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Abstract
We present evidence for the existence of an Australian-Antarctic Mantle Anomaly
(AAMA) that trends northwest-southeast (NW-SE) through the Australian-Antarctic
Discordance (AAD) on the Southeast Indian Ridge (SEIR), is con ned to the upper 120
km of the mantle beneath the AAD, and dips shallowly to the west so that it extends to
a depth of about 150 km west of the AAD. Average temperatures within the AAMA are
depressed about 100 C relative to surrounding lithosphere and suggest very rapid cooling
of newly formed lithosphere at the AAD to an e ective thermal age between 20 - 30 Ma.
A convective down-welling beneath the AAD is not consistent with the con nement of the
AAMA in the uppermost mantle. In substantial agreement with the model of Gurnis et al.
(1998), we argue that the AAMA is the suspended remnant of a slab that subducted at the
Gondwanaland-Paci c convergent margin more than 100 Ma ago, foundered in the deeper
mantle, and then ascended into the shallow mantle within the past 30 Ma cutting any ties to
deeper roots. The stability of the AAMA and its poor correlation with residual topography
and gravity imply that it is approximately neutrally buoyant. The thermally induced density
anomaly can be balanced by bulk iron depletion of less than 0.8%, consistent with the warmer
conditions of formation for the Paci c than Indian lithosphere. We hypothesize that the low
temperatures in the AAMA inhibit crustal formation and the AAD depth anomaly is formed
at the intersection of the SEIR and the AAMA. The northward migration of the SEIR and
the NW-SE orientation of the AAMA, therefore, present a simple kinematical explanation
for the V-shaped residual depth anomaly in the southeast Indian Ocean and the western
migration of the AAD along the SEIR that does not involve the Paci c asthenospheric mantle
pushing westward displacing Indian asthenosphere. We also hypothesize that the AAMA acts
as a barrier to large-scale ows in the shallow asthenosphere, de nes a boundary for mantle
convection and between the Indian and Paci c isotopic provinces, and, due to its westward
dip, favors along-axis ow from the Indian Ocean asthenosphere to the AAD that contributes
to the penetration of Indian Ocean MORBs into the AAD.
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1. Introduction
The Australian-Antarctic Discordance (AAD) (e.g., Weissel and Hayes, 1971, 1974)
is a portion of the Southeast Indian Ridge (SEIR) between 120 E and 128 E longitude
characterized by a chaotic ridge pattern and a negative depth anomaly (Figure 1). The AAD
is, in fact, the deepest segment of the world's mid-ocean ridge system and marks a geochemical
boundary between Paci c and Indian type mid-oceanic ridge basalts (e.g., Klein et al., 1988).
Analysis of local bathymetry as well as magnetic and gravity anomalies shows that the AAD
depth anomaly has existed for at least 25 Ma and during the last 20 Ma has migrated westward
at a rate of approximately 15 mm/yr (e.g., Marks et al., 1999). The geochemical boundary
has also migrated westward but apparently at a somewhat faster rate (e.g., Pyle et al., 1995).
The origin of the depth anomaly at the AAD is generally attributed to colder than normal
mantle temperatures below this segment of the SEIR, consistent with the major element
systematics for basalts from the AAD (Klein and Langmuir, 1987). This thermal anomaly
may inhibit magma production along the ridge and thin the oceanic crust (Tolstoy et al.,
1995). Several hypotheses concerning the cause of a cold mantle anomaly below the AAD
have been proposed, including the existence of a stable cold-spot (Hayes, 1976), convective
down-welling (e.g., Hayes, 1988; Klein et al., 1988), passive along-axis ow in response to
colder temperatures along the ridge segment (e.g., Forsyth et al., 1987; West et al., 1997), and
the presence of a stagnated slab that subducted beneath the Gondwanaland-Paci c margin
and was subsequently drawn upward by the southeast Indian Ridge beneath the AAD (Gurnis
et al., 1998).
The AAD has been the subject of several previous seismic studies. Both surface wave
dispersion (e.g. Forsyth et al., 1987; Kuo et al., 1996) and SS-S travel time residuals (Kuo,
1993) have shown that the uppermost mantle beneath the AAD is characterized by faster
than normal seismic velocities, which indicates that the lithosphere beneath the AAD develops
anomalously fast and the asthenosphere is cooler than average. Global models, too, display
fast uppermost mantle beneath the southeast Indian Ocean at large-scales (e.g., Zhang and
Tanimoto, 1993).
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The purpose of the present study is to produce more detailed 3-D seismic images of the
upper mantle beneath the southeast Indian Ocean and surroundings to illuminate the nature
and cause of the AAD. We base these images on the recent work of Ritzwoller et al. (2001),
but have expanded the data-set of surface-wave group speed dispersion measurements and have
improved methods of surface-wave inversion (Ritzwoller et al., 2002; Shapiro and Ritzwoller,
2002a, 2002b). The result is a higher resolution shear-velocity model of the upper mantle
beneath the southeast Indian Ocean.
We present evidence for an Australian-Antarctic mantle anomaly (AAMA) that is
con ned to the top 120 km of the uppermost mantle beneath the AAD and extends in the
northwest-southeast (NW-SE) direction through the AAD. We argue that, by a ecting crustal
formation, the AAMA is the principal cause of the AAD topographic anomaly along the SEIR,
and also plays an important role in other observables such as the westward migration of the
AAD along the SEIR, the V-shaped residual depth anomaly in the southeast Indian Ocean,
and the location of a geochemical province boundary. Its presence and orientation provide new
and simple kinematical explanations for a number of the characteristics that de ne the AAD
and its surroundings.

