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Abstract,

Recently constructed tomographic models of the lat-
eral heterogeneity of clastic properties in the Larth’s
mantle are contrasted in terms of their implications con-
cerning the extent to which the endothermic phase trans-
formation at 660 km depth is influencing the radial style
of mixing. Previously published whole manile and split
mantle tomographic reconstructions, SH8/WM13 and
SH8/UALS respectively, fit the selsmic observations equ-
ally well but disagree on the extent to which radial mix-
ing may be impcded across this depth horizon. We
show that inferences from seismic tomographic images
based on the application of diagnostic functions (global
and rcgional variance spectra and the radial correlation
function) lead to the conclusion that the mantle cir-
culation is whole mantle in style if model SHR/WM13
is employed. The split mantle tomographic inversion
SH8/U4L8 leads to the contradictory conclusion that
the mantle circulation is significantly impeded across
the 660 km depth horizon. This latter interpretation
is reinforced when we employ the new higher resolution
split mantle model SH12/UTL5 in our calculations. We
demonstrate that the depth-dependent radial heat flow
delivered by both of the split models implies the exis-
tence of a thermal boundary layer at 660 ki depth, and
therefore significant layering, whereas that delivered by
the whole mantle model does not. By insisting that the
depth-dependent, viscosity profile of the mantlc be com-
patible with the thermal structure if the flow were Iay-
ered, we argue that the split mantle tomographic inver-
sions lead Lo a self-consistent description of geodynamic
constraints (geoid and postglacial rcbound data).

1 Introduction

The issue of the radial structure of the thermal convec-
tive circulation that fills the earth’s mantle and that is
responsible for driving the relative motion of the surface
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plates is as yet unresolved (Peltier et al., 1989: Olson
et al., 1990}. The key question concerns the impact on
radial mass transport of the endoihermic phase transfor-
mation of y-spinel to a mixture of perovskite and magne-
siowiistite that occurs ncar the depth of 660 km. Recent
analyses of the magnitude of this effect hased upon large
scale nummerical simulations have demonstrated that when
the Clapeyron slope of this transformation is fixed to
the experimentally obscrved value of —4 4+ 2 MPa/°K
(Tto et al., 1990), the influence of the phase transition is
profound (Machctel and Weber, 1991; Pelticr and Sol-
heim, 1992; Solheim and Peltier, 1993; Zhao et al., 1992;
Tackley et al., 1993; Solheim and Peltier, 1994a, 1994b).

In axtsymmetric spherical geometry the effect of this
phase transition is to cause the flow regime to become
strongly .lime dependent (Machetel and Weber, 1991;
Peltier and Solheim, 1992; Solheim and Peltier, 1993,
1994a, 1994b). The extensive intervals of layered con-
vection that result are episodically disrupted by the oc-
currence of intense “avalanches” of cold material that
descend from the base of the transition zone into the
lower mantle (Machetel and Weber, 1991; Peltier and
Solheim, 1992; Solheim and Peltier, 1993, 1994a). This
temnporal episodicity is controlled by the creation and
destruction of an instability of the thermal boundary
layer that develops across the endothermic horizon it-
self (Solhcim and Peltier, 1994h). Since the quasi-period
separating successive cxcursions from the layered state
into the whole mantle state is near 600 Myr when the
Rayleigh number is fixed to the earth-like value of 107,
the avalanche process might be expected to play an
important role in driving the so-called Wilson cycle of
ocean basin opening and closing as well as controlling
the cpisodes of orogeny that accompany this supercon-
tinent cycle.

In three dimensional spherical geometry (Tackley et al.,
1993), the quasi-periodicity of the avalanche events is
significantly muted from that cvident in the axisym-
metric model, since at any one time a large number of



avalanches are occurring and these are not correlated
with respect to the stage of their individual life cycles.
Rather than being indicative of a serious flaw in the dy-
namical characteristics of the two dimcnsional model,
however, this decorrelation could be a consequence of
the fact that the chosen value of 2 x 10° for the Rayleigh
numbecr in the 3-dimensicnal simulations is considerably
below the value of 107 which is characteristic of the
modern earth (the propensity for layering was [ound
o increase as a function of increasing Rayleigh num-
ber in the 2-dimensional axisymmetric simulations of
Solheim and Peltier (1994a), an observation which was
also made previously, at lower Rayleigh number and in
2-dimensional cartesian box geometry, by Christenscn
and Yuen (1985)). Perhaps more importantly, the influ-
ence of surface plates is more strongly conirolling of the
flow 1n three dimensions and this control works in such
a way as to reduce the number of active downwellings
1 the system and thereby increase their individual im-
portance. The laiter influence is not included in any of
the extant models.

