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[Plates 1 and 2]

Several different kinds of seismological data, spanning more than three orders of
m agnitude in frequency, have been employed in the study of the E a rth ’s large-scale
three-dim ensional structure. These yield different b ut overlapping inform ation,
which is leading to a coherent picture of the E a rth ’s internal heterogeneity. In this
article we describe several methods of seismic inversion and intercom pare the
resulting models.
Models of upper-m antle shear velocity based upon m antle waveforms (W oodhouse
& Dziewonski (J. geophys. Res. 89 , 5953-5986 (1984))) (_/ < 7 mHz) and long-period
body waveforms
( f < 20 m H z; W oodhouse & Dziewonski (Eos, Wash. 67 , 307
(1986))) show the mid-oceanic ridges to be the m ajor low-velocity anomalies in the
upperm ost mantle, together with regions in the western Pacific, characterized by
back-arc volcanism. High velocities are associated with the continents, and in
particular with the continental shields, extending to depths in excess of 300 km. By
assuming a given ratio between density and wave velocity variations, and a given
m antle viscosity structure, such models have been successful in explaining some
aspects of observed plate motion in terms of therm al convection in the m antle (Forte
& Peltier
(J. geophys. Res. 92 , 3645-3679 (1987))). An im portant qualitative
conclusion from such analysis is th at the m agnitude of the observed seismic anomalies
is of the order expected in a convecting system having the viscosity, tem perature
derivatives and flow rates which characterize the mantle.
Models of the lower m antle based upon P-wave arrival times
~ 1 H z;
Dziewonski
(J. geophys. Res. 89 , 5929-5952 (1984)); M orelli & Dziewonski (Eos,
Wash. 67 , 311 (1986))) SH waveforms
(f20 m H z; W oodhouse &
(1986)) and free oscillations (G iardini et al. (Nature, Lond. 325 , 405-411 (1987); J.
geophys. Res. 93 , 13716—13742 (1988))) ( f ~ 0 .5-5 mHz) show a very long wavelength
pattern, largely contained in spherical harmonics of degree 2, which is present over
a large range of depths ( 1000-2700 km). This anom aly has been detected in both
compressional and shear wave velocities, and yields a ratio of relative perturbations
in vs and vP in the lower m antle in the range 2- 2 .5 . Such values, which are much
larger than has sometimes been assumed, roughly correspond to the case that
perturbations in shear modulus dom inate those in bulk modulus. It is this anom aly
that is mainly responsible for the observed low-degree geoid undulations (H ager et al.
Nature, Lond. 313 , 541-545 (1985))). In the upper p art of the lower m antle this
pattern consists of a high-velocity feature skirting the subduction zones of the Pacific
and extending from Indonesia to the M editerranean, with low velocities elsewhere;
thus it appears to be associated with plate convergence and subduction. T he pattern
of wave speeds in the lowermost m antle is such that approxim ately 8 0 % of hot spots
are in regions of lower than average velocities in the D" region.
The topography of the core-m antle boundary, determ ined from the arrival times
of reflected and transm itted waves (Morelli & Dziewonski (Nature, Lond. 325 ,
678-683 (1987))), exhibits a pattern of depressions encircling the Pacific, having an
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am plitude of approxim ately + 5 km, which has been shown to be consistent w ith the
stresses induced by density anom alies inferred from tom ographic models o f the lower
m antle (Forte & Peltier (
ectonphysiI( n the press.) (1989))).
T
By using both free oscillations (W oodhouse el al. (
Res.
13 , 1549-1552
(1986))) and travel-tim e d a ta (M orelli et al. (
Res. Lett. 13 , 1545—1548
(1986))), the inner core has been found to be anisotropic, exhibiting high velocities
for waves pro p ag atin g parallel to the E a rth ’s ro tatio n axis and low velocities in the
equatorial plane.
T om ographic models represent an instantaneous, low -resolution im age of a
convecting system. T hey require for their detailed in terp retatio n know ledge of
m ineral and rock properties th a t are, as yet, poorly know n but th a t lab o rato ry
experim ents can potentially determ ine. T h e fact th at the present distrib u tio n of
seismic anom alies m ust represent the cu rren t configuration of therm al and
com positional heterogeneity advected by m antle flow, imposes a com plex set of
constraints on the possible modes of convection in the m antle of w hich the
im plications have not yet been worked o u t; this will require num erical m odelling of
convection in three dim ensions, w hich only recently has becom e feasible. T hus the
in terp retatio n of the ‘g eo g rap h ical’ inform ation from seismology in term s of
geodynam ical processes is a m a tter of considerable com plexity, and we m ay expect
th at a n um ber of the conclusions to be draw n from the seismological results lie in the
future.
I ntroduction

Plate tectonics, w hich, over the past 20 years, has provided the fram ew ork for u n d erstan d in g
large-scale geological processes, describes the m otion of large, rigid sections of the E a rth ’s crust
and upperm ost m antle. T h e plates are transported by m antle convection currents, b u t a
definitive u n d erstan d in g of m antle convection has not yet been reached. Seismic tom ography
offers the o p p o rtu n ity to investigate the in terio r of the convective system by m apping, in three
dim ensions, the seismic wave velocity variations. These are related to tem p eratu re and

1 and 2. The maps shown in these plates are labelled with the following keys:
: in kilometres;
parameter:
vp = P-velocity; ps = S-velocity; cmb = core-mantle boundary topography; Div = plate velo
divergence; data
:etyp T — arrival-time data; W = waveform data; M — normal mode data. In plate 2 th
at the bottom of each panel applies to each of the plates above it. In the case of vp the range of the scale is that
given by the upper pair of labels on the scale ( + 0.5% or ± 0 .3 % ), and in the case of the range is given by
the lower pair of labels ( ± 1.0 % or ± 0.6 %).
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P late 1. (a, b, c, d) Three-dimensional sections of models M84C and L02.56, together with a schematic illustration