2. Data and Surface Wave Tomography
The 3-D seismic model is based on broad-band surface wave group and phase velocity
measurements. The group velocities were measured using the method described by Ritzwoller
and Levshin (1998), a frequency-time method that involves analyst interaction to choose the
frequency band of measurement and to guide the extraction of the fundamental mode from
noise, scattered and multipathed signals, overtones, and fundamental modes of di erent wave
types. We use group velocity measurements from 16 sec to 200 sec period for Rayleigh waves
and from 16 sec to 150 sec period for Love waves. We only use group velocity measurements
from earthquakes shallower than 50 km to reduce the size of the source group time shifts,
which we do not attempt to correct (Levshin et al., 1999). The phase velocity measurements
were performed at Harvard University and Utrecht University separately and we merged these

5
data-sets. The phase velocity measurements extend from 40 sec to 150 sec for both Rayleigh
and Love waves. These data-sets are described by Ekstrom et al. (1997) and Trampert
and Woodhouse (1995). All measurements are subjected to the quality control procedures
described by Ritzwoller and Levshin (1998). We devoted particular e orts to analyzing
earthquakes located on the SEIR observed at SKIPPY stations in Australia. The resulting
average path density for the region surrounding the AAD is shown in Figure 2a.
Although we produce dispersion maps on a 2  2 grid globally (e.g., Shapiro and
Ritzwoller, 2002a), maps of the region of study are produced on a 1  1 sub-grid. The
construction of the group and phase velocity maps is based on di raction tomography
(Ritzwoller et al., 2002), which is an update of the tomographic method of Barmin et al.
(2001). Di raction tomography uses a simpli ed version of the scattering sensitivity kernels
that emerge from the Born or Rytov approximations, and accounts for path-length dependent
sensitivity, wave-front healing and associated di raction e ects, and provides a more accurate
assessment of spatially variable resolution than traditional tomographic methods based on ray
theory. The resolution method is described by Barmin et al. (2001). We produce a resolution
surface at every nodal point on the globe, t a cone to the surface in the neighborhood of
each node, and de ne resolution as the half-width of the base of the t cone (or identically,
the full-width at half-max). Lateral resolution estimates averaged over the region of study are
presented in Figure 2b. Resolution degrades with period, but below 100 sec, where waves are
most sensitive to the uppermost mantle, Rayleigh wave resolution is about 500 km. Resolving
the mantle expression of the AAD, which is about 500 km across, is, therefore, within the
capabilities of our data-set, but it is possible that the amplitude anomalies are underestimated.
Figures 2c and 2d show the Rayleigh-wave group velocity maps at periods of 45 sec and
70 sec, respectively. Both maps show a high-velocity anomaly that extends in the NW-SE
direction through the AAD. These maps are characteristic of the 30-100 sec range for the
Rayleigh wave maps; all of which display a high velocity anomaly trending NW-SE through
the AAD.
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3. 3-D Shear-Velocity Model
The shear-velocity model is constructed using a Monte-Carlo method, which is described
in detail by Shapiro and Ritzwoller (2002a). The inversion is performed at each node on a
1  1 grid across the region of study, and produces an ensemble of acceptable models down to
a depth of 400 km. The model is constrained by a variety of a priori information, including the
initial crustal model CRUST2.0 (G. Laske, personal communication). Shapiro and Ritzwoller
(2002a) fully describe the set of constraints. The isotropic part of the model in the mantle is
parameterized with B -splines.
Figure 3 displays an example of the inversion at the starred point in Figure 1 near the
center of the AAD. Measurements taken from the dispersion maps are shown in Figure 3a. The
error bars are twice the rms-mis t between the dispersion measurements and the predictions
from the dispersion maps averaged over the southern hemisphere, as described by Ritzwoller et
al. (2001). Due to the absence of reliable uncertainty information about the dispersion maps
at each point, Shapiro and Ritzwoller (2002a) use this rms-mis t to weight the dispersion
measurements during inversion. The rms-mis t between the dispersion measurements and
the predictions from the dispersion maps, therefore, is used as a standard deviation, , and
the error bars shown in Figure 3 can be thought of as 2 uncertainties. We nd that the
uncertainties, de ned in this way, fairly accurately re ect at least our relative con dence in
the values obtained from the dispersion maps.
Figure 3b presents the ensemble of models that t the observations at this point
acceptably. The range of dispersion curves predicted from this ensemble is plotted over the
observations in Figure 3a. The model is radially anisotropic (Vsh 6= Vsv ) from the Moho to
a variable depth that averages about 200 km. We will not discuss the anisotropic properties
of the model further, but will concentrate only on the isotropic component of shear velocity
(Vs = (Vsh + Vsv )=2) at all depths. The ensemble of acceptable models widens appreciably
below about 200 - 250 km, on average, and the model is, therefore, most reliable in the top
200 km. Figures 3c - 3e demonstrate the importance of simultaneously inverting the group
and phase speeds. In particular, the vertical resolution of the model is substantially improved
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in the uppermost mantle by introducing the group speeds, which extend to shorter periods
than the phase speeds. Introduction of phase speeds improves resolution below 150 km. We
summarize the acceptable models into a single model taken at the middle of the corridor of
acceptable models. We refer to this as the ensemble median model or simply as the Vs model
(e.g., the bold line in Figure 4a).
Because of the cooling of the oceanic lithosphere after its formation, the predominant
feature in seismic models of the oceanic upper mantle is the formation of a lithospheric lid and
the diminishment of the strength of the low-velocity zone as the lithosphere ages (e.g., Shapiro
and Ritzwoller, 2002b). This age-dependent trend is clear in our model of the Southeast
Indian Ocean, as the lithospheric age averages in Figure 4 illustrate. These age-dependent
(or age-averaged) models are computed by segregating the southeast Indian Ocean into age
provinces (Mueller et al., 1997) and averaging the models at each depth over each province.
Anomalous topographic features such as continental shelfs, the Kerguelen Plateau, the
Diamantina Fracture Zone, and the AAD region were removed during the averaging of the
seismic model, as well as other features such as topography below.
Mis t statistics for various models to the dispersion measurements at the AAD (Figure
4a) are presented in Table 1. Mis t is normalized by the uncertainties, , shown in Figure 3a,
de ned as follows
1
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where N is the number of dispersion measurements, d is the observed group or phase speed,
and d^ is the group or phase speed predicted from the speci ed model. Of the age-dependent
models, the 20 Ma model ts the dispersion data at this point best, nearly indistinguishably
from the ensemble median model.
Figure 5 shows several horizontal and vertical slices of the Vs model beneath the southeast
Indian Ocean. We remove the age-dependent trend (examples in Figure 4) from these images to
emphasize the features that are independent of age. The uppermost mantle beneath the AAD
displays a high-velocity anomaly, relative to the age-dependent trend, to a depth of about 120
km. This Australian-Antarctic Mantle Anomaly (AAMA) extends in the northwest-southeast
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(NW-SE) direction through the AAD and has a gentle westward dip of about 15 relative to
the horizontal along the SEIR. The Monte-Carlo inversion allows us to identify the features
that appear in every member of the ensemble of acceptable models. We call these features
\persistent" and, as Figure 5c shows, the AAMA is only deemed persistent to a depth of about
120 km beneath the AAD and somewhat deeper ( 150 km) to the west of the AAD along
the SEIR. At greater depths, this high velocity anomaly is absent and a low velocity anomaly
eventually emerges south of the AAD as shown in Figure 5b.
The general features of the AAMA (orientation, horizontal and depth extent, size of
speed anomaly) are quite robust relative to ad-hoc choices in damping and to details of the
tomographic and inversion procedures. We have, for example, also constructed models in
which the surface wave tomography is based on ray-theory with ad-hoc Gaussian smoothing
rather than di raction tomography. In addition, we constructed models in which the ad-hoc
seismic parameterization was replaced with an intrinsically thermal parameterization (de ned
in section 4.3). In each case, we found changes in detail, but the general features of the
estimated AAMA remain substantially unchanged.
Aspects of the AAMA have been observed previously from regional surface wave studies
of the southeast Indian Ocean. Using Rayleigh wave phase speeds observed at Australian
stations from several events along the SEIR, Forsyth et al. (1987) showed that beneath young
sea oor the primary anomalous feature is a lithospheric lid extending at least to 40 km depth.
They also showed that the low velocity zone was less pronounced than in the Paci c, beneath
crust both less than and greater than 10 Ma. These observations are in substantial agreement
with the model shown in Figure 5. In a similar study based on group speeds, Kuo et al.
(1996) argued for an elongated velocity anomaly in the uppermost mantle centered about 400
km west of the AAD and stretching northward about 1000 km. The extent of this anomaly
is similar to the AAMA, but the orientation is di erent. The use of a larger set of regional
data, in particular measurements obtained at SKIPPY stations in Australia, has allowed us
to resolve the orientation of this feature, trending NW-SE through the AAD. The location
of the anomaly observed on the dispersion maps is actually period dependent, and it can be
misleading to infer the orientation of the mantle feature from narrow band dispersion maps
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alone. In particular, because the AAMA dips to the west beneath the SEIR, the high speed
AAD anomaly in the dispersion maps shifts to the west as period increases. This is probably
why the global model of Zhang and Tanimoto (1993), cited by Kuo et al. (1996), displays the
high speed mantle anomaly to the west of the AAD { this global model is based only on very
long period dispersion data. The AAMA shown in Figure 5 is able to t both the short period
group speed data that orient the anomaly through the AAD and the longer period dispersion
measurements that require the AAMA to dip to the west beneath the SEIR.