Whether the endothermic phase transformation at 660
km depth might have a similarly contrelling influence on
the radial mixing process in the real Earth as that evi-
denced in the 2 and 3 dimensional numerical simulations
cited above is the principal question we wish to address
in this paper. The main global observational data that
might reasonably be invoked to investigale this issue
consisls of seismic tomography models of the three di-
mensional elastic structure of the mantle. In attcmpt-
ing to employ such models for this purpose, however, we
must first identify what feature or features might best
be employed as diagnostic of the phase transition effect.

Probably the most highly diagnostic characieristic of
this cffcct that has as yet been suggested consists of
the depth-dependent variance of the lateral heterogene-
ity of seismic body wave velocity. This has been shown
to develop a sharp peak centered on the endothermic
horizon at times when the coincident thermal boundary
layer is well developed and the flow is in a predomi-
nantly layered state (Peltier and Solheim, 1992). Morc
recently, the depth-dependent autocorrelation function
has also been proposed as an equally appropriate dis-
criminant (Jordan et al., 1993). When applied to the
three dimensional spherical simulation of Tackley et al.
(1993), which 1s chardcterized by a strong phase tran-
sition cffect, it was shown that the radial correlation
function developed an evident minimum at the depth
of the endothermic horizon. This featurc was shown
not to be present in the whole mantle tomographic re-
constructions SH12/WM13 (Su et al., 1994) and SH10C
(Masters et al., 1992), and it was therefore concluded
by Jordan et al. (1993) that the phasc transition el
fect must be much weaker in the real earth than it is in
the model of Tackley et al. (1993). A lurther diagnos-
tic measure of the strength of the phase transition effect
that has been employed in all recent simmulations of man-
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tle mixing is the azimuthally integrated radial mass flux
that was first introduced by Peltier and Solheim (1992)
where it was shown to develop a pronounced local mini-
mum at the depth of the endothermic horizon. This di-
agnostic has recently been applied directly to global to-
mographic models, constructed from the observed mag-
nitude of the topography on the 660 km discontinuity
(Shearer and Masters, 1992} and tomographic models
SH8/WM13 (Woodward et al., 1893) and SH10C (Mas-
ters et al., 1992), by Morgan and Shearer (1993). They
have concluded, on the hasis of the absence of a local
minimum in the radial mass flux, that the mantle circu-
lation must be operating in an essentially whole mantle
mode at present, implying either that the phase transi-
tion effect is much weaker in the real earth than in either
the axisymmetric or the three dimensional convection
models, or that the flow is presenily in a transient state
ol whole mantle circulation.

Qur analyses in what [ollows suggest that the argu-
ments that have been presented to the effect that the
phase transition effect must be weak in the real earth
might not be well-founded. Since the tomographic mod-
cls considered by both groups of authors (Jordan et al.,
1993; Morgan and Shearer, 1993) impose a smooth vari-
alion of the heterogeneity field across the 660 km discon-
tinuity, there is clearly an explicit bias in these analyses
towards the “whole mantle conclusion”. Our analyses in
the present paper have been designed to look critically
ab these previous discussions and arc bascd in part upon
the explicit demonstration of the non-uniqueness inher-
ent to the tomographic inversions. We will show that the
spht mantle tomographic model SH8/U4L8 ( Dziewonski
and Woodward, 1992} as well as a new high resolution
split mantle model SH12/U7L5 imply the occurrence
of significant layering across the endothermic horvizon.
These analyses will begin with consideration of the to-
tal and spatially disaggregated depth-dependent vari-
ance assoclated with the lateral heterogeneity field. We
will also find that significant layering is implied by a
reconsideration of the analysis of Jordan et al. (1993)
when 1t is applied to a split model. ‘The layered con-
vecllon scenario suggested by these results implies the
existence of a thermal boundary layer at 660 ki depih.
We propose that a particularly useful diagnostic that
may be employed in the search for this boundary layer
is the depth-dependent profile of the radially advected
heat (Pari and Peltier, 1993, 1995). When the split man-
tle tomographic models are used in our calculation of
the advected heat flow, a sharp drop is revealed at 660
km depth, as would be expected in a region where heat
is primarily transported by conduction rather than by
convection. .

In summarizing the results of these analyses in See-
tion 4 of this paper, we will therefore conclude that the
scenarto in which the convective circulation is signifi-
cantly layered by the action of the cndothermic phase
transition is not ruled oul by the data but neither can
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the data that we analyse be construed to require that
the flow be of this form.

