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Seismological images of the Earth’s mantle reveal three distinct changes in velocity structure, at depths of 410, 660 and
2,700 km. The first two are best explained by mineral phase transformations, whereas the third—the D" layer—probably
reflects a change in chemical composition and thermal structure. Tomographic images of cold slabs in the lower mantle, the
displacements of the 410-km and 660-km discontinuities around subduction zones, and the occurrence of small-scale
heterogeneities in the lower mantle all indicate that subducted material penetrates the deep mantle, implying whole-mantle
convection. In contrast, geochemical analyses of the basaltic products of mantle melting are frequently used to infer that
mantle convection is layered, with the deeper mantle largely isolated from the upper mantle. We show that geochemical,
seismological and heat-flow data are all consistent with whole-mantle convection provided that the observed heterogeneities

are remnants of recycled oceanic and continental crust that make up about 16 and 0.3 per cent, respectively, of mantle

volume.

he Earth’s mantle comprises 82% of its volume and 65%

of its mass. It constitutes virtually all of the silicate part of

the Earth, extending from the base of the crust (0.6% of

Earth’s silicate mass) to the top of the metallic core (Fig.

1). When the core segregated from the silicate and gas of
the proto-Earth, it incorporated high concentrations of the
siderophile elements, leaving lithophile elements in the silicate
mantle. (Words in bold are explained in the glossary; see Box 1.)
Thus, the current composition of the mantle has core formation
imprinted on it—as pronounced depletions in, for example, Fe, Ni,
S, W, Pt, Au and Pb relative to the chondritic meteorites'? which
are used to constrain the composition of the whole Earth. Owing to
the fractionation of lithophile radioactive parent isotopes such as
U and "8*Hf from their siderophile daughters **°Pb and '®*W, core
formation can be dated as the time at which the evolution of the
isotopic compositions of Pb and W diverged from the meteorite
trend. The result (about 4.5 Gyr ago) corresponds to 50—100 Myr

after the formation of the oldest meteorite bodies in the Solar
System™.

Mantle rocks that occur occasionally at the surface, either as
tectonic fragments (kilometre scale) or as inclusions in explosive
eruptives (centimetre scale) are predominantly peridotites. One of
the main questions facing the Earth sciences is whether a peridotite
composition, representative of the upper 150km of the mantle,
can also be assumed to represent the remainder of the mantle
down to 2,900 km depth. Many geochemical data suggest not. For
example, the current heat flux at the Earth’s surface is about 44 TW
(44 x 10> W), most of which can be reasonably attributed to radio-
active decay of K, U and Th in the mantle’. The upper-mantle source
region of mid-ocean ridge basalt (MORB) is depleted in these
elements, however, and only produces 2—6 TW. The simplest
explanation of the shortfall is that there is a lower layer enriched
in the heat-producing elements that is only sporadically involved
in the production of surface rocks®®. Similarly, the flux of the
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Figure 1 Speeds of seismic waves in the Earth, showing the major discontinuities at 410 and 660 km depth, and the D” layer at the base of the mantle. Also shown (right) is a cut-
away view of the Earth, showing a region of continental crust and a subducted lithospheric slab extending into the lower mantle. The D” layer is irregular in thickness. A hypothetical
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“lower layer” is shown with a dashed line.
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radioactive products “’Ar (from K) and *He (from U, Th) into the
atmosphere should be predictable from the surface heat-flow and
the approximate abundances of K, U and Th in the bulk Earth. In
fact, about 50% of the “’Ar produced over the age of the Earth is
missing from the atmosphere’, while the flux of *He from the
oceans is only 5% of that predicted from oceanic heat flow".
These observations again lead naturally to the concept of a region
in the deep Earth, rich in the products of radioactive decay, which
exchanges heat but little mass with the convecting upper mantle
(Fig. 1).

The object of this Review is initially to summarize the data
relating to the structure and composition of the mantle with an
emphasis on those observations in favour of, or against, chemical
layering. We will then present some possible ways in which con-
flicting evidence might be reconciled, and suggest some future
directions that will help resolve the remaining questions.

The principal data relating to the deep interior are those of
seismology. Global one-dimensional seismic models" (Fig. 1)
clearly show the main features that constrain the mineralogical
and chemical constitution of the deep interior. More detailed
regional studies provide important additional information.
Figure 1 shows that there are two main seismic discontinuities
in the mantle, at 410 and 660 km depth. In the lower mantle,
below 660km, seismic velocities increase monotonically with
depth until the D" region is reached at about 200 km above the
core—mantle boundary. The latter is a region of low gradient in
seismic wave speeds, and contains large-scale low-velocity struc-
tures and regional discontinuities. Although the mantle discon-
tinuities (410, 660 and D") are all, potentially, due to chemical
layering of the mantle, pressure-induced phase transformations in
peridotite are more plausible explanations for the two shallower
discontinuities.