4. The Nature and Extent of the AAMA
Before considering the origin of the AAMA, we will address several preliminary issues
concerning its nature and extent. The rst issue relates to vertical resolution. Although the
AAMA is observed to be a \persistent" anomaly only to a depth of about 120 km below the
AAD, we consider the possibility that the anomaly extends to signi cantly greater depth but
the surface waves simply do not resolve it. The second issue concerns how the seismic (and
presumably thermal) structure beneath the AAD compares to normal oceanic lithosphere
across the southeast Indian Ocean, particularly as a function of lithospheric age. This issue
relates to how the lithosphere forms and evolves beneath and adjacent to the AAD. Finally,
the third issue concerns whether the AAMA is entirely a temperature anomaly. We consider
evidence that the AAMA is also compositionally distinct from surrounding mantle.

4.1 Depth extent of the AAMA
The range of models that emerge from the Monte-Carlo inversion re ects uncertainties
associated with the limited and variable depth sensitivity of the surface waves. It does not,
however, account for the diminishment of lateral resolution with depth caused by the reduction
of resolution at long periods, as seen in Figure 2b. The deeper features of the model, therefore,
are signi cantly less robust than the shallower features. It remains to be determined if the
AAMA could, in fact, extend to depths greater than 120 km.
To address this issue we created a 2-D synthetic model with a fast slab-like anomaly of
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Gaussian cross-section in the upper mantle. The characteristics of this synthetic anomaly
(amplitude, width, and dip angle) re ect the observed properties of the AAMA, except the
feature extends down to the transition zone (Figure 6a). The slab anomaly plotted in Figure
6a is added to the 1 Ma average model for the southeast Indian Ocean (Figure 4a). The
dispersion curves for this synthetic model are inverted using the same Monte-Carlo method
applied to the real data. The results of the inversion, presented Figure 6b, show that the
slab-like feature is well recovered and persistent down to depths of about  250 km. To
account for the e ects of the variation of lateral resolution with period and wave-type, a second
inversion was performed in which the synthetic dispersion curves were smoothed horizontally
to mimic the estimated resolution shown in Figure 2b. The results of this second test are
shown in Figure 6c. Despite the introduction of the period and wave-type dependent lateral
smoothing, the fast anomaly is persistent to depths of about 200 km and remnants of the
anomaly are clearly seen in the model down to 300 km depth. In addition, the inversion does
not introduce signi cant artifacts above depths of about 300 km.
These resolution tests show that the continuation of the AAMA to depths greater than
about 120 km is not likely unless the deeper reaches of the anomaly have signi cantly smaller
amplitudes than the shallower parts. We are con dent, therefore, that the AAMA is largely
con ned to the top 120 km of the upper mantle beneath the AAD, although it dips somewhat
deeper to the west. As in any inversion, the real anomaly may be sharper and its amplitude
may be larger than the tomographic images re ect.