2 On the diagnosis of layered convection is seis-
mic tomographic images

2.1  Splil mantle tomography vs whole mantle tomog-
raphy

On the basis of recent selsmic tomographic reconstruc-
tions of three dimensional mantle elastic structure, it is
quite clear that there exists a non-negligible dependence
of the models recovered as solutions to the inverse prob-
lem upon the functional parameterization employed to
represent this structure. A striking example of this has
been provided by Dziewonski and collaborators in their
models SII8/WM13 and SH8/U4L8 {Woodward et al.,
1993; Dziewonski and Woodward, 1992). Although both
models are formulated in terms of spherical harmonic ex-
pansions to degree and order 8, the depth dependence of
the former is represented on a single basis of Chebyshev
polynomials to degree 13 whereas for the latter, it is rep-
resented by distinct Chebyshev expansions to degrces
4 and 8 respectively above and below 660 km depth.
Clearly the split mantle parameterization will allow for
the development of maximal structure in the retrieved
model at 660 km depth whereas the whole mantle rep-
resentation will mitigate against the occurrence of such
anomalous structure.

There is therefore a clear issue as to which parameteri-
zation we should select on a-prior grounds as being best
suited to the recovery of any phase transition related
structure that may exist in the real earth. One might
argue either that the smooth model SH8/WM13 is most
appropriate since if structure should appear in spitc of
the smoothing inherent to the parameterization then it
is definitely present; or equally, and on the contrary, that
the split parameterization 18 most appropriate because
it gives the latitude for the development of phase transi-
tion related structure that may otherwise be filtered due
to the low spatial resolution al which the tomographic
inversions must be performed. It is important to realize
that both the whole mauntle and split tomographic mod-
els fit the seismic constraints equally well (Woodward
et al., 1993; Dziewonski and Woodward, 1992), and on
these grounds alone, there is no logical basis on which
the split model should be ignored in favour of that de-
livered by a whole mantle parameterization.

2.2 Global and regional variance spectra

In order to show that Lhis issue is not inconsequential,
we first compare in Figure 1 the depth-dependent power
spectra of models SH8/WMI13 and SH3/U4L8. The
depth-dependent power spectrum pg is defined by the
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Fig. 1. The depth-dependent globally averaged root mean

square power specttimm (kext equation 1) for temographic mod-
els SH8/WM13 (dotted line), SH8/U4L8 (dashed line) and
SH128 /UTL5 (solid line).

familiar expression

i =], (),

in which the integral of the square of the lateral het-
erogeneity field 6V, /V; is carried out over the surface of
the sphere £2. The last equality in Eq. 1 1s obtained by
expressing
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and employing the orthogonality relation [or the spheri-
cal harmonic basis funetions ¥, (4, ¢}, We find that far
tomographic model SH8/WM13, this diagnostic func-
tion is a smooth function of depth that shows no ev-
idence of the sharply focused peak in variance at 660
km that the convection models suggest should exist if
the endothermic phase transformation is playing an im-
portant role (Peltier and Solheim, 1992). On the other
hand the spectrum for model SH&/U4L8 does reveal, if
in a somewhat muted form, anomalous structure cen-
tered on this horizon. Is this peak to be considered
simply an artifact of the splil parameterization? We
address this 1ssuc in Figure 2 where we show a more
detailed analysis of a result rccently obtained by Wood-
ward et al. (1994) concerning the regional variation
of the depth-dependent power spectrum in the smooth
model SH8/WM13.

This depth-dependent power spectrum is calculated
by laterally averaging the square of the helerogeneity



field 6V, /V, over spherical caps O o0 of angular radius
B centered at latitude-longitude coordinates (6, d) and
subtended by cones with apex located at the center of
mass of the earth. In contradistinction with the work of
Woodward et al. (1994) which was based upon numeri-
cal mtegratlon of the power spectrum over the spherical
caps C@ ¢+ we present an analytical derivation leading
to a SImpIe cxpression [or the regional power spectrum
in terms of Wigner 3-j symbols. The first step in the
derivation consists in expressing the square of the power
spectrum as an expansion in terms of spherical harmon-
1CH!
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The integral over the triple product of spherical har-
monics can be expressed in terms of Wigner 3-j symbols
(Edmonds, 1974), leading to the following {form for ay,,
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By rotating the coordinate system so that the original z-
axis now points along the direction of the symmetry axis
of the cone, we can simplify the integral of a spherical
harmontc function over the spherical cap. Since spheri-
cal harmonics form an irreducible representation of the
group of rotations, there exists complex coefficients D!, |
(the standard rotation matrices (Edmonds, 1971)) which
link two representations of this group, namely:

i
= 3 Dii(0,8, Y0, ) (6)

n=—1

The angles ©, ®, ¥ are Euler angles which perform the
necessary coordinate transformation from the #, ¢ frame
to the &, ¢’ frame defined by the symmetry axis of the
cone. By employing the [act that rotations are unitary
transformations, we arrive at the desired result:

// . Yin(6,9) dQ = 27 D}o(0,$, T = 0)
=

fo
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Fig. 2. The depth-dependent regional power spectrum (text

equation 8) for tomographic model SH8/WM13. The dotted line
corresponds to 5° caps, the solid line to 15° caps and the dashed
line to 30° caps. All caps are centered at latitude 22° N and
longitude 137° L, corresponding to an active sone of subduction
(Tonga Trench).

which, when applied to the regional power spectrum
case, yields

pess (1) // I

X (=1)" e (r)Y;m (0, %)

167% \'/?
s =
> (ars3)
b (0 sing d6’. (8)

To write this last expression, we have cmployed the fact
that the rotation matrix D!, is, up to a phase factor
and renormalisation constant, proporticnal to a spheri-
cal harmonic function (Edmonds, 1974).

