 1987 ; SNA and TNA, Grand and Helmberger 1984a ; ATL, Grand
Ž . Ž . Ž .and Helmberger 1984b ; NJPB, Kennett et al. 1994 ; PREM, Dziewonski and Anderson 1981 .
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Fig. 10. Comparison of an estimated ‘damp’ solidus for pyrolite
with model geotherms for our three seismic corridors. Solidus is
constructed using the melting temperature T of pyrolite by Hirthm

Ž . 6and Kohlstedt 1996 with a water content of 815 Hr10 Si at
180 km depth, and then extrapolating to greater depth assuming a

Ž .gradient of 1.0 Krkm bold line . Short-dashed lines represent
bounding water contents of "440 Hr106 Si, and long-dashed

Ž .lines are contours of constant homologous temperature TrT .m

The oceanic geotherms assume a cooling half-space with a poten-
tial temperature of 14508C, merging into a mantle adiabat with a

Ž .gradient of 0.3 Krkm Ita and Stixrude, 1992 . The Australia
geotherm is the 40 mWrm2 geotherm of Pollack and Chapman
Ž .1977 .

explain the high shear velocity gradient. This model
is consistent with the lower gradients beneath Aus-
tralia; assuming the thickness of the thermal bound-
ary layer is on the order of 300–400 km, the change

Žin TrT for a continental geotherm e.g., Pollackm
.and Chapman, 1977 will be small over this depth

interval, and thus velocity will increase only slowly
Ž .Fig. 10 .

3.3. Transition zone

In the TZ, the Pacific model is slow, with a deep
Ž .410-km discontinuity 415"3 km and a shallow
Ž .660-km discontinuity 651"4 km . At the other

extreme, the Philippine Sea model has a fast TZ,
Ž .with a shallow 410 408"3 km and deep 660

Ž .664"3 km . This relative behavior of discontinuity
depths and TZ velocities is in general agreement
with calculated Clapeyron slopes of phase changes in
an olivine-dominated mantle; positive for the a–b

transition in olivine at 410, and negative for the
Ž .g y Pv q Mw perovskite plus magnesiowustite

Ž .transition at 660 e.g., Bina, 1991 . All three models
were constructed to provide good matches to the
bulk sound velocity and density profiles of pyrolite
Ž .Ita and Stixrude, 1992 throughout the TZ. On
average, the TZ beneath Australian corridor seems to
be slightly cooler than that beneath the Pacific corri-
dor, in agreement with observed correlation between

Ž .thickened and therefore low-temperature TZ and
Ž .old continents by Gossler and Kind 1996 . The

Philippine Sea TZ is even colder, consistent with
Žprevious studies Masters et al., 1982; van der Hilst

et al., 1991; Fukao et al., 1992; Brudzinski et al.,
.1997 . The low temperatures are perhaps due to the

presence of cooler material advected downward in
the surrounding subduction zones.

All three models contain small 520-km disconti-
nuities, primarily to satisfy the ScS reverberation

Ždata. The 520 appears to be a global feature Shearer,
.1990; Revenaugh and Jordan, 1991a most likely

Ž .caused by the broad 30-km width b–g transition
Ž . Ž .in Mg, Fe SiO Akaogi et al., 1989 , with a2 4

possible contribution from the exsolution of calcium
Ž .perovskite Gasparik, 1990; Bina, 1991 . The veloc-

ity and density contrasts that we obtain for this
discontinuity are consistent with the available miner-

Ž .alogical data Bina, 1991; Rigden et al., 1991 . Due
to its small size relative to the 410 and 660, the
depth of the 520 is difficult to constrain from the
ScS reverberation profiles, and thus the depth varia-
tion of this feature among the models is probably not

Žsignificant in all models, this depth has a standard
.error of at least "10 km .

Fig. 4 displays very large differences in the
shear-speed magnitude of the 660-km discontinuity
between the three regions. Some of this difference
may be attributable to deficiencies in our models at
this depth. We restricted our parameterization to a
single layer below 660, and required the velocities at
the base of this layer to match those in PREM. This
effectively forces the layer to absorb any velocity
differences sensed by the direct S waves, which turn
between the 660 and approximately 1000 km depth.
As a result, overly large differences in shear velocity
and density may have been introduced between the
models in this depth interval. This is most apparent
in the contrast between PHB3 and AU3, which have

Žnearly identical values of shear impedance product
.of shear velocity and density across 660, but almost
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a factor of two difference in velocity and density
Ž .jumps Fig. 4, Tables 1 and 3 .