of the anisotropic properties of the inner core. The depth of the section, in kilometres, is indicated. In the uppermantle panels (550 km) the depth scale is exaggerated by a factor of 5. Plate boundaries (yellow) are indicated.
(e) Relative S-velocity perturbations in the model U84L85/SH at the depth of 150 km, characteristic of the
uppermost mantle. Plate boundaries are indicated, (f) The truncated spherical harmonic expansion, to degree
8, of the horizontal divergence of the instantaneous plate velocity held (Minster & Jordan 1978; Forte & Peltier
1987). Units are 10"9 a-1, (g) The plate divergence field, spherical harmonic degrees 2 and 3 only. See caption
to (/). (
h)An upper-mantle section through the S-velocity model U84L85/SH, taken along the great circle
passing horizontally through the centre of the accompanying map; depth, running vertically, is in the interval
22 km-670 km; vertical exaggeration is 20:1.
(i)Topography of the co
Morelli & Dziewonski (1987a). Blue areas are elevated and orange areas are depressed; see scale. The model
contains spherical harmonics up to degree 4.
(J)The predicted surface di
using the model U84L85/SH and the density/velocity scaling d In p /d In vs = 0.16 in the upper mantle and
0.20 in the lower mantle. Upper-mantle viscosity is 1021 Pa s and lower mantle viscosity is 3 x 1022 Pa s. See
caption to plate 1f , g.
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composition and, in particular, to the density variations which provide the driving force of
m antle convection.
Following large and interm ediate earthquakes, seismic waves can be observed at stations
throughout the world and significant progress has recently been m ade in solving the inverse
problem in which very large collections of seismic d ata are used to reconstruct an image of the
pattern of high and low wave velocities in three dimensions. A lthough the global images m ade
up to now contain only the largest scale features of the E a rth ’s three-dim ensional structure,
some of the conclusions to be draw n from this new ‘g eographical’ inform ation are now
emerging. By virtue of im provem ents in global coverage by seismic instrum ents and of
increasingly powerful analysis and com putational techniques, there is the prospect of more
detailed images in the future. In this article we discuss a num ber of techniques th at have been
applied to the global tom ographic inverse problem and the models that they have lead to.
Plate 1
a, b, c, sdhows a composite of models of the upper-m antle S-velocity (M 84 C:
W oodhouse & Dziewonski 1984) and the low er-m antle P-velocity (L 02 .5 6 : Dziewonski 1984),
and a schematic representation of the anisotropic properties of the inner core (W oodhouse
et al.1986; M orelli
et al.1986). T he colour scale is such th at red colours indicate lower th
average wave velocities at a given depth and blue indicates higher than average velocities.
These figures illustrate the scale lengths of global heterogeneity that have been resolved. In the
upper m antle, the model is expanded up to degree 8 in spherical harm onics and as a cubic
polynomial in depth, corresponding to nom inal resolving lengths of roughly 2500 km
horizontally and 150 km vertically. In the lower m antle the model is expanded up to degree
6 and as a quartic polynom ial in depth, corresponding to resolving lengths of roughly 3000 km
and 400 km respectively. These models represent, therefore, the result of a spatial filter applied
to the true state of heterogeneity in the Earth. Such filtered versions of reality would, perhaps,
be of limited interest if heterogeneity on smaller scales were dom inant, but it appears th at the
spatial spectrum of heterogeneity contains very strong long wavelength com ponents. In the
upper m antle, for instance, S-velocity variations in spherical harm onic degrees up to 5 are as
large as ± 4 % in the upper 150 km and are much larger than the expected signature of
subducted slabs in this range of wavelengths. Similarly in low er-m antle P-velocity spherical
harm onic degrees 2 and, to a lesser extent, 4 are dom inant terms and have am plitudes of the
order + 0 .5 % (plate
2 c).
T he study of lateral heterogeneity is of great significance to seismology. For exam ple, in the
investigation of earthquakes lateral heterogeneity like an imperfect lens, can distort the image
of an event. Estimates of location, fault length, and the pattern of stress release can be false if
the m edium is inadequately known. Even the introduction of corrections for long wavelength

D escription

of p l a t e

2

P late 2. (a) The P-velocity travel-time model V3.I of Morelli & Dziewonski (1986) at depth 1300 km. The model

contains spherical harmonics up to degree 6. (b) Model V3.I, depth 1300 km, degrees 2 and 4 only; see caption
to
(a).(c) Model V3.I, depth 2300 km, degrees 2 and 4 only; see caption to
( The S-velocity model
U84L85/SH of Woodhouse & Dziewonski (1986) at depth 1300 km. The model contains spherical harmonics
up to degree 8. (?) Model U84L85/SH, depth 1300 km, degrees 2 and 4 only; see caption to
{/) Model
U84L85/SH, depth 2300 km, degrees 2 and 4 only; see caption to Plate (d). ( ) Model V3.I, depth 2750 km
(the base of the mantle), all degrees 1- 6 ; hot spots are indicated; see caption to
(k) ‘Model 1’ of Giardini
et al. (1987), S-velocity from free oscillation data, spherical harmonic degrees 2 and 4 only, depth 1300 km. (i)
‘Model T, depth 2300 km; see caption to (A).
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lateral heterogeneity can result in shifts in inferred epicentres by as m uch as 20 km and changes
in origin times of m ore than 1 s.
O utside the field of seismology, the recent results on the E a rth ’s three dim ensional stru ctu re
have an im pact on o th er fields of E arth sciences. Several exam ples of such linkage follow.
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Mantle convection
U n d er the assum ption th a t seismic anom alies are proportional to density p ertu rb atio n s, they
provide constraints on the m odelling of m antle convection and on the viscosity d istrib ution in
the m antle (R ichards & H ag er 1984; F orte & Peltier 1987, 1989; H ag er & C layton 1989).
Petrology and geochemistry

M odels of seismic anom alies in the u p p er m antle show the oceanic ridges to be the d o m in an t
regions of low velocity at shallow depth. T h e long-w avelength models discussed in this article
have the potential to provide integral constraints on petrological an d th erm al models of the
ridge systems. D eep high-velocity anom alies are associated w ith the contin en tal shields,
ap p aren tly confirm ing the hypothesis o f ‘continental ro o ts’ (Jo rd a n 1975, 1978 a). A bout 80 %
of hot spots occur over regions of lower th an average wave velocities n ear the core—m antle
bo u n d ary (see plate
2 g).T h ere also appears to be a correlation betw een a b an d of lo
anom alies n ear the co re-m an tle bou n d ary , in the latitu d e band from 10° S to 30 ° S, and the
occurrence of a large-scale isotopic anom aly (D upal an o m aly : H a rt 1984; Castillo 1988).
Geomagnetism
T h e regions at the co re-m an tle b o u n d ary w here the m agnetic field changes w ith tim e m ost
rapidly coincide w ith low-velocity seismic anom alies, w hich, presum ably, represent regions of
elevated tem p eratu re in the low erm ost m antle. T h e inference has been m ade th a t the therm al
state of the low erm ost m antle determ ines the stability of convection pattern s, an d hence of the
geom agnetic field, in the o uter core (Bloxham & G ubbins 1987).
Gravity