Application of these analytical results clearly demon-
strates that although the full spherical average of the
depth-dependent power spectrum is smooth for model
SII8/WM13 (as on Figure 1) there are nevertheless ge-
ographical regions, even in this smooth model, in which
the expected phasc transition effect is clearly evident.
In Figure 2 the depth-dependent spectrum that is most
meaningful, given the horizontal resolution of the to-
mographic model, is that for which the integral is per-
formed over a spherical cap of angular radius 15°. The
result shown in Figure 2 is centered on the Tonga Trench;
wc arc currently preparing a detailed analysis of the geo-
physical inferences, and their significance, made by em-
ploying our regional disaggregation of the power spee-
trum. Since even the smooth model contains the phase
transition ellect as a local feature in some geographic
locations, it does seemn reasonable to enquire, as is effec-
tively done by employing the split parametetrization, as
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SH8,/WM13

SH8,/U4L8

SH128 /U7L5

—-100

metres

100

Fig. 3. Surface map reconstructions of the degree 2 to 8 observed nonhydrostatic GEM-T2 geoid and degree 2 Lo 8 geoids calculated
using tomographic models SH8/WM13, SII8/U4L8 and SH128/UTL5. Note that for the theoretically predicted fields, the degree two
and order zero component has been set cqual to the observed value. This is justified by virtue of the results of simultaneous inversions
of seismic and geodynamic data which demonstrate that the main cause of the degree 2 and order 0 mismatch that otherwise obtains
is due to poor seismic coverage of the southern hemisphere (Forte et al,, 1994). The variance reductions obtained before and after this
adjustment arc respectively 56 % and 80 % for SH8/WM13, 60 % and 81 % for SH8/U4L8, 56 % and 84 % for SH128 /UTL5.

to how much more strongly developed this feature might
become if 1t were allowed maximal [reedom to do so.

In this spirit, we have elected to test the robustness
of the result obtained with the split parameterization
SH8/U4L8 by considering a new higher resolution split
model SH12/UTL5. In this new model, the lateral het-
erogeneily is represented on a basis of spherical harmon-
ics truncated at degree and order 12 whereas the radial
structure is represented by Chebyshev expansions trun-
cated at degree 7 in the upper mantle and degree 5 in
the lower mantle. The seismic data set used in this new
inversion has been enlarged by nearly a factor of three
with respect to that previously described (Woodward
et al., 1993; Dziewonski and Woodward, 1992). Even in
comparison with the data set employed in the study of

Su et al. (1994), this new model includes information
from more recently installed stations and the waveform
data thal are inverted span a greater frequency range.
A complete presentation of the details that enter in the
construction ol this seismological inversion will be given
elsewhere by Dziewonski. For the purpose of this work,
we point out that model SH12/U7L5 achieves signifi-
cantly better variance reduction of the expanded data

set than does either SH8/WM13 or SIH8/U4LS.

In Figure 1, we show the power spectrum of the lateral
heterogeneity which characterizes this preferred seismic
model. The peak in spectral power that was only weakly
developed in the lower resolution model SH8/U4L8 not
only still exists but is strongly enhanced in this higher
resolution model. In SH12/UTL5 the expected spectral
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Fig. 4. Viscosity profile (Plate a) and s-wave seismic conversion factor (Plate b) used for all calculations presented in the text. The
low-viscosity notch above the 660 ki discontinuity has a thickness of 70 km and a viscosity ¥ = 0.02 (the upper mantle viscasity, which

is the reference value, is set equal to unity).

signature of the phase transition effeci is as strongly
developed as a-priori models of the mantle conveclion
process have implied (Peltier and Solheim, 1992; Tack-
ley et al., 1993). The (degree) disaggregated contour
plots of the varance spectrum presented in Figure 5
(left column) tell a similar story, No excess in power ai
the depth of 860 km is revealed for model SHS/WM13 at
any degree. Although at that depth model SH8/U4LS
shows a slight increase in variance at low degrees, it is
in model SH12/U7L5 that this peak is fully developed.
The significant low degree power present at this depth
in this new model makes the associated transition zone
heterogeneity stand out as one of the more prominent
aspherical anomalies of the mantle, an observation rem-
iniscent of the early results of Masters et al. (1982).