Nevertheless, part of this difference is required by
the data. The shear impedance of 660-km in the three
models is well-constrained by the ScS reverberation
data, and it varies systematically with depth of the
reflector; the relatively deep 660 in PHB and AU3

Ž .are 30% smaller than the shallower by ;10 km
660 in PA5. A similar trend was noted by Reve-

Ž .naugh and Jordan 1991a , who were unable to come
up with a satisfactory explanation. One possibility is
that it is due to the multi-component aspect of the
discontinuity. In a pyrolite mantle, two distinct, cou-
pled phase transitions will occur near 660-km depth:
the endothermic gyPvqMw transformation, which

Ž .occurs over an extremely narrow 1–5 km depth
interval; and the exothermic garnet–Pv transition,

Ž .which takes place over a wider 30–60 km depth
Žrange Ita and Stixrude, 1992; Weidner and Wang,

.1998 . The combination of the two results in com-
plex velocity and density increases, even for a sin-

Ž .gle-composition e.g., pyrolite mantle, and the form
and sharpness of the transition is a strong function of

Ž .temperature Weidner and Wang, 1998 . Initial cal-
culations indicate that the variability in 660 observed
in our models can be explained by these coupled
phase transitions in a pyrolite mantle. Such a model
has the additional benefit of explaining why long-
period data such as ScS reverberations indicate a
large 660 discontinuity, while higher frequency ob-

Žservations to which the garnet change would not
.appear so discontinuous often require a smaller

Ž .discontinuity e.g., Walck, 1984 . A distributed gar-
net transition also can explain the increased gradient
sometimes observed just above andror below 660 in

Žsome models Walck, 1984; Brudzinski et al., 1997;
.Estabrook and Kind, 1996; Vinnik et al., 1997 .

3.4. Anisotropic zone and the L discontinuity

Radial anisotropy is continuous throughout the
uppermost mantle in all three regions. Its presence is

Ž .required by the differential travel times splitting
Ž .between horizontally polarized SH and vertically

Ž .polarized SV shear waves. SH waves were always
observed to be faster than SV waves, which requires

Ž .‘normal’ radial anisotropy Õ )Õ , Õ )Õ .SH SV PH PV

Anisotropy of this type is most plausibly related to

the LPO of olivine with fast axes aligned roughly
Žhorizontal e.g., Leveque and Cara, 1983; Jordan and´ ˆ

.Gaherty, 1995 . In the oceans, this alignment corre-
sponds to the directions of past and present sea-floor

Žspreading e.g., Nicolas and Christensen, 1987;
.Nishimura and Forsyth, 1989 , while in the conti-

nents, the upper mantle anisotropy appears to be
inherited from episodes of horizontal shearing during

Žorogenic deformation Mainprice and Silver, 1993;
.Silver, 1996 . In all three of our regions, the data

were satisfied by models with an average shear
Ž . Žanisotropy ratio DÕ rÕ s 2 Õ y Õ r Õ qS S SH SV SH

.Õ of 3–4%, extending from the Moho to near 200SV

km depth.
The depth extent of the anisotropy was con-

strained by the relative magnitude of observed split-
Ž .ting in different wave types Fig. 3 . The largest

Žsplitting was observed in surface waves the Love–
.Rayleigh discrepancy , requiring anisotropy in the

shallowest portions of the mantle, above 200 km
Ždepth Gaherty and Jordan, 1995; Gaherty et al.,

.1996 . Splitting was observed in SSS and SS waves
that turn deeper in the upper mantle and TZ, but it
was smaller than that found in the surface waves,
and it was unresolvable in S waves that turn in the
TZ and lower mantle. This falloff in splitting strongly
limits the depth extent of the path average radial
anisotropy. In particular, because SS and SSS phases
are sensitive to shallow anisotropy as well as anisot-
ropy near their turning points deeper in the mantle,
splitting in such phases can be explained by the
radial anisotropy needed to satisfy the surface wave

Ž .splitting Fig. 11 , and any additional radial anisotro-
py at larger depths must be smaller than 1%. As
noted in Section 2.4, our radial models do not pre-
clude azimuthal anisotropy at depths greater than

Ž250 km e.g., Montagner and Tanimoto, 1991; Tong
.et al., 1994; Montagner and Kennett, 1996 , but such

anisotropy must either be aligned roughly parallel to
the propagation paths, or it must be variable in dip as
well as azimuth such as to integrate to isotropy over
the path length.

As an example of this depth sensitivity, our data
from Australia are not consistent with models invok-
ing a predominantly isotropic lithosphere underlain
by a layer of anisotropy associated with plate mo-

Žtion-induced shear at its base i.e., between 200–400
.km depth , as has been advocated beneath Australia
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Ž .Fig. 11. Examples of clear, distinctive splitting of SS and SSS body waves by upper mantle anisotropy. a Splitting of a SS wave that
Ž . Ž .traversed the Australia corridor. b Splitting of a SSS wave that traversed the Pacific corridor. c Splitting of a SS wave that traversed the

Philippine Sea corridor. Left panels display examples of long-period seismograms centered on the SS or SSS arrival, band-passed between
5–45 mHz. Each panel includes observed vertical- and transverse records, along with complete normal-mode synthetics for an isotropic

Ž .starting model, aligned on the LHZ SS or SSS arrival. In all three cases, the peak of the SS or SSS arrival on LHT is significantly
advanced relative to the isotropic model, by 4–12 s. Right panels quantify the splitting in these waveforms. Symbols display the differences

Ž . Ž .between the tangential phase delays dt T and the vertical phase delays dt Z at each frequency, relative to the prediction of the isotropicp p
Ž .starting models dashed lines . Solid lines represent the fit of models AU3, PA5, and PHB3 to these individual observations.