It was early recognized (Dziewonski et
al.1977) th a t there w
P-velocity anom alies in the low er m antle and the long-w avelength geoid undu latio n s, b u t th a t
the correlation h ad the opposite sign from th a t expected if high velocities correspond to high
densities as would be the case if tem p eratu re fluctuations were responsible for the seismically
observed anom alies. It has been shown, how ever (Pekeris 1935; R ich ard s & H ag er 1984;
H ager et al. 1985), th a t density anom alies em bedded in a fluid m antle induce deflections of
the free surface and of the co re-m an tle bou n d ary , w hich can change the sign of the inferred
geoid p ertu rb a tio n s; thus low er-m antle heterogeneity has been identified as a m ajor cause of
long-w avelength geoid anom alies.
Mineral physics
An exam ple of an in situ m easurem ent m ade possible through seismic to m o g rap h y is the ratio
of relative p ertu rb atio n s in the shear and com pressional velocities: d In ys/ d In
The
tom ographic results yield a ratio m uch higher than determ ined, at relatively low pressures, in
the laborato ry (A nderson et al. 1968). It appears th a t u n d er the te m p eratu re an d pressure
conditions ap p ro p ria te for the lower m antle, the shear m odulus is m uch m ore sensitive to
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changes in tem perature than the bulk modulus. Sim ilar observations for the upper m antle have
been interpreted as being associated with partial melting (Hales & Doyle 1967).
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Geodesy and astronomy
From the analysis of d ata on the E a rth ’s rotation, obtained by the vlbi (very long-baseline
interferom etry) technique, it has been determ ined th at the flattening of the E a rth ’s core
departs from its equilibrium value by 40 0 + 100 m (Gwinn et al. 1986). A lthough the
seismically determ ined core m antle boundary topography (M orelli & Dziewonski 1987 a;
plate 1 i) has a range of + 6 km, the com ponent corresponding to excess flattening is very
small, and error estimates are such th at the seismic results are consistent with the geodetically
determ ined flattening.
Studies of the large-scale three-dim ensional structure of the E arth have been carried out using
various kinds of seismological data, spanning more than three orders of m agnitude in frequency
(1 H z - 0.0005 Hz). These are (i) large collections of P (and PK P, P K IK P , PcP) travel times,
(ii) measurements of phase and group delays and am plitude anomalies of surface waves
and measurements of the locations of spectral peaks of fundam ental modes, interpreted
asymptotically, (iii) com plete waveforms of m antle waves, used as d ata in a least-squares
inversion, (iv) complete waveforms of long-period body waves and (v) com plete spectra of split
m ultiplets in the E a rth ’s free oscillation spectrum . A recent review is by Dziewonski &
W oodhouse (1987).
Studies of class (i) have illum inated low er-m antle P-velocity structure (Dziewonski et al.
1977; Dziewonski 1984; R. W. Clayton & R. Comer, unpublished) and those of classes (ii)
and (iii) have led to models of upper-m antle S-velocity (M asters et al. 1982; N akanishi &
Anderson 1982, 1983, 1984; W oodhouse & Dziewonski 1984; N a ta f et al. 1984, 1986). W ith
the addition of classes (iv) and (v) (W oodhouse & Dziewonski 1986; T anim oto 1987; G iardini
et al. 1987, 1988) it has become possible to constrain low er-m antle S-velocity structure and thus
to obtain models of the same region of the E arth by using different classes of data. This is very
valuable in that it provides a check on the various modelling techniques and also allows the
comparison of heterogeneity in different structural param eters in the same region. W ith one
kind of d ata alone, it is often difficult to completely rule out the possibility th at systematic
errors or deficiencies in coverage, which are inherent in the data, degrade or corrupt the
resulting models. We find, however, that the application of different techniques is yielding a
coherent picture of the E a rth ’s global heterogeneity, reinforcing the conclusions draw n from
each data set alone.
In §2 below we outline the general framework of the tom ographic inverse problem and in
§3 we discuss some of the techniques that have been employed and intercom pare the resulting
models.
2. T

he t o m o g r a p h i c i n v e r s e p r o b l e m

O bservations of seismic disturbances contain inform ation about the earthquakes that
generate them - for instance the location and origin time of the event, the orientation of
faulting and so forth - and about the structure of the E arth. T he mechanics of the E a rth ’s
linear, adiabatic, elastic vibrations, which describes all seismic motions except those in the
im m ediate vicinity of an earthquake, is characterized, in the case of an isotropic m aterial, by
[ 5 ]
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the bulk m odulus /c(jt), the shear m odulus
p( x) and the den
relatively high frequencies (larger than 0.2 H z, say) wave p ro p ag atio n is well described in
terms of packets of energy p ro p ag atin g along optical rays. In the solid portions of the E a rth
there exist com pressional waves (P-waves) having velocity vP = [(/c + f / ^ / p ] 2 a n d shear waves
(S-waves) of velocity
= [p/p]*; in the fluid o u ter core and the ocean
and vs vanish and
shear waves do not exist. For an anisotropic m aterial a n u m b er of o th er m oduli m ust be
introduced and the wave velocities depend upon the local direction o f travel an d on the
polarization of the wave, b u t these are com plications th a t we shall neglect in this article.
T o clarify the discussion of the tom ographic inverse problem we here outline a sim ple b u t
general form alism th a t encompasses all of the specific applications to be considered later. Let
dsn represent the wth observation relating to the ^th earth q u ak e source. D a ta dsn m ay represent,
for exam ple, the arrival tim e of a p articu la r seismic phase at the
receiver, or it m ay
represent the rath sam ple in a large array of waveforms or spectra from a n u m b er of stations.
In general, dsn will be functionals of observed seismograms and will be very num erous. L et
denote the necessary source p aram eters relating to the jth source; for arriv al tim e d a ta j \
(i = 1 ,2 ,3 , 4 ) will consist of the location an d origin tim e of the event an d for w aveform or
spectral d a ta they will also include param eters describing the size of the event an d the geom etry
of faulting. G iven a model of the E arth E = [yp(jc), vs(x), p (jt)] we m ay, in principle, p red ict
the expected values of the o b serv atio n s:

d-n = D „ [r ,E ] + e ’n(, 1)
w here D n is a known function o f f s and functional of
and esn is observational error. In
practical applications it is necessary to represent the continuous function E( x ) in term s of a
finite set of param eters. W e shall w rite

E{x) = E 0 (r) + 2

(2 )

),

klm

w here r is radius, E 0 (r) is a spherically sym m etric, reference earth m odel an d
are a
chosen set of basis functions d epending upon three indices l,m . It is possible, for exam ple, to
partition the E a rth into a three-dim ensional array of cells labelled by a rad ial index,
a
latitude index, / an d a longitude index
mand to define m klTn(x)
cell and to vanish elsew here; in this case the expansion coefficient E klm w ould represent the
deviation of P-velocity in the (k, /, m)th cell from th a t of the reference model. T his ap p ro ac h has
been used in both regional and global studies (see, for exam ple, Aki et al. 1977; D ziewonski
et al. 1977). A nother ap p ro ach , w hich we have em ployed in the studies described below, is to
choose m klm(x) to consist of certain sm ooth functions, e.g.