2.3 ‘T'he nonhydrostatic geoid

That all of these tomographic models provide equally
satisfactory reconciliations of the observed degree 2 to
& non-hydrostatic geoid is demonstrated in Figure 3
on which we compare the predictions of this field ob-
lained vsing the compressible flow theory of Forte and
Peltier (1991) with the observed GEM-T2 geoid (Marsh
et al., 1990). The harmonic coefficients of the geoid g,
are computed according to the now-standard expression
(Hager and Richards, 1989; Torte and Peltier, 1991)

— 3 ¢ ! " 7 / :
o) =57 [ G () (9)
in which G denotes the (dimensionful) defleclion due

to a unit mass load located at mantle radius v of the
model’s ocean surface. The integration is carried out

[rom the core-mantle boundary r = 6 to the outer solid
surface of the Earth located at » = ¢ and r. denotes the
average radius of the Earth. The density heterogeneity
8p 1s assumed to be of thermal origin only and is ob-
tained from the seismic shear-wave velocity anomalies
8V, /V, through the use of a depth-dependenl parame-
ter dlnp/GInV. (see Eq. 12 below). Another depth-
dependent paramneter of the model which is employed
in this comparison, the radial profile of mantle viscos
ity, is similar to thal presented previously in Forte et al.
(1993) whereas the seismic conversion factor & ln p/81n V,
1s somewhat modified. Both of these characteristics of
our model are shown in Figure 4 (Plates a and b respee-
tively).

From Figure 3, we see that the most prominent fea-
tures of the observed geoid, in particular the geoid highs
centered over the West coast of Africa and to the North
of Australia as well as the geoid lows over Hudson Bay
and Antarctica, are obviously well represented by both
the whole mantle and the split models (variance reduc-
tions are provided in the caption Lo Figure 3). We are
therefore unable to discriminate between their quality
on this basis. It is clearly of interest to enquire whether
some further diagnostics might exist that would be as
valuable as the depth-dependent power spectrum in this
regard.

2.4 The Radial correlation function

One means that we might reasonably employ to fur-
ther analyse the relative likclihood of the three models
SH8/WM13, SHE/U4L8, and SH12/U7L5 is the radial

correlation function first introduced in this context by
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Jordan et al. (1993). This diagnostic function, which is
defined by

+ [ palr) pal(r’) ], (10)

i which pn(r) is defined in Eq. 1, provides information
concerning the relative phase of heterogencity fluctua-
tions located on different spherical horizons of radius r
and ' [t is normaliscd so that petlectly correlated hori-
zous yield a diagnostic value of 1. On Figure 5 (right
column) we therefore show this diagnostic for the three
tomographtc models we arc cmploying. The results for
model SH8/WMI13 are similar to those obtained previ-
ously by Jordan ct al. (1993) using whole mantle tomo-
graphic models. They show that the correlation length
near 680 km depth is similar to that of other rantle
depths. On this basis, it was concluded, by compari-
son with the equivalent diagnostic computed from the
density field in the three dimensional convection model
of Tackley et al. (1993), that the influence of the phase
transition on convective mixing in the real earth must be
minimal. For the split model SH8/UALS, however, this
diagnostic funclion is now characterized by a sharp drop
in cotrelation between radial horizons located above and
below the 660 km discontinuity, This is just the feature
that onc would expect il the influence of the phase tran-
sition were strong (Jordan et al., 1993).

The decorrelation across 660 km depth is even more
strikingly expressed in model SH128/U7L5 as is also
shown in Figure 5 (by SH12% we represent a degree 8
truncation of the high resolution split reconstruction
SH12/U7L5). On the basis of this comparison we must
conclude that the inference of Jordan et al. {1993) to
the effect that their analysis rules outl the operation of
s strong impediment to radial mixing due to the en-
dothermic phase transformation at 660 km depth might
not be well-founded.

oVs
Ve

3 Radial mass transport, radial heat flow and
layered convection

3.1 The radial mass flux diagnostic

A further diagnostic tool that has heen employed in
an attempt to address the issue of layered vs. whole
mantle convection on the basis of mantle tomography
consists of the radial mass flux diagnostic (Peltier and
Solheim, 1992). Morgan and Shearer (1993) have re-
cently computed this diagnostic using an incompressible
mantle flow model and the three-dimensional density
heterogeneity field inferred from whole mantle tomo-
graphic models SHE/WM13 and SI110C medified to in-
clude density anomalies associated with the observed
deflection of the 660 km boundary (Shearer and Mas-
ters, 1992). On this basis they conclude that there is no

201

6480 T T T

3480

Radius (km)

4480

e SHB/WMIB
-=- - SHe/U4LB

— SHI2%/UTLE

1 1 1
05 [ 15 2
Radial Mass Flux {dimensionless)

3480
o

Fig. 6. The normalized radial mass flux diagnestic M({r) (text
equation 14) as a [unction of mantle radius. The dotted line cor-
responds to SH8/WMI3, the dashed line Lo SH8/U4L8 and Lhe
solid line to SH128 /U7TS.

evidence for any inhibition of the radial mass flux at 660
km depth and therefore no evidence for the operation of
the strong influence of the phase transformation.