4.2 Comparison of mantle beneath the AAD with \normal" oceanic mantle
We use two di erent methods to assess how mantle structure beneath the AAD compares
with other non-anomalous oceanic lithosphere across the southeast Indian Ocean. The rst
method is a direct comparison between the model at the AAD with the model at other
locations. We de ne the \similarity" S between a model at two points in space, v(z ) and
vref(z), as the depth integrated weighted one-norm di erence between the two 1-D pro les:

S = N ,1

Z

w(z),1 (z) v(z) , vref(z) dz;

(2)
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where w(z ) are weights to focus the analysis on certain depth ranges, N = w(z )dz , and
(z) is the uncertainty in the reference model vref at depth z de ned by the half-width of
the ensemble of acceptable models. The limits on the integral are taken to be 20 km and
130 km, respectively. S  1 for similar vertical pro les, S = 0 for identical pro les, and if
S > 1 we consider the two 1-D pro les to be dissimilar. Similarity is reminiscent of two-point
correlation, but two correlated models will be dissimilar even if they are perfectly correlated
but o set by an appreciable constant velocity.
An example is shown in Figure 7 in which the reference pro le is taken at the starred
location within the AAD shown in Figure 1. The grey-shaded regions are the parts of the
southeast Indian Ocean mantle that are similar to the mantle beneath the AAD. On average,
the upper mantle beneath the AAD is similar to parts of the southeast Indian Ocean outside
the AAD region with lithospheric ages ranging from about 15 - 30 Ma.
The second method to compare mantle structure beneath the AAD with lithosphere
underlying the rest of the southeast Indian Ocean is based on the thermal model
parameterization described by Shapiro and Ritzwoller (2002b). In this method, the ad-hoc
seismic parameterization used to de ne the model shown in Figure 5 is abandoned in favor
of an intrinsically thermal model (Figure 8a) in which a conductive layer is underlain by a
convective half-space. Temperature within the conductive layer is given by an error function
whose characteristics are determined by its apparent thermal age, c , and within the convective
layer by its potential temperature, Tp . The apparent thermal age summarizes the structure of
the lithosphere and potential temperature represents asthenospheric structure. The coecient
of thermal di usivity, , and the adiabatic gradient, D, are assumed to be known within the
mantle.
The mantle temperature pro le, therefore, is determined by only two unknowns, c and Tp .
The Monte-Carlo inversion proceeds as with the seismic parameterization, except that models
are randomly generated in temperature space and converted to isotropic shear velocity using a
mineralogical model of average oceanic composition (Dick et al., 1984), laboratory-measured
thermo-elastic properties of individual minerals, the Voigt-Reuss-Hill averaging scheme, and an
anelastic model. This conversion is based on the method of Goes et al. (2000) and is described
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in detail by Shapiro and Ritzwoller (2002b). After converting each candidate thermal model
to isotropic shear velocity, radial anisotropy with randomly chosen strength and depth extent
is introduced, so each candidate shear velocity model is radially anisotropic between the Moho
and about 200 km depth, as with the intrinsically seismic model discussed above. Candidate
models are promoted into the acceptable category if they satisfactorily t the dispersion
information. We report here ensemble averages for c and Tp .
The estimated apparent thermal age across the southeast Indian Ocean is shown in Figure
8b. The thermal age of the AAD is seen to be elevated relative to the rest of the SEIR. Figure
8c demonstrates that the thermal age at the AAD is between 20 - 30 Ma greater than expected
for newly formed lithosphere. This \excess thermal age" follows the strike of the AAMA
NW-SE through the AAD. Figure 8d shows the potential temperature beneath the southeast
Indian Ocean. Similar to Figure 5b, this demonstrates that asthenospheric temperatures on
the Antarctic Plate to the south of the AAD are elevated.
The conclusion from both the similarity analysis and the thermal age estimates is that the
seismic and temperature structures of the lithosphere beneath the AAD more nearly resembles
20 - 30 Ma lithosphere than the lithosphere beneath normal spreading ridges. This conclusion
also agrees well with evidence provided by Forsyth et al. (1987) that phase speeds beneath
young lithosphere where the residual depth anomaly is greater than 500 m are signi cantly
elevated relative to Paci c sea oor of comparable age.

4.3 Is the AAMA a purely thermal anomaly?
Using the conversion between temperature and shear velocity discussed in section 4.2, we
convert the 3-D model derived using the ad-hoc seismic parameterization into temperature
and density. The resulting temperature anomalies along the SEIR are shown in Figure 9. The
peak low temperature anomaly beneath the AAD is about 200 C at 60 km depth, but the
spatial average of the temperature depression within the AAMA is about 100 C with respect
a regional average. This average is similar to the mean temperature anomaly reported in
previous studies, although individual earlier estimates varied substantially between studies
(e.g., Forsyth et al., 1987; Klein and Langmuir, 1987; Hayes, 1988; Forsyth, 1992; Kuo, 1993;
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Shen and Forsyth, 1995; Sempere et al., 1997; West et al., 1997). The low temperatures
beneath the AAD are qualitatively consistent with the AAD depth anomaly and suggest a
\ ash-cooling" of newly formed lithosphere to an e ective thermal age of between 20 to 30
Ma. The density anomalies that result from these low temperatures must be consistent with
sea oor topography as well as the apparent long-term stability of the AAMA over at least the
past 25 Ma.
The density anomalies computed from the temperatures shown in Figure 9 can be used to
compute the relative bathymetry h along the SEIR assuming isostatic compensation in the
mantle:
1