w**i«(*) = mfc(r)Tp (0,0),

(3)

w here {r,d,<f>) are spherical coordinates (radius, colatitude, longitude), Y™(d,(/)) are spherical
harm onics and w here
m k{)r
(k = 1, 2 ,.. .,
K
) are a set
In this case, E klm represent the expansion coefficients in a spherical h arm o n ic series, also
expanded in radius.
By using any expansion of the form (2 ), equation (1) m ay be w ritten
~
klm

D n [f5

E
oT 2

(4)
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T he tom ographic inverse problem may be thought of as th at of characterizing the set of
solutions
consistent with assumed statistical properties of the errors and with
statistical prior information on the model param eters (see T ara n to la & V alette 1982 a). If the
corresponding distributions are assumed to be gaussian then (4 ) leads to a version of the leastsquares technique. If the covariances cov(e*,e*.) are specified it is, in principle, straightforw ard
to linearly transform the d ata in such a way th at the transform ed errors are independent
gaussian variates of uniform variance cr2, say. Similarly a linear transform ation of the set of
unknowns (_
f i , E klm
) may be found such that the prior inform ation consists of requiring that
the transformed unknowns be independent samples of a gaussian distribution of variance f 1,
say. In the interests of being concise we shall here assume th at the d ata and model param eters
in (4) already possess these simple statistical properties and th at there is no prior inform ation
on source param eters. In this case the m axim um likelihood estim ate of the unknowns
( f iS, E klm), the expectation of the a posteriori distribution, is th at which minimizes
L = < r 22 K - D , W ,
ns

E 0 +S E um
kl m

+ V~2 2

- E

kl m

where E°klm is a prior heterogeneous model (the expectation of the a priori distribution of model
param eters, usually zero in applications). This has the form

L=

o--2\d -D {x ,y)\2+

where the algebraic vectors d , x , y correspond to the d ata, the .model param eters and the source
param eters for all sources, respectively.
Because, in general, D( x , y ) is a nonlinear function of its argum ents, the m inim ization of (6)
is an iterative process (T aran to la & V alette 1982 a, b) in which the partial derivatives of
D ( x , y ) are required. For travel-tim e d ata these are provided by F erm at’s principle, by which
the travel-tim e increm ent corresponding to a p erturbation in wave speed may be calculated in
terms of an integral along the unperturbed ray p a th ; in general, the partial derivatives must
be obtained through a theoretical analysis of the wave propagation problem and will be given
by a form of the Born approxim ation. It is of interest to note th at whereas the accuracy of these
derivatives will influence the rate of convergence to a m inim um , it will not affect the value
( x 00,Too) saY> to which, let us assume, the iterates converge. Assuming convergence, the
accuracy of the solution minimizing (6) depends only upon that with which it is possible to
calculate the solution of the forward problem , D( x , y) .
This formalism also allows the estimation of the a posteriori statistics of (jc
provided that
it is sufficient to represent D ( x , y ) by a linear approxim ation in the neighbourhood of
(^oo.Too)In the event th at no prior inform ation or insufficient prior inform ation is available, the
solution minimizing (6) may be indeterm inate. In this case an im portant concept is that of
resolution (Backus & G ilbert 1968; Jackson 1979; G ubbins & Bloxham 1985). Recognizing that
the m inim ization of (6) does not yield a useful estimate of jc, one seeks a transform ation
jc'

=

(7)

such that x' has suitably small a posteriori errors. T he operator , which ideally is close to the
identity, represents linear com binations of model param eters which are estimable within a
chosen level of error. This operator is commonly chosen to coincide with that which results

[ 7 ]
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from the incorporation of fictitious prior
at, although it is p
inform
strategies for choosing R to achieve desired resolution and erro r characteristics in the solution.
T he quality of a solution x ' is then characterized by its errors (m ore generally by its covariance
m atrix) and its resolution o p erato r R. T h e concept of resolution does not easily generalize to
nonlinear problem s, and thus one needs to perform such analysis in the neighbourhood of
(X x>yx>) using a linearized ap proxim ation to
in this case the results of such
calculations m ust be in terp reted w ith caution, because they do not correctly represent the
statistical estim ation problem .
T he usefulness of the form alism outlined here is lim ited by o u r inability, in most cases, to
realistically characterize the statistical properties of the errors e*. F ar from being in d ep en d en t
gaussian samples there are invariably m any potential sources of system atic erro r w hich are
essentially impossible to discover or to quantify. An exam ple w ould be the p o tential biasing
effect on tom ographic models caused by the fact th a t seismic sources preferentially occur in or
near subduction zones, the locations of w hich are highly correlated w ith larger-scale p attern s
of m antle heterogeneity.
T h e ‘e rro rs’ in (1) also include com ponents th a t are not properly described as observational
errors. In the case th a t com plete seismograms are used as d ata, the function D n in ( 1) consists
of an algorithm for the calculation of synthetic seismogram s, and alth o u g h at long periods it
is possible, in principle, to calculate accu rate synthetic seismogram s, such calculations are too
laborious to be feasible in application to the inversion of large d a ta sets. T h u s applications of
this technique have used asym ptotic (ray theoretic) approxim ations to the effects of
heterogeneity w hich und o u b ted ly are often subject to appreciable theoretical errors.
Probably the largest source of discrepancy betw een d a ta and m odel predictions arises from
unm odelled structure, w hich is not describable in term s of the chosen set o f basis functions
m i c i m( x )- An exam ple is the p o ten tial effects due to anisotropy on a model th a t does not contain
anisotropic param eters. T h e answ er to such difficulties is not always to include m ore m odel
param eters, because in this case m any of them m ay becom e im possible to usefully constrain.
In a linear problem it is possible to calculate w hich linear com binations of m odel p aram eters
can be estim ated w ith a given level of error, b u t the usefulness of this is q u e stio n a b le ; new
scientific conclusions are unlikely to result from know ing the values of a n u m b er of linear
com binations of d isp arate m odel p aram eters, w hich are, how ever, insufficient to give estim ates
of any individual one. T h e inform ation contained in a given d a ta set, if all p o ten tial m odel
param eters are included, consists of a statistical distrib u tio n in a m odel space of high
dim ension; b u t such a distrib u tio n is im possible to visualize and thus it is im possible to m ake
any useful inference.
Instead, in our view, one m ust proceed on the basis of certain hypotheses: for exam ple, the
hypothesis th a t errors in synthetic seism ogram techniques do not vitiate inversion results, or the
hypothesis th a t the effects of m antle anisotropy do not co rru p t the results of an inversion for
isotropic structure. T h ere arise o p portunities to test such hypotheses w hen it proves to be
possible to investigate the same region o f the E a rth using different kinds of d a ta an d different
m odelling techniques. F or exam ple, a very-long-w avelength, high-velocity stru ctu re in the
lower m antle, bearing a clear relationship to the locations of subduction zones (see below ), has
been independently found using P-w ave arrival times, vertically polarized long-period P -S V
waveforms, horizontally polarized SH waveforms and spectra of free oscillations. These d a ta
sets are fundam entally different in their sensitivities to unm odelled effects, an d different
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theoretical techniques are used in each case. Low-degree free oscillations, for exam ple, are
insensitive to the locations of sources; vertically and horizontally polarized shear waves have
greatly different sensitivities to anisotropy and different from th at of P-waves; the waveform
d ata consist largely of m ultiple reflections of S-waves by the free surface and therefore their
sensitivity to m antle structure differs greatly from th at of the direct P-w ave; in addition they
are much less sensitive to near-surface effects. By the intercom parison of models built by using
different techniques it is possible to test the validity of the approxim ations or simplifying
assumptions which, out of necessity, have been made.
T he above statem ents of caution regarding the estim ation of errors and resolution are not
peculiar to the tom ographic problem . In the determ ination of the hypocentral location of
earthquakes, for example, formal error analysis invariably underestim ate true uncertainties, for
the same reasons as discussed above. Even if the E arth were perfectly spherically symmetric,
the fact that measures of uncertainty have not been determ ined for spherically symmetric
models of the E arth would make it impossible to correctly quantify the uncertainty in
hypocentral locations. These problems are greatly com pounded by the presence of lateral
heterogeneity and anisotropy. We discuss this issue in the context of tom ographic m odelling
because in the studies discussed here the models are formally overdeterm ined to such an extent
that the conventional error estimates, scaling inversely as the square root of the num ber of data,
give unrealistically small estimates of uncertainty. W hat is usually m eant by an error estimate
is actually a measure of the sensitivity of the solution to statistical fluctuations in the data. In
the tom ographic problems outlined in this article this is small, and is only a m inor com ponent
of the true uncertainty as measured, for example, by independent inversions from different
partitions of a given d ata set (see, for example, W oodhouse & Dziewonski 1984) or by the
intercom parison of models constructed with different kinds of data. It is our aim in this
discussion simply to note th at in attem pting to quantify the uncertainties in tom ographic
models, conventional formulae based upon the above statistical formalism, are usually
inadequate, owing to the failure of the ‘erro rs’ in the d ata to satisfy the underlying statistical
assumptions.
3. T