We have recomputed the radial mass flux diagnostic
using the compressible flow theory of Forte and Peltier
(1991) in conjunction with the viscosity and scismic
conversion [aclor proliles of Figure 4. Here, our ap-
proach differs from that of Morgan and Shearer in thal
no modification to the global tomographic models was
attempted in order to include possible effects of dynamic
topography at 660 km. Including such cffccts on the
basis of the Morgan and Shearer prescription is a per-
ilous exercise. For example, double counting could be a
problem since a significant fraction of the heterogene-
ity imagined to be associated with the phase deflec-
tion jtself may already be present in the tomographic
model. Alse, an unphysical flow regime ensnes: Mor-
gan and Shearer (1993) poinl outl that in some cases
the calculated flow field is anticorrelated, over regions
of signifiant geographical extent, with the 660 km dy-
namic topography map in contradiction to the physical
sitnation which requires regions of hot upwelling (cold
downwelling} material to be well-correlated with up-
wards (downwards) deflecitons of the 660 km boundary.
This situation, which perhaps originates in inaccuracies
present 1n the observed 660 km topography map or in
the long-wavelength nature of the calculated flow which
is necessarily organised on a whole-mantle seale, implies
that in scine cases the imagined 660 km hetcrogene-
ity actually helps drive the flow across 660 km rather
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than impede it. Ultimately, the issue of properly includ-
ing density heterogeneities assaciated with phase bound-
ary deflections will have to awalt a global tomographic
model which goes beyond the current ones which only
include depth-invariant discontinuities (such as those of
the PREM radial density model) and instead includes
sclf-consistently the observed 660 km dynamic topogra-
phy. As discussed above, cur approach will be to assume
that tomographic models of the split-mantle parameter-
ization type lead to useful insights on the dynamic role
of the 660 kin phase discontinuity, irrespective of possi-
ble modifications that may be made to them.

Inspection of our results, presented in Figure 6, shows
that they are essentially the samec for all three tomo-
graphic models. Specifically, for no model is there ev-
idence of the local minimum in mass flux that is ex-
pecied if the phase transition effect is strong (Peliier
and Solheim, 1992). This is in spite of the fact, demon-
strated in the previous Section, that the split models
have characteristics that are in all other respects consis-
tent with this notion. It is however clear on the basis of
the wavenumber decomposition of the radial mass flux
diagnostic presented in Tackley et al. (1993) that the
expeclted local minimum in the mass flux is defined en-
tirely by the shorter horizontal wavelengths in the vari-
ance spectrum. Therefore we cannot expect, and indeed
do nol find, that the radial mass flux diagnostic defer-
mined from a highly truncated tomographic image is a
particularly sensitive measure of the extent of layering
that may be characteristic of the convective circulation
in the modern earth. In what follows, we therefore focus
our atlention upon another circulation diagnostic which
18 more sensitive,

3.2 T'he depth-dependent profile of heat flow by ad-
vection

Although previous analyses have been performed of the
extent to which the radial heat flow effected by the
mantle convective circulation may be recovered from a
model based upon seismic tomography (Hager and Clay-
ton, 1989), this diagnostic has only recently been com-
puted for the best presently available tomographic mod-
els (Pari and Peltier, 1995). Here, we suggest that this
characteristic might provide an especially sensitive way
of discriminating between such 'models. To understand
why this diagnostic is expected to be more sensitive Lo
layering than the mass flux we need only inspect its ana-
lytical form. Representing by F(r) the depth-dependent
spherical average of the dynamical centribution to the
radial heat flow, then

Flri=p Uy //ﬂ w 8T d§2. (11)

Here, §7'(r,6,4) denotes the perturbation of temper-
ature away from the geotherm (the depth-dependent
spherical average of the absolute temperature field T,

6480 . . 1

T

5480

Radius (km)

4480

3480

|
0 1% 30 45
Heat Flow (TW)

Fig. 7. The advected heat fow F(r) (text equation 11) as a func-
tion of mantle radius. The dotted line corresponds to SH8/WM13,
the dashed line to SHS8/U4L8 and the solid line to ST112° /UTL5.
We indicate on the upper edge of the figure an average advected
heat flow of 34 TW, a value to which 8 TW duc to crustal ra-
dioactivity must be added to oblain the observed value Pollack
ct al. (1993).

