
textured Au showed the relative change in 
the reflectance a t  >450 nm, which is in 
agreement with the observed color change 
in the Au plate. 

Several studies have renorted on the 
analysis of the optical properties of metal- 
filled anodic worous alumina: this material is 
typified as an array of metal particles in a 
dielectric medium, according to the Max- - 
well-Garnett and the Bruggman effective 
medium theory or the Mie-scattering theory 
(19-21 ). Our nanohole array' of Au has an 
al tematiy structure: an array of air-filled 
holes in 'uniform metal. For this case the 
description for the inverted structure of the 
array of metal particles by Maxwell-Gamett 
theory has been reported to be applicable 
(22, 23). In the preliminary analysis of the 
experimental data, the qualitative shape of 
the reflectance spectra could be described by 
Maxwell-Garnett theory. For a qualitative 
analysis of the spectra, more detailed theo- 
ries (23, 24) should be considered. 

The wrocess that we adooted mav be use- 
ful in replacement studies df the nanostruc- 
tures of other nanochannel materials (25, 
26). Disadvantages, such as insufficient ther: 
ma1 and chemical stability or low mechani- 
cal strength that materials such as porous 
alumina might exhibit, might be overcome 
by this process. This nanochannel fabrica- 
tion method should make it possible to fab- 
ricate nanocomnosites with desired combi- 
nations of properties, a goal that has been 
difficult to accom~lish with the convention- 
al one-step host-guest embedding method. 
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Lehmann Discontinuity as the Base of an 
Anisotropic Layer Beneath Continents 

James B. Gaherty* and Thomas H. Jordan 

Long-period surface-wave (R,, GI), body-wave (S, SS, SSS), and ScS-reverberation data 
have been inverted to obtain anisotropic structures along seismic corridors that sample 
Australia and the western Pacific. These models support the proposal that the Lehmann 
discontinuity beneath stable continents represents a transition from an anisotropic litho- 
sphere to a more isotropic material in the lower part of the continental tectosphere. 

Lehmann (1) suggested that the behavior 
of refracted arrivals from North America 
and Europe at epicentral distances between 
10" and 20" could be modeled by an in- 
crease in P-wave and S-wave speeds at a 
sharp lower boundary of the asthenospheric 
low-velocity zone (LVZ). Subsequent re- 
searchers argued that this Lehmann discon- 
tinuity (L) occurs globally at an average 
depth near 220 km (2,  3) ,  and Dziewonski 
and Anderson (4) built this idea into the , , 

spherically averaged Preliminary Reference 
Earth Model (PREM). Solid-solid ~ h a s e  
changes and chemical' changes were iuled 
out as exolanations (5) ,  which led Hales (3)  . . . . 
to conclude that this feature represents the 
base of a zone of partial melting, in agree- 
ment with Lehmann's basic hypothesis. 
However, L has not been detected in recent 
global stacks of long-period reflected waves 
(6), and, for a large area of the western 
Pacific and Australasia, it appears only on 
paths where the LVZ is weak or absent (7). 

We have used new models of Australia 
and the westem Pacific to test several alter- 
native explanations of L that are based on 
the effects of seismic anisotropy. Leven et  al. 
(5) proposed that L might be related to 
shear-induced anisotropy in the subconti- 
nental mantle. From a structural model of 
the Australian upper mantle derived from 
refracted P waves, they hypothesized that L 
is the upper boundary of a thin plate-decou- 
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pling zone underlying a nearly isotropic con- 
tinental mechanical boundary layer (Fig. 
IA). Revenaugh and Jordan (7) obtained 
upper-mantle reflectivity profiles from verti- 
cally propagating ScS reverberations that in- 
dicated a -2% increase in vertical shear 
(SV) impedance at an L with depths ranging 
from about 200 km along the northern Aus- 
tralian margin to more than 250 km beneath 
the Australian craton. Noting that the SV 
increase occurs near the level at which some 
studies of refracted SH waves in continents 
have found a shear-velocitv decrease (8), . . 
they proposed an alternative model in which 
L marks the transition from an  anisotropic 
mechanical boundary layer (MBL) to a more 
isotropic region below the MBL (Fig. 1B). 
O n  the basis of the apparent deepening of L 
toward the center of the western Australian 
craton, they speculated that this transition 
occurs at a critical temperature (near 
1200°C) for the annealing of aligned tex- 
tures in peridotites. They also pointed out 
that this horizon must be an  internal fea- 
ture of the continental thermal boundary 
layer, or tectosphere, whose thickness be- 
neath cratons has been estimated to ex- 
ceed 300 km (9) .  