o m o g r a p h i c t e c h n i q u e s and models

T he foregoing analysis identifies aspects th at the particular techniques, to be discussed here,
have in common. A technique is characterized by specifying (i) the d ata set, (ii) the theoretical
algorithm D n[ f s,E], (iii) the basis functions m klm(x) and (iv) the statistical assumptions
concerning the distribution of ‘erro rs’ and the choice of resolution operator. N aturally, if
modelling results are greatly sensitive to the somewhat arb itrary choices th at enter into this
form ulation, the results are called into question. H ere we discuss several specific techniques and
present some comparisons of corresponding models.
3.1. Arrival times

Arrival times of the principal seismic phases are read by station operators around the world
and are reported to the International Seismological Centre (ISC ), which publishes them both
in its printed bulletin and in com puter-readable form. These voluminous catalogues,
containing readings from more than 1000 stations, have proved to be a valuable resource in
determ ining both the spherical and the aspherical structure of the Earth. T he seismic phases
from which such readings are made have a characteristic period of approxim ately 1 s.
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Analysis of the arrival times of the direct P-wave have led to models of low er-m antle Pvelocity (Dziewonski
elal. 1977? Dziewonski 1984; M orelli & Dziewonski 1986).
assembled by M orelli & Dziewonski (1986), for exam ple, consists of ap p ro x im ately 1.7 x 106
selected readings, relating to some 26000 events. In selecting and reducing the d ata, steps are
taken to desensitize the solution to the potential effects of crustal stru ctu re b en eath the stations
and to the effects of subducted slabs (see Dziewonski 19845 M orelli & Dziewonski 1987/7). T h e
theoretical technique used in this problem is th a t given by geom etrical ray theory, linearized
by m eans of F e rm a t’s principle, and the basis functions correspond to a spherical harm onic
expansion of P-velocity up to degree 6 and a radial representation as a q u artic polynom ial in
the dep th range corresponding to the lower m antle.
Some of the properties of the model V 3 .I of M orelli & Dziewonski (1986), w hich are shared
by the sim ilar model L 02.56 of Dziewonski (1984), are illustrated in plate
, c,
Plates 2
and 2
gare m aps at the depths 1300 km an d 2700 km, w hich are representative o f the top and
the bottom of the lower m antle, respectively. Plates 2 b and 2 c show the com ponents of the m odel
in spherical harm onic degrees 2 and 4 at depths 1300 and 2300 km. T h e p a tte rn of high
velocities encircling the Pacific, largely contained in degrees 2 and 4 , is a d o m in an t feature of
such models and the p attern of plate 2 c (2300 km d epth) is relatively co n stan t over a large
range of depths, changing appreciably only w ithin a few h u n d red kilom etres o f the top and the
bottom of the lower m antle. Plate 2
gsh ows the distribution of hot sp
model at the base o f the lower m antle, suggesting an association betw een the locations of hot
spots w ith regions of low P-velocity in the low erm ost m antle.
3.2. Seismic waveforms

S tarting in the m id - 1970s, the G lobal D igital Seism ograph N etw ork ( g d s n ), o p erated by the
U nited States Geological Survey, and the In tern a tio n a l D eploym ent of A ccelerom eters (i d a )
netw ork, operated by the U niversity of C alifornia, San Diego, have provided continuous,
digital, long-period seismic d a ta from a global array of receivers. D uring the 1980 s the F rench
G E O S C O P E netw ork has furnished ad d itio n al th ree-com ponent long-period d ata. T h e digital
recordings from these netw orks have m ade it possible, for the first time, to assem ble very large
waveform d a ta bases for use in seismic inversion.
T heoretical studies of the free oscillations of an aspherical E arth (see D ahlen 1968) an d the
developm ent of an asym ptotic form alism for the in terp reta tio n of frequency shifts due to
heterogeneity (Jo rd a n 1978/7; Silver & J o rd a n 1981) led to the discovery of a strong degree 2
p attern in the phase-velocity variations of fund am en tal-m o d e R ayleigh waves having periods
longer than ab o u t 220 s (M asters et
al.1982), w hich was iden
transition zone (400-650 km d ep th ).
Em ploying som ew hat higher frequencies an d using a technique cap ab le o f resolving odddegree heterogeneity as well as even degrees and of in co rp o ratin g overtone d a ta in ad d itio n to
the fundam ental m ode b ran ch , W oodhouse & Dziewonski (1984) constructed a threedim ensional model of u p p er-m an tle S-velocity containing degrees up to 8 an d represented as
a cubic polynom ial in d epth. T h e technique developed for this study is based upon leastsquares fitting of entire waveforms of very long period [ f < 3^5 Hz) ‘m an tle w av es’, w orldcircling R ayleigh and Love waves sensitive principally to u p p er-m an tle stru ctu re. An exam ple
of such d ata, together w ith synthetic seism ogram s for three models, is shown in figure 1. T h e
principal inform ation in this kind of d a ta is contained in m ism atches in phase betw een d a ta and
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M84C