Bernal® was the first to propose that rapid
increases in seismic velocity in the mantle might be due to phase
transformations rather than a change in composition. Experiments
in the mid-1960s'* showed that the olivine component of peridotite
undergoes successive pressure-dependent transformations to the

Box 1
Glossary

Basalt A rock made by 5-20% melting of peridotite. It is produced
under mid- ocean ridges (mid-ocean ridge basalt, MORB) by upwelling
of hot mantle. Ocean island basalts (OIBs) are products of similar
processes under ocean islands.

Chondritic meteorites A class of meteorites that record the early
history of the Solar System. They are thought to represent primitive
planetary materials.

EM-1, EM-2 basalts OIBs having isotopic similarities to recycled
continental materials.

HIMU basalts OIBs having isotopic similarities to recycled oceanic
crust.

Incompatible/compatible \When rock starts to melt, some
elements (incompatible) are concentrated in the liquid silicate while
others (compatible) remain in the solid minerals.
Lithophile/siderophile Elements that dissolve readily in metallic
iron under moderately reducing conditions are siderophile, and are
concentrated in the core. Those that more readily bond with oxygen
are lithophile, and are concentrated in the silicate Earth.
Peridotites Rocks made up predominantly of olivine (Mg,Fe),SiO,,
with lesser amounts of orthopyroxene (Mg,Fe)SiOs and clinopyroxene
Ca(Mg,Fe)Si,Og. Although rarely found at the surface, they appear to
be the dominant rock type of the mantle.

Refractory Refractory elements condense from gas to solid at high
temperatures.
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spinel structure (ringwoodite), and ultimately breaks down to form
(Mg,Fe)SiO; perovskite plus (Mg,Fe)O (refs 15,16):

(Mg, Fe),SiO, = (Mg, Fe),SiO, Pressure, 13—14 GPa; depth, 410 km

Olivine Wadsleyite

(Mg, Fe),Si0, = (Mg, Fe),SiO, Pressure, 18 GPa; depth, 520 km

Wadsleyite Ringwoodite

(Mg, Fe),SiO, = (Mg, Fe)SiO; + (Mg, Fe)O Pressure, 23 GPa, depth, 660 km

Ringwoodite Perovskite Magnesiowtistite

The transformations of olivine to wadsleyite, and ringwoodite to
perovskite (+oxide), clearly correlate with the two major global
seismic discontinuities, and must generate at least some part of the
seismic ‘signal’ But do phase transformations at constant peridotite
bulk composition completely explain the seismic phenomena, or are
chemical discontinuities also required? Consider the responses of the
three transformations to changes in temperature. Figure 2 (ref. 17)
shows a pressure—temperature (P-T) diagram for pure Mg,SiO,
that illustrates the main points. The transformation of olivine to
wadsleyite has a positive slope, with dP/dT of approximately
+3MPaK ™. In contrast, the breakdown of ringwoodite to perovs-
kite plus magnesiowiistite has a negative slope of =2 MPaK™'. Thus,
if the 410- and 660-km discontinuities are entirely due to these
phase transformations, regions of abnormally low temperature such
as subduction zones should correspond to elevation of the ‘410’ to
lower depths and depression of the ‘660’ to greater depths. We
address the testing of this prediction in the next section.

A more direct approach to correlating mineralogy and seismic
properties is through the elastic properties of the whole mineral
assemblage. This requires consideration of transformations in the
non-olivine component (30%) through the transition zone (410—
660 km) and into the lower mantle.

Phase changes in the pyroxene and garnet components of mantle
peridotite are gradual, and lead to changes in slope of the curves of
seismic velocity versus depth rather than to discrete discontinuities.
The principal transformations involve, first, dissolution of pyroxene
into the garnet structure at pressures corresponding to 350—500 km
depth'®". Then, at about 580 km depth, a few per cent of CaSiO;
perovskite begins to exsolve from the garnet, which at that point
constitutes about 30% of a bimineralic (garnet + ringwoodite)
mantle:

26
4 Perovskite + oxide

24 1 660 km
_ 22 _Subduction,’
©
s _| geotherm 1
o} 20 /! :
g 18 1 Normal Wadsleyite
2 | geotherm
4 |
o

T T T
1,800 2,200

Temperature (K)

Figure 2 Schematic phase diagram of Mg,SiO, olivine in mantle peridotite. Solid lines
show the phase stability regions for olivine, wadsleyite, ringwoodite, and perovskite +
oxide. Dashed lines show approximate temperature increase with depth in the mantle
and inside a subduction zone. Cooler temperatures in subduction zones move the
phase transitions either to shallower depths (olivine — wadsleyite) or deeper depths
(ringwoodite — perovskite + oxide).