Zz

((z ) , ref(z )) dz
(3)
h =  , 
m
w z0
where zc is the depth of compensation (chosen to be 130 km), z0 is xed at 20 km to avoid
the crustal contributions, (z ) is the density pro le of the column in question, and m and
w are average densities of the mantle and water, respectively. The reference mantle density,
ref, is chosen to minimize the average di erence between predicted and observed topography
along the SEIR. It is, therefore, only the variation in topography that is predicted by the
seismic model. This prediction of topography derives exclusively from the mantle contribution
down to a depth of 130 km; the crust is assumed to be laterally homogeneous and does not
contribute to the relative topography.
The mantle contribution to bathymetry along 50 S predicted in this way from the 3-D
shear velocity model ts the shape and the magnitude of the observed bathymetry rather
well, as Figure 10 shows. It is tempting, therefore, to hypothesize that the AAMA is a purely
thermal anomaly that is dense, intrinsically negatively buoyant, and isostatically compensated
by topography on the sea oor beneath the SE Indian Ocean.
There are several problems with this hypothesis, however. First, if we would correct the
observed bathymetry for crustal thickness variations along the SEIR, the topography would
become strongly overpredicted. Tolstoy et al. (1995) present evidence that the crust within the
AAD is about 3 km thinner than along the adjacent ridge segment. This would accommodate
c
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more than half of the observed topography anomaly. Therefore, either the temperature
anomalies shown in Figure 9 are too large by about a factor of two or the AAMA beneath
the AAD is supported by some other means. Given uncertainties in the Vs -to-temperature
conversion, the temperature anomalies in Figure 9 may, in fact, be overestimated, but there
are three other severe problems for the hypothesis. Second, the AAMA does not correlate
with the V-shaped o -ridge residual depth anomalies beneath the southeast Indian Ocean as
shown in Figure 11. Only at the AAD is the AAMA coincident with residual depth anomalies.
It is, therefore, unlikely that the AAMA is compensated isostatically by sea oor tomography
in a general sense across the southeast Indian Ocean. Third, there is no pronounced geoid or
long-wavelength gravity anomaly associated with the AAMA. Given the absence of topographic
anomalies northwest of the AAD, if the AAMA is denser than surrounding mantle it should
have a clear gravity signature. Finally, if it is the cause of the AAD, the AAMA must have
existed in the uppermost mantle at least as long as the AAD; i.e., for >25 Ma . If the AAMA
is as dense as predicted under the assumption of the very cool temperatures shown in Figure 9
with average Indian Oceanic composition, it must be supported by some other means in order
to be nearly neutrally buoyant.
One way to explain these observations is that the AAMA is not in isostatic equilibrium
but is dynamically supported. Although this alternative cannot be ruled out, we see no direct
evidence of low seismic velocities (hence, high temperatures) underlying the full extent of the
AAMA, although high temperatures can be inferred beneath the AAMA on the Antarctic
Plate south of the SEIR. It is possible, however, that the compensation is deeper than the
200-250 km depth to which our 3-D model extends. But, the greater the depths of the
supporting anomaly, the less likely it will be to produce the relatively sharp topographic
features needed to compensate for the topography that the AAMA would impart isostatically
to the sea oor.
A more plausible possibility is that the AAMA is not purely a thermal anomaly but
is compositionally distinct from normal mantle beneath the southeast Indian Ocean. More
speci cally, the AAMA may be composed of mantle minerals that are more depleted in heavier
elements than surrounding mantle. The density perturbations caused by the compositional and
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thermal anomalies may be in balance, but the e ects on the seismic wave speeds are additive.
As a result, the AAMA is seismically fast, but may be approximately neutrally buoyant. This
will be discussed further in the next section.

5. The Cause and Implications of the AAMA
We have presented evidence for the existence of an Australian-Antarctic Mantle Anomaly
(AAMA) that trends NW-SE through the Australian-Antarctic Discordance (AAD), is con ned
to the upper 120 km of the mantle beneath the AAD, and dips shallowly to the west so that it
extends to a depth of about 150 km west of the AAD. We have also shown that lithospheric
structure beneath the AAD resembles normal oceanic lithosphere with ages between 20 to 30
Ma. Finally, we have argued that in the absence of deeper dynamical support, the AAMA
is approximately neutrally buoyant. Thus, the AAMA is not purely thermal in origin but
is probably also compositionally distinct from surrounding mantle such that the thermally
induced density anomalies are approximately balanced by depletion in heavy elements. How,
then, has the AAMA formed and what are the implications for other observables?

5.1 The AAMA as a suspended slab remnant
It has been commonly proposed that the AAD is caused by convective down-welling
in response to along-axis asthenospheric ow (e.g., Veevers, 1982; Vogt et al., 1984; Klein
et al., 1988; Marks et al., 1990, 1991; Kuo, 1993; Sempere et al., 1997; West et al., 1997).
The con nement of the AAMA within the top 120 km of the uppermost mantle beneath
the AAD makes this hypothesis unlikely, however. This does not prohibit the presence of
mass-preserving passive along-axis ows in response to the cool temperatures in the uppermost
mantle beneath the AAD, but a cold convective current penetrating the mantle beneath the
AAD does not appear consistent with the seismic evidence.
We argue that the AAMA is a stagnated remnant of a subducted slab, as suggested
by Gurnis et al. (1998). As shown in Figure 12, the observed temperature anomalies of up
to 200 C are consistent with temperatures likely to exist in a di usively heated slab that
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subducted more than 100 Ma ago. This slab, however, is now lying nearly horizontally in the
uppermost mantle, and shows no sign of being attached to a deeper root extending into the
transition zone or lower mantle. Although deeper roots may have once existed, the AAMA is
not now attached to them.