Ž .Leven et al., 1981; Tong et al., 1994 and elsewhere
Ž .Vinnik et al., 1992, 1995 . Enforcing an isotropic
continental lithosphere prevented us from fitting the
surface waves, and maintaining the fit to the SS and
S splitting while introducing sufficient shallow ani-
sotropy to satisfy the surface waves limited the

deeper average anisotropy to less than 1%. Adding
even 1% radial shear anisotropy to AU3 between
250- and 400-km depth anisotropy would increase
the average SS splitting by approximately 3 s, which
does not match the observations. To be consistent
with this result, the LPO associated with plate mo-
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tion-induced shear between 250–400 km must be
very weak, or it must be roughly parallel to the
propagation path, at a 30–408 angle to Australia’s

Žpredicted motion in a hotspot reference frame Fig.
.1 .

In AU3, radial anisotropy terminates rather sharply
across the L discontinuity, and we have investigated

Žthis phenomenon in some detail Gaherty and Jordan,
.1995 . The presence of high velocities throughout

the anisotropic layer in this model implies that the
anisotropy is related to small-scale tectonic fabric
generated in episodes of orogenic compression asso-

Žciated with tectospheric stabilization Silver and
.Chan, 1991 , rather than active flow in the astheno-

Ž .sphere Karato, 1992 . Below L, such structures
were either annealed out subsequent to their forma-

Ž .tion Revenaugh and Jordan, 1991b , or were never
generated, perhaps because L coincides with a transi-

Žtion from dislocation to diffusion creep Karato,
.1992 or because of an increase in the relative

amount of vertical deformation. The L discontinuity
is located near the maximum depth of equilibration
observed for suites of kimberlite xenoliths from sev-
eral continental cratons, which averages approxi-

Ž .mately 220 km Finnerty and Boyd, 1987 . This
equilibration level is interpreted to be the transition
from slow diapiric upwelling of kimberlite magmas
Ž . Ž .or their precursors Green and Gueguen, 1974 to
much more rapid upward transport by magma frac-

Žturing through a stronger lithosphere Spence and
.Turcotte, 1990 . The L discontinuity may thus corre-

spond to the base of a mechanical boundary layer
that overlies a more mobile, dynamically active part
of the continental tectosphere. The transition also
appears to correspond to an abrupt downward in-
crease in shear wave attenuation observed at about

Ž .this depth Table 1; Gudmundsson et al., 1994 .
The termination of anisotropy in PA5 and PHB3

also occurs at L, but this boundary is poorly defined
in these models because it is not large enough to be
observed in the reverberative profiles for these two

Ž .paths Revenaugh and Jordan, 1991b . The data did
require a reduction of the radial anisotropy near the
transition from negative to positive velocity gradient

Žin the LVZ, however, and allowing a small -1%,
.undetectable to ScS reverberations L discontinuity

accommodated this reduction with the minimal num-
ber of model parameters. The drop in average anisot-

ropy in PA5 and PHB3 could correspond to the
bottom of the zone of coherent horizontal shear
Ž .either fossilized or active or to a change from
dislocation-dominated to diffusion-dominated creep

Ž .within the shear zone, as suggested by Karato 1992 .

4. Conclusions

We present a systematic analysis of the lateral
variability of mantle layering using three new re-
gional seismic models. From this analysis we hy-

Ž .pothesize that: 1 the LVZ is predominantly an
Ž .oceanic feature associated with high near-solidus

homologous temperatures in the shallow oceanic up-
per mantle. The sharp transition from lid to LVZ is
predominantly determined by an increase in water

Ž .content in the LVZ. 2 Shear velocity gradients
between 200–400 km depth are significantly steeper
beneath oceans than continents, due to the rapid drop
in homologous temperature across this depth interval

Ž .in oceanic environments. 3 Regional variability of
the TZ velocities and discontinuities are consistent

Ž .with a pyrolite mantle. 4 When averaged over
Ž .30–408 paths, strong seismic anisotropy )1% is

restricted to the upper 200–300 km of the upper
mantle. In stable continents this anisotropy is rele-
gated to the cold, mechanically stiff layer above the
L discontinuity, while in oceans it extends through
the lid into the LVZ.

These hypotheses regarding the mechanical, phase,
and compositional layering of the mantle are not
resolvable in the current generation of global models.
Indeed, comparing Figs. 2 and 4 indicates that re-
gional models such as these provide significant in-
formation on lateral heterogeneity that is comple-
mentary to that provided by tomographic models.

Our ability to fully test many of these hypotheses
is restricted by the limitation of our 1-D modeling to
regions of minimal tectonic complexity. For exam-
ple, how exactly does the LVZ disappear in the
transition from a PA5-like structure to an AU3-like
structure across an ocean-continent boundary? Such
a question can only be answered with 2-D and 3-D
tomographic analyses that include lateral variability

Žof velocities, discontinuities, and anisotropy Katz-
.man et al., 1998a,b . Building on AU3, PA5, and

PHB3 as reference models, such analyses should
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greatly expand our understanding of seismic layering
in the near future.
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