Karato ( 1  0) accepted Revenaugh and 
Jordan's explanation of L as the rapld down- 
ward extinction of anisotropy, but he reject- 
ed their inference that such a feature could 
be maintained in a region with a low defor- 
mation rate internal to the tectosphere. 
Instead, he proposed that L represents the 
transition from dislocation-controlled creep 
to diffusion-controlled creep in an  actively 
deforming asthenosphere beneath the con- 
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tinental plate (Fig. lC) ,  and he reiterated 
Anderson's (2) suggestion that the tecto- 
spheric thicknesses obtained by Jordan (9) 
could be biased to high values as the result 
of anisotropic effects. 

The models we have used to test these 
hypotheses were derived from seismic waves 
propagating within two corridors, one con- 
tinental and one oceanic, chosen to mini- 
mize along-path heterogeneities arising 
from tectonic complications. The first is an 
Australian path, connecting earthquakes in 
the New Britain-New Guinea convergence 
zone with station NWAO, largely sampling 
the Phanerozoic platforms and Precambrian 
cratons of the Australian continent. The 
second is a Pacific path (1 J), connecting 

earthquakes in the Tonga-Fiji seismic zone 
with stations in Hawaii, traversing oceanic 
lithosphere wi th an average age of about 
100 mil l ion years. The reflectivity struc- 
tures for the two corridors are quite differ- 
ent (12). We  constrained the seismic veloc- 
ities and their gradients by frequency-de- 
pendent travel times of turning (S, SS, and 
SSS) and surface (R, and G, ) seismic phases 
measured from three-component, long-peri- 
od seismograms, using the isolation-filter 
techniaues of Gee and lordan (13). For the . . 
Australian corridor, we obtained approxi- 
mately 800 observations for center frequen- 
cies from 10 to 45 mHz, using 20 events 
with epicentral distances from 37" to 44". 

We inverted the frequency-dependent 

Fig. 1. Schematic cross A b f v  (%) B A )  c 
sections of the continen- A -2 0 +2 - -2 p +f 
tal upper mantle illustrat- s 
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! base of the continental wlate Itectos~here) and this narrow shear-decou~lina , , 
zone. (B) Model of Revenaugh and Jordan (7), in ih ich L is the base of an anisotropic MBL, overly/ng a 
nearly isotropic layer that forms the lower part of a thick (>300 km) continental tectosphere. The drop in 
the magnitude of the polarization anisotropy across this narrow (<30 km) transition causes an increase 
in the vertical wave speed and a decrease in the horizontal wave speed but no appreciable change in their 
isotropic average. (C) Model of Karato (lo), who proposed that L is the transition from dislocation- 
dominated creep (which induces anisotropy in olivine) to diffusion-dominated creep (which does not) in an 
actively deforming asthenosphere beneath a thin ( ~ 2 0 0  km) continental tectosphere. The thickness of 
the shear-decoupling zone is not constrained in (B) or (C). Diagrams labeled Avlv show schematically the 
perturbations to the vertical (V) (solid line) and horizontal (H) (dashed line) wave speeds relative to the 
isotropic average; the left Av/v scale is for (A), and the right Av/v scale is for (B) and (C). In these diagrams, 
S is the free surface and M is the MohoroviEiC discontinuity. 