5.2 Westward migration of the AAD
If the AAMA were deeply rooted, its motion presumably would be controlled by the ow
regime of the transition zone or lower mantle. Because it is not attached to a deeper root,
however, the AAMA is free to move with the large-scale tectonic motions that characterize the
region. Superimposed on the relative motion of Australia away from Antarctica, at a rate of
about 7 cm/y, is the motion of Australia and Antarctica to the east at a speed of about 3 - 4
cm/y in the hot-spot reference frame (e.g., Gurnis et al., 1998). It is plausible that the AAMA
is now moving in lock-step with these features to the east, but remains approximately xed
between Australia and Antarctica as they move apart. There is a potential problem, however,
for the co-motion of the AAMA to the east with Australia and Antarctica. Gurnis et al. (1998)
presents a compelling argument that, during the Cretaceous, Australia over-rode a slab that
subducted at the Gondwanaland-Paci c convergent margin and foundered in the transition
zone. At least during the Cretaceous, then, this slab moved independently of Australia, was
deep enough in the mantle so that the Australian cratonic keel could over-ride it, and was
probably controlled by a deeper mantle ow regime that di ered from the surface motions of
Australia. If the AAMA is a remnant of this slab, it will have only risen to its current shallow
location in the uppermost mantle after it was completely over-ridden by Australia. Lin et al.
(2002) discuss how the rifting of Australia o of Antarctica may have produced substantial
updrafts in the uppermost mantle. These updrafts, we conjecture, may have contributed to
the ascent of the AAMA. The reconstruction of Gurnis et al. (1998) places the emergence
of the relict slab from beneath Australia at about 30 Ma. It is reasonable to postulate that
during its ascent, the foundered slab detached from any deeper mantle roots and emerged into
the large-scale ow regime of Australia, Antarctica, and the southeast Indian Ocean where it
is currently suspended.
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In this case, the orientation of the AAMA, trending NW-SE through the AAD, provides a
simple explanation for the westward migration of the AAD based purely on plate kinematics.
If the AAD is caused by anomalously cool mantle directly beneath the spreading center, then
it should originate at the intersection of the AAMA and the SEIR. The SEIR is migrating
northward from Antarctica at about 3.5 cm/yr (DeMets et al., 1994). So, if the location
and orientation of the AAMA are approximately xed in the mantle with Antarctica, the
intersection of the AAMA and the SEIR will migrate westward at about 1.5 cm/yr as the
SEIR moves northward, as shown in Figure 13. This is in rough agreement with the observed
westward motion of the AAD (e.g., Marks et al., 1999).

5.3 The thermal and compositional state of the AAMA
We have argued that the AAMA is the suspended remnant of a slab that subducted at the
Gondwanaland-Paci c convergent margin more than 100 Ma ago, foundered in the transition
zone, and ascended into the shallow mantle within the past 30 Ma. The AAMA should,
therefore, be compositionally similar to subducted Paci c lithosphere, unless it underwent
partial melting in the transition zone or on its ascent to the uppermost mantle. Studies of
mid-ocean ridge basalts (e.g., Klein and Langmuir, 1987) and abyssal peridotites (e.g., Dick et
al., 1984) reveal signi cant compositional variations in the upper mantle beneath mid-oceanic
ridges attributed to di erent melting conditions beneath the ridges. Below relatively hot
ridges, the degree of melting is higher and the residual mantle is highly depleted in the basaltic
component and in heavier elements, such as iron. Both geochemical data and the sea- oor
depth indicate that, at present, the mantle is warmer beneath the East Paci c Rise than the
SEIR (Klein and Langmuir, 1987). Therefore, the Paci c lithosphere is likely to be depleted in
heavy elements compared with the Indian Ocean lithosphere. We hypothesize that the Paci c
lithosphere that subducted at the Gondwanaland-Paci c convergent margin 150 Ma ago is
more similar to the present-day Paci c lithosphere than to the Indian lithosphere. Therefore,
interpreting the AAMA as the remnant of old subducted Paci c lithosphere suggests that it is
compositionally distinct from the surrounding Indian-type upper mantle. In particular, under
this interpretation, the AAMA is likely to be depleted in heavy elements relative to the Indian
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Ocean lithosphere.
The stability of the AAMA and its lack of correlation with residual topography and gravity
is, therefore, attributed to near-neutral buoyancy that results from a balance between low
temperatures and depletion in heavy elements, particularly iron: T  (@=@XFe )XFe .
Here  3:0  10,5 K,1 is the coecient of thermal expansion (Saxena and Shen, 1992),
  3:3  103 kg/m3 is density, T is the temperature anomaly, XFe is iron depletion,
and @=@XFe  1200 kg/m3 (Du y and Anderson, 1989). The bulk iron-depletion needed to
balance the, on average, 100 C temperature anomalies shown in Figure 9, would, therefore,
be about 0.8% with an uncertainty of about half this value. This compositional heterogeneity
,

would have only a relatively small in uence on seismic velocities: @vs =@XFe XFe < 0:5%,
if XFe < 1%, taking the partial derivative from Goes et al. (2000).
Although Johnson et al. (1990) show that iron/magnesium ratios may vary between
individual samples of abyssal peridotites by up to 3%, Dick et al. (1984) present evidence for
aggregated trends in iron content between ridge segments in the Indian and Atlantic Oceans
to be a little more than 1%. A bulk iron depletion of 0.8% within the AAMA may, therefore,
be somewhat higher than is likely to occur. If the temperature anomalies in Figure 9 are
overestimated, however, then the requisite iron-depletion would be proportionally reduced.
We conclude that the AAMA is approximately neutrally buoyant and the average
temperature depression within the AAMA is probably somewhat less than 100 C. The
thermally induced density anomaly is approximately balanced by the bulk depletion in iron of
<0.8%.
Previous estimates of temperature anomalies beneath the AAD segregate generally along
disciplinary lines, with geophysically (largely seismic) determined temperature depressions
typically being larger (100 C - 250 C) than those estimated geochemically (60 C - 150  C).
Figure 9 may illuminate the cause of this di erence: the largest temperature anomalies do
not reside in the shallow mantle. As argued by West et al. (1997), the geochemical estimates
re ect temperatures in the melting region which is in the shallowest mantle. We estimate that
the average temperature anomaly in the upper mantle beneath the AAD is probably no larger
than 100 C, but the temperature depression in the shallowest mantle is less than this average
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and the maximum temperature depression, which lies at about 60 km depth in our model, is
substantially greater.