NATURE |VOL 412|2 AUGUST 2001 | www.nature.com




(Mg, Fe, Ca), (Si, Al),8i,0,, = (Mg, Fe, Ca),(Si, Al),Si,0,, 4 CaSiO,

Si-rich garnet Reduced-Ca garnet Perovskite

Finally, between 23 and 26 GPa (660 and 750km depth), garnet
dissolves into the perovskite phase that had initially been produced
by breakdown of ringwoodite™:

(Mg, Fe)SiO,+ (Mg, Fe, Ca),(Si, Al),Si,0,, = (Mg, Fe, A)(AL $i)O, + CaSiO,

Low-Al perovskite ~Garnet High-Al perovskite Ca-perovskite

Predicted mineralogy should enable calculation of seismic wave
speeds, which, if the chemical composition is correct, should match
the average one-dimensional wave speed structure. Unfortunately,
however, individual elastic constants of the high-pressure minerals
have not yet been measured at pressures (13—23 GPa) and tempera-
tures (1,400—1,800°C) relevant to the Earth’s interior. Values of
bulk modulus K and density p are available, even under lower-
mantle conditions®?, so @ = Kg/p = v — (4/3)v, rather than the
individual seismic velocities vp and vs, provides a well-constrained
comparison between seismology and mineralogical properties.
(Here vp and vs are the velocities of P and S waves, respectively.)
Results of such calculations are disappointing, however. The data
are not accurate enough to discriminate between a deep mantle of
peridotitic composition and one which is enriched in Fe or Si, as has
been proposed by numerous authors®2.

Seismological results stimulated most of
the ideas on mantle structure discussed above. Historically, radial
variations in seismic velocities were derived from analysis of long-
period seismic-wave travel times****. More recently, seismologists
have used both short- and long-period data for tomographic
models of wave-speed variations®'. Additionally, regional short-
period seismic arrays comprising hundreds of instruments have
revolutionized the study of small-scale mantle structures—such as
the widths of the 410- and 660-km discontinuities”. These studies
complement the long-period global results by providing detail at
small, 10-km, length scales.

The mineralogical reactions responsible for the 410- and 660-km
discontinuities have characteristic pressure—temperature slopes
(dP/dT = AS/AV where AS and AV refer to entropy and volume
changes of reaction, respectively.) (Fig. 2) that can, in conjunction
with short-period seismic studies, be used to constrain mantle
properties’™*. In the vicinity of a predictable change in mantle
temperature structure a phase transformation must change depth,
leading to predictable and testable discontinuity topography. For
example, the temperature difference (~700 K) between the interior
of a subducted lithospheric slab and the surrounding mantle®
should lead to displacements of approximately —60km and
+30km of the 410- and 660-km discontinuities, respectively, if
they are solely due to the isochemical transformations of olivine to
wadsleyite and ringwoodite to perovskite + magnesiowiistite®. A
study of the depth of the 410-km discontinuity” in the Izu-Bonin
subduction zone, based on data from short-period arrays, indicated
maximum uplift to about 350 km. Detailed study of the 660-km
discontinuity in the same region revealed regional depression of
about +30 km, and no further mantle features below this depressed
transition for a further 300 km (ref. 38). Near subduction zones, the
width of the depressed ‘660 km’ transition is a few hundred kilo-
metres”’ ™, approximating the dimensions of the ‘thermal halo’
around a cool slab. The depth and width of the depression is thus
in agreement with the simple phase-transformation model of the
660-km discontinuity, and contrary to the predicted dynamical
behaviour of subducted material intruding into (or deflected by) a
compositionally different layer'™"'. In the latter case, depression of
the discontinuity is predicted to be of the order of several hundred
kilometres. The extent of discontinuity topography near subduction
zones is thus consistent with isochemical phase changes, and
supports the hypothesis that there are no compositional changes
at 410 or 660km depth. The results are also consistent with
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penetration of slabs into the lower mantle and with deep recycling
of former lithospheric material.

Global seismic tomographic images, based on both short- and
long-period data, also strongly suggest slab penetration into the
lower mantle. A variety of modern studies show narrow features of
high seismic velocity extending from sites of present-day subduc-
tion deep into the lower mantle®**. The implication of these
seismological observations, in combination with dynamical model-
ling of mantle mixing***, is that there is no major change of
chemical composition between the upper and lower mantles. But
in contrast to the well-resolved high-velocity structures extending
into the lower mantle, the diffuse form of warm low-velocity
structures in tomographic images do not as yet convincingly
delineate return flow from the lower to the upper mantle.