p(r) is the depth-dependent average density taken from
PREM (Dziewonski and Anderson, 1981), Cy, is the spe-
cific heat capacity at constant pressure, and w(r,0,¢) s
the radial component of the flow velocity. The tem-
perature Huctuations §7(r, &, ¢) are derived from a sels-
mic tomography model (say for the relative shear wave
anomaly 8V, /V,) by employing the relation

Olnp 8V, op

—adl = S T o

(12)

in which #lnp/81nV; is the dimensionless depth de-
pendent seismic conversion factor shown previously in
Figure 4, plate b, and «(r) i1s the depth-dependent coef-
ficient of thermal expansion that is now well constrained
for the magnesiowiistite phase by the synchrotron mea-
surements of Chopelas and Boehler (1992). We obtain
the radial velocity w(r, 8, &) from the theoretical expres-
sion (Pari and Peltier, 1995):

winf.9) = 2 U,, WH(r, ) 6pim(r') di"

x }]fm(gy@s) (13)

in which the density heterogeneity ép 1s itself obtained
from the tomographic model by using Eq. 12, the in-
tegral is carried out over the depth extent of the man-
tle and the dimensionful functions W'(r, »’) are the vis-
cosity dependenl kernels for radial velocily (Pari and



Peltier, 1995) that are determined by employing the
anelastically compressible theory of Forte and Peltier
(1991). Inspection of the correlation integral F(r), which
will strongly dominate the conductive contribution to
the heat low in regions remote [rom thermal boundary
layers and at high Rayleigh number, demonstrates why
it should be a far more sensitive measure of layering than
ts the radial mass flux. Since the theoretical expression
for the latter is {Peltier and Solhcim, 1992):

M(r) = p//n o] dS?, (14)

it is clear that M(r) is linear in ép whereas F(r) is a
quadratic function of ép. The fact that M(») docs not
distinguish between models SH8/WM13, SH8/U4LS or
SH128/U7L5 follows simply from the very low horizon-
tal resolution of the tomographic models and the linear
dependence of the mass flox diagnostic on the internal
density perturbation.

That the heat flow diagnostic is a much more sensi-
tive diseriminant is demonstrated in Figure 7 in which
we compare the F(r) fields delivered by the three to-
mography models. On the upper edge of this plate we
have marked the observed surface heat flow of 34 TW
(Pollack et al., 1993) and we note that away from the ex-
pected conductive thermal boundary layers at the core-
mantle boundary and the earth’s surface in which the
radial heat advection tends to zero, models SIS/ WM13,
SH8/UAL8 and SH12%/UTL5 all deliver essentially this
observed mean heat flow everywhere except at 660 km
depth. Model SH8/WM13 shows no drop in advected
heat at 660 kin depth whereas models SH8/U4LR and
SH12%/U7L5 show sharp drops in advected heat at this
level, just as would be expected if a sharp thermal bound-
ary layer existed at this depth.

We may construe the fact that the depression of the
radial heul advection at 660 km depth is esscntially
identical in models STI8/U4L8 and SH12®/UTL5 as ev-
idence that this feature might not be entirely an arti-
fact of the parameterization. If it were then we would
expect the depth of the depression to be a strong func-
tion of the details of the paramneterization, which it is
not. This feature is also rather independent of other
theoretical details (viscosity profile, seismic conversion
factor, etc.) that enter in the internal loading theory
(Pari and Peltier, 1995). We therefore suggest that the
radial heat advection, being a quadratic function of the
depth-dependent lateral heterogeneity ép, should be an
extremely useful tool with which to “prospect” for the
presence of internal boundary layers at depth in the cir-
culation and therefore to reveal more clearly the ten-
dency towards layering.
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4 Concluding remarks