time/h
Figure 1. An example of very-long-period ‘mantle wave’ data used in the waveform inversion study discussed in

the text. The data are from the station NWAO (Western Australia) of the Global Digital Seismographic
Network, following an event on the Mid-Atlantic Ridge on 3 June 1981; epicentral distance is 99.5°. In each
pair of traces the top trace is the data, low-pass filtered by using a cut-off frequency
Hz and the bottom trace
is a theoretical seismogram for a particular Earth model. The two observed horizontal components of motion
have been combined to yield the transverse component. The large arrivals are the world-circling Love waves
Gj, G2 etc. In the top pair of traces the synthetic seismogram is calculated for the spherically symmetric model
prem of Dziewonski & Anderson ( 1981); large phase errors are evident in the major group arrivals. In the
middle pair of traces (model M84C; Woodhouse & Dziewonski 1984) these phase misalignments have been
largely eliminated, and similarly in the bottom pair, which corresponds to the model based upon SH waves
discussed in the text. Note that the model U84L85/SH matches wave data approximately to the same degree
as the model M84C, which is based upon mantle wave data alone; U84L85/SH also includes information from
body waves such as those shown in figure 2.

theoretical seismograms, which are representative of certain averages along the source—receiver
path and with depth of the three-dim ensional variations in vs (mainly) and vv. T he modelling
strategy succeeds in greatly reducing such discrepancies, for a large suite of data, by adjusting
the three dim ensional distribution of variations in vs.
M ore recently another kind of d ata consisting of long-period body waves
Hz)
together with a larger set of m antle wave data have been used to construct global models of
vs for both the upper and the lower m antle (W oodhouse & Dziewonski 1986). Exam ples of the
body-wave d ata are shown in figure 2. T he largest arrivals in such d ata are m ultiple reflections
of S-waves from the free surface. W oodhouse & Dziewonski (1986; the definitive versions of
these models are in preparation) have used a d ata set consisting of some 6600 m antle wave
records and 8500 body wave records from 220 globally distributed events. Analysis has been
performed separately on the horizontally polarized (SH) and vertically polarized (P-SV )
subsets of the data, to assess the potential effects of anisotropy; here we shall discuss only the
results for SH ; the SH model is designated U 84 L 85 /S H .
I he theoretical technique used in these studies is based upon an asymptotic approxim ation
to the effects of heterogeneity (W oodhouse & Dziewonski 1984; M ochizuki 1986; Romanowicz
1987), which has as one of its advantages the property th at a theoretical seismogram
corresponding to a given source-receiver pair depends only upon the horizontally averaged
structure along the great circle path between the source and receiver. It is this property that
makes feasible the calculation of large num bers of partial derivative seismograms because, for
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IM84C

U84L85/SH

time/min
F igure 2. An example of long-period body-wave data; the data arc the transverse component from the station

KONO (Norway) following an event in the Western Pacific on 15 February 1982; epicentral distance is 123.1°.
As in figure 1 the observed seismogram is the top trace of each pair, in this case low-pass filtered with a cut
off frequency jjr Hz. The phase labelled S(liff is the S-wave diffracted by the core; Sn (n = 2,3,4,5) are the phases
SS, SSS, etc., which have suffered
n —1 reflections from the free surface between
Phase errors evident in the top two pairs are greatly reduced by the model U84L85/SH, discussed in the text.
See caption to figure 1.

a given source-receiver pair, it is only those linear com binations of the model p aram eters
corresponding to the path -av erag ed structure th a t enter into the calculation. T h e accuracy of
this approxim ation for fundam ental modes has been investigated by P ark (1987) who finds
th at it represents well the largest effects of heterogeneity. F u rth e r tests of this ap p ro x im atio n
and the developm ent of m ore accurate techniques are certainly desirable.
T he model derived by this ap p ro ach from SH d a ta is shown in plates 1 h an d
In
com m on w ith earlier models, large low-velocity anom alies are associated w ith m id-oceanic
ridges, w hich, m oreover, are strongest for the most rapidly spreading ridges (East-Pacific Rise,
Southeast In d ian Rise) and w eaker for less active ridges (M id-A tlantic R idge). T his is evident
in plate 1 ^ ,/ i n which the shear velocity distribution at 150 km d ep th - ch aracteristic of the
upperm ost m antle - is com pared w ith the tru n cated spherical h arm onic expansion of the
horizontal divergence of the plate velocity field (M inster & J o rd a n 1978). Low -velocity
anom alies are also associated w ith the back-arc regions of the west Pacific. In ad d itio n there
are large deep high-velocity anom alies beneath the continents (Jo rd a n 1975). N o tab le in their
ap p are n t absence are the traces of subduction zones; although large localized anom alies are
known to be associated w ith subducted slabs they do not have a large signature w hen filtered
to w avelengths greater than 2000 km, w hich are the horizontal scale lengths o f the m odel here
described. If a slab is represented by a 10 % velocity anom aly 100 km wide, its filtered
representation at a w avelength of 2000 km will correspond only to a 0 .5 % anom aly. T h e
anom alies corresponding to ridges and continents, on the o th er h an d , are several percent in
am plitude and thus are large enough to mask the signal corresponding to the slabs. P late 1 h
shows a section of the u p p er-m an tle model taken along the g reat circle indicated in the m ap ;
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this displays examples of the deep extensions of the continental shields and of the occurrence
of low-velocity anomalies associated with ridges.
In the lower m antle this model of S-velocity is highly correlated with P-velocity models based
upon travel-tim e data, and also with models of vp and vs inferred from spectral splitting of free
oscillations, discussed below; the three d ata sets, however, require an unexpectedly large ratio
of vp and vs anomalies, d In vs/ d In vv « 2- 2 .5 , which corresponds roughly to the case in which
variations in shear modulus dom inate those in bulk modulus. A therm odynam ic explanation
of this has been suggested by Anderson (1987). T hree com parisons of the P-velocity model V 3 .I
with the S-velocity model U 84 L 85 /S H are shown in plates
and 2 c, f ; note th at the
contour intervals and the range of the colour scales for relative perturbations in vs are twice
those for vv.
T he top of the lower m antle reveals high-velocity anomalies following the subduction zones
of the present and the geologically recent past (see plate 2 a, d). These high-velocity features
include the rim of the Pacific and a region stretching roughly from Indonesia to the
M editerranean that marks the Tethys convergence zone. In plates 2 a, d and
independent
models of SH-velocity and P-velocity inferred from travel times may be com pared with the
present-day plate divergence field. It will be noted th at the anomalies are displaced outw ards
from the Pacific relative to the current loci of subduction, and th at regions such as N orth
America and southern Eurasia, which have been stronger convergence zones in the past than
they are at present, are strongly represented in the models. In N orth and C entral A m erica these
models are in good agreem ent with the regional model of G rand (1987), which shows, with
somewhat higher resolution, a high-velocity, N -S trending anom aly in the depth range
800-1200 km. At its southern end, in the C arribbean, this coincides with an anom aly identified
by Jo rd a n & Lynn (1974) and by Lay (1983). Jo rd a n & Lynn (1974) and G rand (1987) have
suggested that the anom aly represents m aterial subducted beneath the N orth Am erican
continent, and the fact that it forms a p art of a global feature skirting most of the subduction
zones of the Pacific (plate 2 a, d) tends to substantiate this.
This pattern blends, with increasing depth, into long-wavelength pattern of high velocities
around the Pacific that continues to the core-m antle boundary. Plate 2 c, f shows the degree
2 and 4 com ponents of this pattern at the depth 2300 km.