An important feature of the lower mantle that long-period
tomographic studies do not resolve is small-scale elastic hetero-
geneity, which has been discovered using scattered waves*~*. These
studies observed bodies distributed throughout the lower mantle
that were smaller than 10 km in size, and whose wave speeds varied
by 1% or more from that of the ambient mantle. In the few cases
where individual scatterers were identifiable, they had seismic
velocities at least 4% slower than their surroundings*® and arrayed
themselves in linear structures resembling heterogeneities stretched
by convective stirring in the mantle**~'. These ‘scatterers’ must be
chemical rather than thermal heterogeneities because they are too
small (assuming thermal diffusivity of 1x10°m?*s™"; ref. 52) to
maintain a temperature difference from the mantle for longer than
about 200,000 years. Given the tomographic evidence for deep
subduction, the most likely explanation is that they are remnants
of lithospheric slabs.

Substantial changes in seismic wave speeds occur locally in the
lowermost part of the mantle, D". This approximately 200-km-thick
region varies in thickness, and contains discrete discontinuities™,
scattering features**, and possibly, thin low-velocity layers
against the core-mantle boundary’”*. D" is also anisotropic, and
the variations in P-wave and S-wave speeds are uncorrelated®®. In
combination, these features suggest that D" is a region with
pronounced lateral chemical heterogeneity that differs chemically
from the overlying mantle.

These seismological properties of mantle structure may be
summarized in a map (Fig. 3) of the angular correlation function
of seismic heterogeneity provided by analysing recent mantle
tomographic studies®. The angular correlation function reveals
the lateral extent of correlated variations in wave speed at a given
depth in the mantle. Lateral heterogeneity in the upper mantle is
significant, and is organized into broad regions (continents and
oceans)®, shown by the wide correlation lengths. In the lower
mantle, the correlation length diminishes to an approximately
constant level until the base of the mantle is approached, when it
increases again owing to the structure of D". There are no changes in
correlation length in the lower mantle attributable to boundaries
between elastically different material. Thus, whatever heterogeneity
is present in the lower mantle, the observational seismic data only
require it to be homogeneously distributed, without undergoing
any significant scale reorganization with depth.

In summary, modern seismological studies show that the mantle
is chemically heterogeneous at the 10-km length scale, but give no
clear evidence of radial stratification other than at the boundary
with the D" region. Both tomographic and seismic array studies are
consistent with deep subduction and hence with whole-mantle
convection.

Current global heat loss is 44.2x 10'>W (44.2 TW)®, This is made
up of contributions from radioactive decay of K, U and Th and from
secular cooling of the Earth. Measurements of the compositions of
the most primitive, unfractionated, mantle peridotites indicate that
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refractory lithophile elements such as Ca, Sc, Ti, the rare-earth
elements (REE), U and Th are in chondritic ratio one to another in
the silicate part of the Earth"®, This leads to concentrations of about
20 p.p.b. (parts per billion) U and 80 p.p.b. Th in bulk silicate Earth
(that is, mantle + crust). Chemical analysis of igneous rocks indi-
cates that their K/U ratios are generally about 12,500, irrespective of
rock type or tectonic settting®. This implies a K content of bulk
silicate Earth of about 12,500 times the U content, or 250 p.p.m.

This inventory of radioactive elements is at present producing
20 TW, or about 45% of the total heat flow®. But the mantle has a
long thermal time constant, and advective removal of heat is linked
to the vigour of plate-tectonic motions that vary over time, so that
the heat loss measured now was generated by decay in the distant
past. Although the age of the current heat-loss is, of course, model-
dependent, we can make defensible estimates based on the apparent
ages of isotopic heterogeneities in the mantle, such as those of
modern HIMU basalts®. These are being generated now from
melting of oceanic crust that was recycled from the surface into
the deep interior 1-2 Gyr ago. Using the latter figures as a measure
of the age of the heat reaching the surface yields a radioactive heat
contribution of 24.9-32.9 TW (ref. 65). Parametrized convection
models of the cooling of the Earth’s interior yield secular cooling
rates of 30—100 KGyr’1 (refs 66, 67). This loss of the Earth’s heat
energy produces heat fluxes between 5.9 and 20 TW, which are
capable of making up the balance from the geochemically inferred
radioactive heat production.