4.1 Mantle viscosity and geodynamic
self-consistency

Although all three of the above discussed tomographic
reconstructions fit the seismic and geodynaric observ-
ables equally well, they do differ radically in one im-
portant respect and that concerns the dynamical self-
consistency of the radial viscosity profile required by
the model to fit the geoid {and other dynamical con-
straints: sce references in Forte and Peltier (1987, 1991)
and Forte et al. (1993) for a detailed discussion). All
models of the geoid so-far produced appear to favour
the existence of structure in this profile near 660 km
depth. The earliest models by Hager and colleagues
(Hager and Clayton, 1989; Hager and Richards, 1989)
suggested that this structure consisted of a very large
increase in viscosity at 660 km depth by a factor as
large as 10%. The fact that such structure is known not
to be compatible with postglacial rebound data (Peltier,
1989; Mitrovica and Peltier, 1093, 1994) if transient rhe-
ology may be neglected, led Forte and Peltier (1987,
1991) and Forte et al. (1993) to consider this question
anew. Their work has demonstrated, since confirmed by
King and Masters (1992) and Pari and Peltier (1995),
that radically different viscosity variations across 660
km depth which were also compatible with postglacial
rebound constraints were equally capable of satisfying
the geoid. This class of models inclndes that shown in
Tigure 4, plate a, which is characterized by the pres-
ence of a thin soft layer above 660 km depth in which
the viscosity is reduced by more than an order of mag-
nitude. This feature appears to be casiest to explain
as a consequence of thermal effect (Meade and Jeanloz,
1990; Karato et al., 1990), but see also Sammis and
Dein (1974) who suggest that a thin global low-viscosity
layer at 660 km depth might have its origin in trans-
formational superplasticity. The low-viscosity noteh is
explicable in a transparent and straightforward way if
a thin thermal boundary layer exists centered upon 660
km depth, in which case it would be expected to be
accompatiied by an equally thin high viscosity layer im-
mediately below this horizon. That such an internal
thermal boundary layer would be expected to inducc
a local radial viscosity structure such as this was first
suggested some years ago (Peltier, 1985). That mod-
els with such strong radial viscosity variation only on
the small scale of an internal thermal boundary layer
do also provide excellent reconciliations of the geoid is
extremely irmportant because such models are equally
able to reconcile the postglacial rebound constraints, a
characteristic that is not shared by models in which the
viscosity variation across 660 km depth is on a much
larger spatial scale. If only the low-viscosity component
of this structure were to exist, we expect that some ef-
fect such as transformational superplasticity would have
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to be invoked in order to cxplain it 1n the conlextl of a
whole mantle madel of the convective circulation.

4.2 Layered vs whole mauntle convection

At this point what we have established, using the dif-
ferent diagnostics of mantle cireulation described previ-
ously, is that we have two different families of mantle
tomography models that satisfy the scismic dala simi-
larly bul which differ from one-another radically inso-
far as their implications concerning the importance of
the impact on radial mixing of the endothermic phase
transformation at 660 km depth. Model SH8/WM13 is
generadly consistent with the hypothesis that this phase
transition has no substantial influence on the flow except
when o regional disaggregation of the power spectrum
is considered. It is on the basis of such whole mantle
tomographic models alone thal Jordan et al. (1993) as
well as Morgan and Shearer (1993) have argued that
mantle circulation is whole mantle in style.

In the present paper, however, we have shown that
the current generation of tomographic inversions also
allows for a different option. Models SH8/U4LS and
SH12/UTL5 are entircly consistent with the hypothesis
that the phase transition is exerting profound influence
on the flow., Our interpretation of seismic tomography
images in Sections 2 and 3 indicates that this influence
is in qualitative accord with a-priori expectations bascd
upon explicit fluid mechanical models that incorporate
the phase transition effect (Machetel and Weber, 1991;
Pelticr and Solheim, 1492; Solheim and Peltier, 1993;
Zhao et al., 1992; Tackley et al., 1993; Solheim and
Peltier, 1994a, 1994b). The fact that split mantle mod-
els provide a self-consistent explanation of the viscosity
structure required to simultaneously fit geoid and post-
glacial rebound consiraints might be viewed as a strong
geophysical argument in favour of such models,

Even if the thermal boundary layer which is suggested
by our application of various diagnostic functions to the
split-mantle tomographic models were in parl, or even
entirely, a consequence of the discontinuous nature of
the radial parameterization implemented in these mod-
els, 1t 1s exiremely important to realize that the exis-
tence of such a feature is not ruled out by the seismo-
logical data but may even be weakly preferred.

It will, however, take the development of a new gen-
eration of tomographic models, with better resolution
and which perhaps test the stability of the features near
660 km that are imaged in the split mantle parame-
terizations to convincingly tilt the balance towards one
of the two presently viable alternatives. Although we
believe model SH12/UTL5 already goes a long way in
this direction, a useful test of these ideas would be
to construct a tomographic inversion split at an arbi-
trary depth (at which no a-priori phase transition re-
lated structure would be expected to cxist on physical
grounds) and check whether significant decorrelation is

introduced between heterogeneity above and below the
split by the choice of parameterization. Such a test
has just recenlly been presented by Li and Romanow-
iez (1995), They find that the prominent 660 ki peak
in the variancc spectrum that is characteristic of the
split-mantle tomographic modcls does partially survive
the displacement of the discontinuity in the radial basis
function paramecterization. When the split is moved Lo a
depth of 1000 km in their tomographic model SAW12A,
a transition zone peak in rms power centered at 660 km
depth remains. Further analyses with such models are
clearly warranted.
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