5.4 Crustal formation and residual topography
Geochemical evidence (e.g., Klein et al., 1991) establishes the AAD as a region with a
low degree of partial melting as well as lower melt production and supply, and agrees with
seismic evidence (Tolstoy et al., 1995) that the crust is thin. It is likely that the depressed
temperatures within the AAMA inhibit melt production and provide the root cause of these
phenomena, at least in a large-scale spatially averaged sense. The poor correlation between
the AAMA with residual topography o the SEIR implies that topographic anomalies, both
along the SEIR and o -axis, owe their existence to processes involved in the formation of
the crust. Because processes of crustal formation occur at spatial scales much smaller than
the resolution of our model, we do not anticipate a detailed correlation between the complex
of topographic features that exist along the SEIR (ridge segmentation, chaotic topography,
propagating ridges, etc.) with the AAMA. In a spatially averaged sense, however, we believe
that residual depth anomalies are locally compensated by thinned crust and perhaps very light
uppermost mantle and, in particular, do not result from convective down-welling because the
AAMA is approximately neutrally buoyant.
The 800 m of anomalous topography relative to adjoining ridge segments, therefore, would
require crustal thinning of about 4.5 km. Although this is somewhat larger than reported by
Tolstoy et al. (1995), using the arguments of Langmuir et al. (1992) who estimate the crust
will thin by about 60 meters for each 1 C decrease in average mantle temperature beneath
the ridge, the temperature anomalies shown in Figure 9 are in general agreement with this
value. For example, at 122 E the average temperature depression in the top 175 km beneath
the ridge is about 80 C relative to the adjacent ridge segments outside the AAD. These cool
temperatures would generate about 4.8 km of crustal thinning using the results from Langmuir
et al. (1992).
The uncertainties in each of the values used in this calculation (size of temperature
anomaly, depth interval of integration, partial derivative of crustal thickness with respect to
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temperature anomaly) are too large to give the results much credence, but we believe these
calculations do establish the reasonableness of the hypothesis that at large spatial scales
crustal thickness controls the residual depth anomaly. Resolution of this issue will await
more extensive seismic studies performed in the neighborhood of the AAD to estimate crustal
thickness.
In our view, therefore, residual topography originates at the intersection of the AAMA
with the SEIR due to inhibition of crustal formation. As discussed in section 5.2, the northward
migration of the SEIR causes the AAD to move northwest along the strike of the AAMA (i.e.,
west in the frame of the ridge). As a result, as new crust forms the depth anomaly will move
o the ridge-axis, producing a V-shaped \wake" in the bathymetry of the southeast Indian
Ocean as the AAD migrates westward along the SEIR. This is illustrated in Figure 13b.
Aspects of this argument were foreseen by Klein et al. (1988) and Gurnis et al. (1998)
who discussed the e ect of the SEIR ridge moving north over a \cold-line" in the mantle.
The cold-line for Klein et al. was a convective down-welling and for Gurnis et al. it was a
relict slab, but both imagined the feature oriented north-south through the AAD, for want
of better information. Gurnis et al. hypothesized that the westward migration of the AAD
and the V-shaped residual depth anomaly result from the motion of Australia and Antarctica
to the east in the hotspot reference frame while the cold-line remained approximately xed.
Others have argued that these features result from the westward migration of Paci c Ocean
asthenosphere into Indian Ocean asthenosphere (e.g., Lanyon et al., 1995). These are
essentially the same argument presented from di erent frames of reference { the hotspot frame
and the frame of the SEIR. We have argued above, however, that the AAMA is very shallow
and is detached from deeper roots, so it is co-moving with Australia and Antarctica to the
east with respect to the hot-spot frame. The V-shaped residual topography, therefore, does
not require the invasion of Paci c oceanic asthenosphere into the Indian oceanic asthenosphere
from the east. It results rather from the formation of anomalously thin crust at the intersection
of the AAMA and the SEIR, the northward migration of the SEIR, and the NW-SE orientation
of the AAMA, which could not have been foreseen by previous researchers.
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5.5 Consequences on mantle ow and a geochemical province boundary
The existence of a 500 km  1500 km cold mantle anomaly that is compositionally distinct
from the surrounding lithosphere will a ect mantle ow. A good understanding of large-scale
convection between Australia and Antarctica will await dynamical simulations that model
the e ects of the AAMA. In lieu of these models, three observations are worth noting. First,
although the compositional anomaly will probably have little e ect, the cool temperatures
will increase viscosity and inhibit ows across the AAMA. As a consequence, the AAMA will
act as a barrier to east-west ows within the upper asthenosphere and may, indeed, mark a
mantle convection boundary as proposed by Klein et al. (1988), although the boundary will
not be characterized by a down-welling. The boundary will exist not only at the AAD, but
will also extend NW-SE through the AAD along the strike of the AAMA. Second, although
the AAMA will obstruct east-west ows, its westward dip may also a ect the passive transport
of asthenospheric material to the AAD. Figure 9 reveals that mantle temperatures are cooler
toward the east end of the AAD, as isotherms generally dip to the west. Along-axis ows in
the asthenosphere will be more eciently obstructed from the Paci c Ocean side, yielding
predominant along-axis asthenospheric ows from the west. This may contribute to Indian
Mid-Ocean Ridge Basalts (MORBs) penetrating nearly to the eastern end of the AAD. Third,
as a boundary to convection, the AAMA may also mark a boundary separating Paci c and
Indian type geochemical provinces. Although the AAMA may be the province boundary in
the mantle, the isotopic distribution observed in basalts will approximately follow a V-shaped
trend similar to the residual depth anomalies. This is consistent with the observation that the
Indian-Paci c isotopic boundary does not continue directly northward from the AAD (e.g.,
Lanyon et al., 1995). North and east of the AAD, then, Indian Ocean MORBs may, in fact,
overlie Paci c type mantle, as shown in Figure 14. Therefore, one needs be careful in inferring
mantle geochemistry from the overlying MORBs.
The relevance of some of these comments depends on the extent to which the large-scale
features of the AAMA a ect magma generation and transport. If magma transport is largely
in the shallowest mantle and is strongly a ected by structures such as ridge-segmentation
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that are not resolvable in the seismic model, then the large-scale seismic model may be of
limited help in unraveling the details of the distribution of MORBs across the southeast Indian
Ocean. In addition, as it currently appears (e.g. Pyle et al., 1995), the MORB boundary and
the residual depth anomaly that marks the locus of points that were once at the AAD, may
not coincide. This may be because mantle structures with di erent length scales and that
occur at di erent depths a ect topography and basalt chemistry di erently. Nevertheless,
more complete sampling of MORBs across the southeast Indian Ocean is crucial in helping to
determine the e ect of the AAMA on the convective state of the upper mantle.
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Table 1. -mis t (eqn. (1)) to the dispersion curves at the AAD (Figure 3).
all data Rayleigh only Ralyeigh group only
model
1 May
1.80
1.82
2.21
5 May
1.50
1.51
1.81
1.29
1.29
1.53
10 May
20 May
1.15
1.24
1.15
1.95
2.20
1.77
30 May
40 May
2.76
3.07
2.45
0.89 - 1.64
ensemble spreadyy 0.97 - 1.40 1.06 - 1.75
1.13
1.26
1.02
median modelyyy