3 .3 . Free oscillations
Individual arrival times used in constructing tom ographic models are sensitive to very-shortwavelength features of E arth structure, because typical wavelengths of 1 Hz signals are less
than 10 km. To determ ine large-scale structure one has to rely upon an inversion algorithm to
correctly evaluate the appropriate averages. Similarly the typical wavelengths of the m antle
wave and long-period body wave d ata used in waveform inversion are significantly less than
the scale lengths of the resulting models. T he very low-frequency signals of free oscillations,
however, having wavelengths com parable to the E a rth ’s radius, provide the opportunity to
make use of inform ation that is directly sensitive only to the longest wavelength features of
E arth structure. An isolated mode of angular order 2 , for example, is sensitive only to degrees
2 and 4 in the spherical harm onic expansion of the E a rth ’s heterogeneity. This kind of data is
also unique in the sense that source and receiver bias may be essentially ruled out as a potential
source of systematic error.
For modes that are ‘isolated’ in the spectrum , i.e. that do not exchange energy with other
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modes, the theory of degenerate splitting (D ahlen 1968; W oodhouse & D ahlen 1978,
W oodhouse & G irnius 1982) may be used to calculate the tim e series, and hence the spectrum ,
of the model m ultiplet in an aspherical E arth m odel; no ray theoretic ap p roxim ations are
needed. T h e splitting due to heterogeneity is quantified in term s of the splitting function
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(W oodhouse & G iardini 1985; G iardini et al. 1987? 1988; W oodhouse et
1986), w hich is
analogous to a phase velocity distribution for the mode. A sim ilar ap p ro ach has been em ployed
by R itzw oller et al. (1986, 1988).
Figure 3 shows an exam ple of observed and theoretical spectra used in such a study (G iardini
et al. 1988). In each fram e the phase spectrum in the interval [ —tt, tc] is shown in the top panel,
the am plitu d e spectrum in the m iddle pan el; broken lines are theoretical spectra for a given
E arth model and solid lines are observed spectra. I his p a rticu la r spectral w indow ( 1.21 —
1.27 m H z) contains the two m odal m ultiplets 0S7, w ith 15 singlets, an d 2S 3 w ith 7 singlets f . T h e
relative am plitudes and spectral locations of the singlets co n trib u tin g to the theoretical spectra
are indicated in the bottom panel of each fram e. T h e top p air of frames (figure 3 a, b) show d a ta
from two different stations and theoretical spectra for a m odel w hich is elliptical an d is ro tatin g

CMO

CMO
var=0.013

1.27 1.21
frequency/mHz
Figure 3. Examples of free oscillation amplitude and phase spectra from the IDA stations CMO (Alaska) and BDF

(Brazil) following an event in Sumbawa, Indonesia on 19 August 1977. The top two frames show the
comparison of data (solid line) with theoretical spectra (broken line) for a spherically symmetrical model,
including the effects of rotation and ellipticity only. The bottom two frames show the comparison after
inversion for the splitting function using a total of 59 spectra relating to the same pair of multiplets. The values
‘v ar’ are measures of misfit (squared misfit/squared data) in the complex spectra domain. Further details are
given in the text.
t The theory of modal splitting is analogous to that describing a spherically symmetric atom subject an aspherical
perturbing influence, such as a magnetic field. A degenerate multiplet nS, of angular order / (c.f. total angular
momentum) consists of 2/+ 1 singlets belonging to the same eigenfrequency (c.f. energy level) and labelled by their
azimuthal order numbers —l, —/ + 1, . . . , / —1, / (c.f. z-components of angular momentum). An aspherical
pertubation leads to
21+ 1 eigenfunctions belonging to distinct eigenfrequencies, which, to zeroth order, ar
linear combinations of the 2/+1 degenerate eigenfunctions.
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but is otherwise spherically symmetric. It will be noted th at the differences between d a ta and
synthetics are very large in both am plitude and in phase. O bserved spectra do not allow one
to resolve individual singlets owing to the effects of attenuation and finite record length; the
observed peaks are broad and represent the com bined effects of the interference of the
contributing singlets. T he lower frames (figure 3 c, d) show the same d ata, together with
theoretical spectra after inversion for the splitting functions of these two multiplets. It should be
noted that the d ata shown are but two records from a total of 59 records, from 10 events, which
were used in this inversion. Thus our inability to resolve the fine structure in the spectra of
individual records is com pensated by the requirem ent th at all available d ata in this spectral
window, corresponding to different source-station pairs, must be explained sim ultaneously by
the same distribution of singlets, having excitation am plitudes consistent with independently
determ ined source param eters. T he problem is further constrained by requiring the splitting
to be due only to heterogeneity of degrees 2 and 4 . T hus the problem is, at least formally,
greatly overdeterm ined; the variance ratios (squared m isfit/squared data) before and after
inversion for all 59 traces are 0.689 and 0 . 134, respectively, in this case.
Modes sensitive prim arily to m antle S-velocity structure have been used to obtain models of
the lower m antle (G iardini et
al.1987), albeit of limited resolution (spherical harm onic d
2 and 4 ); these show strong correlation with travel-tim e models of vv and, when com pared
quantitatively with these models, give a high value of d In cs/ d In vp ~ 2- 2 .5 , in agreem ent
with conclusions draw n from the waveform models discussed above. Some m antle models also
have non-negligible sensitivity to vp, and provide evidence th at the level of vp heterogeneity is
the same at modal periods (300-2100 s) as it is found to be at 1 s period in travel-tim e studies
(G iardini et al. 1987, 1988). M odal models of vs, at depths 1300 km and 2300 km are shown
in plate 2
h,i (G iardini et
al.1987). T he two right-hand panels in plate
independent determ inations of low er-m antle heterogeneity of degrees 2 and 4 . T he p attern of
high velocities around the Pacific, largely contained in degree 2, has thus been independently
obtained from three different kinds of data.