Fig. 2. Transversely isotropic model of the upper 
mantle for the Australian (New Britain-NWAO) 
corridor, obtained from the inversion of the 797 
frequency-dependent travel times summarized in 
Fig. 3 and the 13 ScS reflectivity observations of - 200- 
(7). From left to right, the lines represent the aniso- 5 

- 

tropic parameter q, density p, S-wave velocities z400. 
v,, and v,,, and P-wave velocities vpv and vPw 2 
Tick marks show the locations of the M, Hales (H), 0 

and L discontinuities; other first-order discontinui- 600' 

ties are located at 406, 499, and 659 km. The 
model is radially anisotropic, with differing hori- 8004 
zontal (dashed 1ines)'and vertical (solid lines) ve- 
locities between M and L, and is isotropic elsewhere. The relative S-wave and P-wave anisotropies are 
comparable, averaging 3.3 5 0.5% and 3.7 5 1.5%, respectively, although the former is much better 
determined by the data than the latter. The model is identical to PREM (4) below 860 km. 

travel times and ScS reflectivity observa- 
tions for a path-averaged, radially anisotro- 
pic model for each of the two corridors by 
means of an iterative, linearized perturba- 
t ion scheme in which the elastic parame- 
ters, density, and discontinuity depths were 
adjusted to minimize a XZ measure of misfit 
(14). Our preferred Australia model (Fig. 2 
and Table 1) achieved an 80% reduction in 
data variance relative to the isotropic start- 
ing model (Fig. 3, A through C). It i s  
characterized by an anisotropic mantle 
above an L located at a depth of 252 ? 5 
k m  and an isotropic mantle below this 
boundary. The transition from an anisotro- 
pic to an isotropic elastic structure at L i s  
marked by an increase in SV impedance, 
consistent wi th the contrast observed for 
verticallv ~ r o ~ a e a t i n e  ScS reverberations. , .  . -  - 
However, the model also shows a decrease 
in SH impedance at this transition, which 
indicates an SH low-velocity zone similar to 
those inferred for other continental regions 
(8). The density and mean values of the 
elastic parameters are almost continuous 
across L (Fig. 4A), as expected for a discon- 

Rayleigh 
-1 0 

Love 
-201 I- --__-- 9 *--x---'--J--*--* I 

Fig. 3. Average phase delays 67, for the Austra- 
lian corridor, referenced to an isotropic starting 
model and plotted against circular frequency f, for 
surface waves (A), SS waves (B), and S waves (C). 
Points with standard errors are averages of mea- 
surements for each seismic phase from vertical 
(B) and transverse (a) seismograms, summarizing 
the 797 frequency-dependent travel times used in 
the inversions; solid and dashed lines are corre- 
sponding averages computed for the Australia 
model of Fig. 2. The existence of polarization an- 
isotropy at shallow depths in the Australian upper 
mantle is indicated by the large Love-Rayleigh dis- 
crepancy (>20 s), moderate SS-wave splitting 
(-10 s), and small S-wave splitting (<4 s). 
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tinuity that represents only a mechanical 
change in structure with no accompanying 
change in composition or phase. 

We performed a number of inversions 
invoking a variety of prior constraints on 
the velocity distribution to test explicitly 
the hypotheses regarding the origin of L. 
The surface- and turning-wave data for the 
Australia corridor required significant radial 
anisotropy averaged over the upper 200 km 
of the mantle. Restricting the anisotropy to 
a thin (< 100 km) layer near a depth of 200 
km, as in Fig. lA, resulted in models that 
did not satisfy the Love-Rayleigh discrepan- 
cy and SS splitting observations. On the 
other hand, the S and SS splitting data 
constrained the magnitude of the anisotro- 
py below L to be small (<I%), and inver- 
sions that allowed anisotropy in the layer 
between L and the 410-km discontinuity 
yielded no significant improvement in the 
fit to the data relative to the preferred 
model of Fig. 2. The Australian data are 
therefore consistent with the idea that L is 
the base of the anisotropic layer. 