y { age-dependent models.
yy { range from the full ensemble of acceptable models at the AAD.
y y y { ensemble median model at the AAD.
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Figure 1. Bathymetric reference map of the Southeast Indian Ocean. The Australian-Antarctic
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of the AAMA relative to the age-dependent model. The model was spatially smoothed to
highlight the dominant large-scale features, which trend in the NW-SE direction and extend no
deeper than about 120 km.
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Figure 6. Synthetic resolution test. (a) Synthetic input model of a high velocity anomaly
extending into the transition zone. This perturbation is taken relative to the 1 Ma age model.
(b) Model estimated with the Monte-Carlo inversion of the synthetic phase and group velocities
computed from the model in (a). (c) Model estimated from synthetic phase and group velocity
maps that have been smoothed laterally to match the estimated resolution (Figure 2b). The
color palette is the same as in Figure 5. The black contours indicate the persistent features in
the inversion and the grey contours mark the outline of the input anomaly.
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Figure 7. Similarity, de ned by equation (1), between the mantle model beneath the starred
point in Figure 1 and the rest of the southeast Indian Ocean upper mantle. Darker grey shades
indicate stronger similarity to the mantle beneath the AAD. Lithospheric age isochrons are
shown as dashed lines.
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Figure 8. (a) Thermal parameterization of the oceanic lithosphere in which a conductive
layer, described by thermal age c , is underlain by a convecting asthenosphere, described by
potential temperature Tp . (b) Estimated apparent thermal age, c , across the southeast Indian
ocean lithosphere. Isochrons of lithospheric ages are overplotted as dashed lines. (c) Di erence
between thermal age and lithospheric age. The entire AAMA, including the region of the
AAD, is much cooler than its lithospheric age would suggest. (d) Estimated mantle potential
temperature, Tp , of the southeast Indian ocean asthenosphere.
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Figure 9. Temperature variations beneath pro le A , A0 in Figure 1, taken relative to the
average temperature pro le along the SEIR, shown at right.
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Figure 10. Comparison between the observed topography along pro le A , A0 in Figure 1 and
that predicted assuming isostatic compensation from the temperature model shown in Figure
9.

1400

38
-40

-45

-50

-55

-60
110

120

-1000

-800

130

-600

-400

140

-200

0

residual topography (m)

Figure 11. Residual topography (dh) compared with the 3% contour (dashed line) of the
AAMA at 60 km depth (taken from Figure 5a). Residual topography is the di erence between
the observed topography (Smith and Sandwell, 1997) and topography predicted from sea oor
p
age A in Ma: dh = 2620 m - 350 A m. Both the observed and residual topography are
smoothed using a spatial gaussian lter with a standard deviation of 70 km. The observed
topography is corrected isostatically for sedimentary load taken from the crustal model of
Laske and Masters (2002, personal communication). The residual depth anomaly (dark grey
shades) forms a V-shaped feature that is poorly correlated with the AAMA except at the SEIR.
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Figure 12. Initial and nal temperature pro les for a 1-D slab heated di usively along two
sides. Dashed lines are the initial temperature pro les (error functions) for oceanic lithosphere
that begins to subduct at the speci ed ages: 30, 60, 100 Ma. Solid lines are the nal temperature
pro les after 150 Ma of heating. Peak internal temperature anomalies of up to 200 C are
consistent with a slab subducted at the Paci c-Gondwanaland margin and heated di usively
for more than 100 Ma.
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Figure 13. Plate kinematic explanation of the observed westward migration of the AAD and
the V-shaped topographic anomaly in the SE Indian Ocean. Assuming that the AAD lies at
the intersection of the SEIR and the AAMA, as the SEIR migrates north at 3.5 cm/y, the AAD
will migrate westward at about 1.5 cm/y relative to the ridge. If the topographic anomaly is
frozen into the crust, it will form a V-shaped feature (shown with thick grey lines) as the AAD
moves to the west relative to the SEIR.
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Figure 14. (a) Schematic representation of the AAMA acting as a boundary between Paci c
and Indian geochemical provinces in the mantle. The dashed line marks the boundary of the
AAMA at 60 km depth. (See Fig. 5a). (b) Expected distribution of MORBs (Indian type,
Paci c type) generated as the SEIR moves northward and the AAD moves north-westward along
the strike of the AAMA. This could be misinterpreted as Paci c asthenosphere penetrating into
and displacing Indian asthenosphere along the SEIR.
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