4. D i s c u s s i o n

From studies such as those discussed above, some of the m ajor features of the E a rth ’s threedimensional structure are becoming clear and the process of interpretation is underw ay. In the
upper m antle the continental shields are characterized by deep (ca. 300 km) high-velocity
anomalies (see Jo rd an 1978 a; W oodhouse & Dziewonski 1984) and the strongest low-velocity
features are associated with the fast-spreading oceanic ridges (plate 1
, g). W hereas the latter
can be understood in terms of the upwelling of hot m aterial as the plates move ap art, the deep
extensions of the continents present some difficulty because it may be expected th at vigorous
convection would rapidly destroy them. Probably they are compositionally different, cooler
and of higher viscosity than the sub-oceanic m antle (Jo rd an 1988). By translating the observed
velocity anomalies into density anomalies and performing a dynam ical calculation of fluid
flow in a m antle of assumed viscosity structure, these models have been used to infer the
expected fluid motion at the surface (Forte & Peltier 1987). Com parison with the poloidal
com ponent of the observed motion of the plates shows fairly good agreem ent at very low degree
(plate 1g, j ), and highly significant correlations at higher degrees and thus it has become
possible to begin to understand the internal forces that drive plate motion. A limiting factor,
23
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however, is the unknow n relation betw een density and velocity variations b en eath the
continents; conventional assum ptions lead to difficulty in explaining surface to p o g raphy and
the geoid.
M uch interest in geodynam ics centres on the trajectory in the m antle of m aterial subducted
at convergent plate boundaries. This is because it bears on the question of how well the m antle
is mixed, which is of great im portance in un d erstan d in g the E a rth ’s chem ical evolution.
A lthough the d eb ate on this issue will doubtless continue for some tim e to come, the most
n atu ral inference from both global (Dziewonski 1984; W oodhouse & Diezwonski 1986) and
regional (see C reager & J o rd a n 1984, 1986; G ran d 1987) seismological studies is th a t cold
subducted m aterial penetrates the b oundary, although a significant increase in viscosity m ay
act to reduce the velocity an d to increase the cross-sectional area of the descending flow (H ager
et al.1985). Present day subduction takes place principally aro u n d the rim of the Pacific;
models of the lower m antle show th a t a very-long-w avelength p a tte rn of high velocities around
the Pacific (see plate 2 ) persists th ro u g h o u t the lower m antle (Dziewonski
al. 19771
Dziewonski 1984; W oodhouse & Dziewonski 1986; M orelli & Dziewonski 1986; G iardini et al.
1987) and, m oreover, th a t its m orphology bears the closest resem blence to w h at m ay be
expected due to subduction in the u p p er p art of the lower m antle (plate 2 a, d). This feature,
w hich fills a m ajor fraction of the E a rth ’s volum e, is un d o u b ted ly of fu n d am en tal significance
in und erstan d in g the E a rth ’s long-term dynam ics; it rem ains to be determ in ed , th ro u g h
geodynam ical m odelling, w hether this feature explains or w hether it is explained by the fact th a t
subduction zones have tended to be in fixed locations for long periods of E a rth history. T h a t
is: is the tom ographically observed anom aly to be a ttrib u ted to m aterial subducted in the sam e
locations for long periods of time, or are the locations of convergent plate boundaries governed
by a long-lived therm al anom aly in the lower m antle? J u s t outside the core the p a tte rn of high
and low velocities is such th at approxim ately 8 0 % of hot spots at the surface are above regions
of lower th an average velocity in the low erm ost m antle, lending su p p o rt to the hypothesis th a t
hot spots are the surface m anifestation of plum es rooted in the deepest p a rt of the m antle
(plate 2
g ).Instantaneous fluid dynam ical calculations have had m ajor success in explaining
the very long w avelength geoid p ertu rb atio n s as the result of density anom alies, p ro p o rtio n al
to the seismic velocity anom alies in the lower m antle, acting as in tern al loads in a viscous
m antle and have led to the conclusion th a t the viscosity of the low er m antle is substantially
higher th an th a t of the u p p er m antle (H ager et al. 1985).
T h e shape of the co re-m an tle bou n d ary , in spherical harm onic degrees up to 4 , has been
determ ined by using the travel times of both reflected and tran sm itted waves (M orelli &
Dziewonski 1987 a), yielding consistent results w here coverage is ad eq u ate (plate 1 i). Fluid
dynam ical calculations have again been successful in explaining some aspects of the seismically
inferred bo u n d ary topography (Forte & Peltier 1989). H ow ever, studies in co rp o ratin g rays
th at have high angles of incidence (alm ost grazing) have shown a different p a tte rn (C reager
& Jo rd a n 1987). This ap p a re n t discrepancy is p robably a fu rth er m anifestation of the com plex
heterogeneity in the low erm ost m antle and, possibly, in the outerm ost core. It is im p o rta n t to
recognize th a t a deflection in the co re-m an tle b o u n d ary produces an anom aly in the travel
time of a reflected phase (PcP) th a t has the opposite sign from the travel-tim e anom aly of the
transm itted wave (PK P) w hich intersects the b o u n d ary at the same point. A velocity anom aly
in the m antle, on the o th er h an d , would produce travel-tim e anom alies o f the sam e sign in PcP
and P K P . In the study of M orelli & Dziewonski (1987a), the d em o n stratio n th a t PcP gives a
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result similar to that obtained from P K P (and, in particular, a result of the same sign) is strong
evidence that it is truly the signal of a boundary deflection, rath er than that of m antle
heterogeneity, that has been detected.
A lthough no w ell-docum ented heterogeneity has been reported in the fluid outer core and,
indeed, is not to be expected because of the inability of an inviscid fluid to m aintain such
heterogeneity - the inner core has been found to be characterized by an anisotropic, crystalline
structure (W oodhouse
et al.1986; Morelli
preferential alignm ent of the high velocity axes parallel to the E a rth ’s rotation axis. This
enigm atic observation is possibly evidence of low-degree convection in the inner core (Jeanloz &
W enk 1988).
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