To discriminate between the hypotheses 
illustrated in Fig. 1, B and C, we compared 
the shear-wave velocity structures derived 
for the Australian and Pacific corridors (Fig. 
4A). The shear-wave anisotropy of the latter 
is similar in magnitude to that of the former 
and extends below the Gutenberg disconti- 
nuity (G) into the oceanic LVZ, terminating 
at a weak discontinuity (unresolved by the 
ScS reverberation data) at a depth of 170 km 
(1 1 ). Below G, however, the mean shear 
velocities are lower in the oceanic case, and 
this difference persists to depths greater than 
350 km. Attempts to satisfy both the Pacific 
and the Australia data sets with models hav- 
ing similar shear velocities below 250 km 
were unsuccessful. Global tomographic mod- 
els ( 15) and other regional studies ( 16) have 
demonstrated that differences between old 
continents and old oceans of this magnitude 
and depth are a global feature, indicative of 

a thick tectos~here beneath most Precam- 
brian continental shields and platforms (9, 
17). We infer that the average thickness of - 
the continental tectosphere beneath the 
Australia corridor is greater than 300 km, 
and we conclude that L is a transition inter- 
nal to the tectosphere (Fig. 1B) rather than 
a boundary within an actively deforming 
asthenosphere beneath the continental plate 
(Fie. 1C). , -  , 

This result implies that the anisotropy 
above L is frozen in an MBL, or lithosphere, 
that forms the cold upper part of the tecto- 
sphere. The anisotropy is most plausibly re- 
lated to the lattice-preferred orientation of 
olivine, a highly anisotropic mineral known 
to dominate upper-mantle mineralogies 
(18). In the oceans, the fast axes of olivine 
grains tend to be horizontally aligned in the 
directions of the plate-scale flow associated 
with sea-floor spreading and are azimuthally 
coherent over large geographic distances. In 
the continents, however, the upper-mantle 
anisotropy appears to be inherited from ma- 
jor episodes of orogenic deformation ( 19). 
The superposition of many such episodes 
yields a fabric that varies on a much smaller 
geographical scale than the plate-tectonic 
flow field. In Australia, for example, linea- 
ments in the gravity field associated with 
basement deformations have lateral scale 
lengths on the order of a few hundred kilo- 
meters (20). If this is the appropriate scale 
length for the decorrelation of the lattice- 
preferred orientation within the uppermost 
mantle beneath Australia, then waves prop- 
agating over epicentral distances of 30" to 
40" will- average out the azimuthal varia- 
tions, and the path-averaged structure can be 
approximated by a transversely isotropic ef- 

Table 1. Upper-mantle model for Australia. Parameters are linearly interpolated between discontinuities. 
This model is identical to PREM (4) through the remainder of the lower mantle and core. 

Depth "PH V w  'SH vsv P 
(km) (kmls) (km/s) (kmls) (kmls) (g/cm3) 'l 

ting measured for them were well fit by the 
Australia model. 

As a further test. we develo~ed stochas- 
tic models of upper-mantle heterogeneity in 
which orthorhombic periodtites have fast 
axes that are preferentially horizontal but 
randomly oriented in azimuth (21). At low 
frequencies, such models yield transversely 
isotropic effective media, and their radial 
anisotro~v can be made to match the Aus- . , 
tralia data if local anisotropies derived from 
mantle xenoliths brought to the surface by 
kimberlite pipes are used (22). At high 
frequencies, strong multiple scattering from 
the anisotropic heterogeneities couples the 
SV and SH wave fields, thereby mixing the 
shear-wave polarizations; this scattering 
may explain why the apparent S, speeds 
observed in western Australia on short-~e- 
r i d ,  vertical-component seismograms (23) 
are consistent with our SH velocities and 

A pacific Australia 
A VsIVs (%) Vs (WS) AVslVs (Oh) 

-4 0 4 3.5 4.0 4.5 5.0 5.5 6.0 -4 0 4 

'00 $ , 
I t 

fective medium. This inference is consistent 
with data from earthquakes in the Banda Sea 
to station CAN in southeast Australia (Fig. 
4B). Although these paths are orthogonal to 
those used in the inversion, we found that 
the Love-Rayleigh discrepancy and SS split- 

Fig. 4. (A) Comparison of shear-wave structures 
for the Australian and Pacific corridors. Mean 
shear-wave speeds are plotted for the Pacific 
(dashed-dot line) and Australia (solid line) in the 
center diagram, and the anisotropic velocity per- 
turbations relative to these mean velocities are 
displayed on the left and right, respectively. The 
contrasts in velocities and discontinuity structure 
inferred above a depth of about 350 km are evi- 
dence for a thick tectosphere beneath Australia. 
(B) Location of earthquakes and seismic stations 
that define the two corridors. New Britain events 
(Ir) recorded at NWAO were used to generate the 
Australia model, and Tonga events (e) recorded at 
HON and KIP were used for the Pacific model. 
Banda Sea earthquakes (+) recorded at CAN 
were used to test for azimuthal variations in an- 
isotropy beneath Australia. 
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not our SV velocities, and why paths that 
sample the upper 200 km of the northern 
margin of Australia do not show much S-
wave splitting (24)- The ScS reverberations, 
as well as the other data we used, cannot 
distinguish a sharp transition from a transi
tion spread out over a depth interval of 
about 30 km (25). A transition zone of such 
width would explain why L is not consis
tently observed in studies of higher frequen
cy converted waves (26). 

The extinction of low-frequency polar
ization anisotropy at L can arise from either 
the disappearance of anisotropy at grain-size 
scales or the randomization of the fast-axis 
orientation out of the horizontal plane at 
regional scales. The first of these phenom
ena could be explained in terms of a kinetic 
boundary associated with long-term, ther
mally activated annealing of ancient defor
mation fabrics (27, 28) or, alternatively, by 
Karato's (10) rheological transition from 
dislocation to diffusion creep (although his 
proposal must be modified to generate an L 
that is a relic feature frozen into the conti
nental tectosphere). The second could be 
caused by a depth variation in the types of 
strain fields active during tectospheric sta
bilization and any subsequent remobiliza-
tion, for example, with deformations in the 
region above L involving nearly horizontal 
flows and those below L involving displace
ments with larger vertical components. 

L is located near the maximum depth of 
equilibration (average ~220 km) observed 
for suites of kimberlite xenoliths from several 
continental cratons (29). This equilibrium 
level is interpreted to be the transition from 
slow diapiric upwelling of kimberlite magmas 
(or their precursors) (30) to much more rap
id upward transport through a stronger litho-
sphere (31). L may thus correspond to the 
base of a mechanical boundary layer that 
overlies a more mobile, dynamically active 
part of the continental tectosphere. The ap
parent deepening of L beneath the western 
Australian craton (7) suggests that this rheo
logical transition may be thermally con
trolled at 1200° to 1300°C. The transition 
also appears to correspond to a rapid increase 
in shear-wave attenuation observed at about 
this depth (32). 

Our model provides an explanation for L 
in stable continental regions. Credible ob
servations of discontinuities at depths of 
180 to 220 km also have been made in 
island-arc (33) and marginal basin environ
ments (7). Additional data will be needed 
to determine whether these discontinuities 
can be accounted for by the anisotropy-
isotropy transitiondiscussed here, or wheth
er they require some other mechanism, such 
as the sharp lower boundary of a low-veloc
ity zone. In this regard, Revenaugh and 
Sipkin (34) have recently invoked both 
mechanisms to explain the multiplicity of 

discontinuities they observed in ScS reflec
tivity profiles crossing China and the Tibet
an plateau. 
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