By mass-balancing the different parts of the silicate Earth to the
overall bulk silicate composition', we can determine how much
‘hidden’ layering is necessary to make the whole. We will concen-
trate on the heat-producing elements, and begin by considering two
major reservoirs whose concentrations of K, U and Th are reason-
ably well-known—the continental crust® and the mantle source of
MORB®. From the major-element compositions of MORB, it
appears that these voluminous volcanic rocks are produced by
about 10% melting of peridotite mantle’®”’. Assuming that K, U
and Th act as incompatible elements, this means that the mantle
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Figure 3 Angular correlation function of a shear-wave tomographic model* as a
function of depth. This characterizes the similarity of wave speed of two points at the
same depth in the mantle separated by some angular distance. Every point in the
mantle is perfectly correlated with itself, resulting in the maximum correlation for
points separated by zero distance (eft side of figure). A drop of e, or about 0.4,
indicates a significant correlation decrease (the yellow band). Blue colours
representing zero or negative correlations arise at large separations, and a degree-
two pattern at the mantle’s base is made evident by the maximum negative correlation
at ~90°. The correlation length is greatest in the upper mantle and in D”. In the upper
mantle, this probably corresponds to continent/ocean differences®, while the
structure in D” possibly reflects the pattern of heat flow out of the core into the mantle.
In the lower mantle above D” the correlation length is approximately constant,
indicating no reorganization of heterogeneity scale length in the mid—lower mantle.
CMB, core—mantle boundary.
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contains about 0.1 times the concentrations found in MORB. In
that case the mantle source can only have about one-third the
concentrations of K, U and Th (and other incompatible elements)
postulated for the bulk silicate Earth'. It is therefore ‘depleted’
mantle. As the continental crust is highly enriched in these incom-
patible elements, the simplest assumption is that enriched crust and
depleted mantle are complementary, and formed by differentiation
of bulk silicate Earth®. The result (Table 1) indicates that there is
insufficient enriched crust for the depleted peridotite mantle to
comprise the whole mantle—it turns out to constitute only 50% of
the whole mantle. The calculation can be repeated with isotope
systems such as Sm—Nd with very similar results’>. Mantle layering
(Fig. 1) is the logical conclusion.

The simple layered model is, however, compromised by seismo-
logical evidence in favour of whole-mantle convection, or at least of
deep subduction of slabs into the lower mantle and of heterogene-
ities introduced by subduction. That these heterogeneities are real
and long-lasting is attested to by seismological evidence of lower-
mantle ‘scatterers’, and by enriched ocean island basalts (OIBs) that
contain isotopic evidence of contributions from old subducted
oceanic crust (HIMU) and from continental crust and lithosphere
(EM-1, EM-2)®. The current rate of subduction” of 3 km? per year
means that approximately 18 km’ of oceanic crust—and, assuming
10% melting by mass, 140 km” of highly depleted, ‘sterile’ perido-
tite—is being returned to the mantle each year. Rather more
difficult to estimate is the amount of continental sediment that is
returned to the mantle with the subducted oceanic plates. Recent
estimates vary between 0.7 and 1.5km’ per year’*. Therefore,
assuming a constant rate of subduction for 4 Gyr, we find that the
mantle contains 5% recycled oceanic crust, 45% recycled ‘sterile’
mantle and about 0.3% recycled continental material. If the higher
rate of heat production in the past (3.6 times current values at 4 Gyr
ago) was compensated by higher heat loss through formation of
oceanic lithosphere, then it seems likely that almost the entire
mantle has been through the cycle of partial melting, oceanic
crust formation and sediment recycling. In that case a better view
of the mantle today would be as a heterogeneous mixture of ‘sterile’
highly depleted mantle containing ‘blobs’ of oceanic and continen-
tal crust of different ages and sizes. Such ‘blobs’ are real, and
recorded as chemical heterogeneities in studies of scattered seismic
waves.

In Fig. 4 we show how a heterogeneous model of the mantle
would fit with the chemical composition of the silicate Earth.
Assuming that there is no primitive undepleted mantle, the silicate
Earth consists of continental crust (0.6% by mass), ‘sterile’ mantle
(> 45%), and recycled continental and oceanic material. As the
depleted mantle produces basalt by about 10% partial melting”®”",
we can consider it a mixture of 10% recycled oceanic crust and 90%
‘sterile’ peridotite. There are two end-member approaches for mass-
balancing K, U and Th in the silicate Earth that differ in their
complexity. Either yields agreement with K, U and Th abundances,
so we consider the differences they predict in other trace-element
abundances to discriminate between them. One end-member
assumes that average rates of oceanic crust production over the
past 4 Gyr were twice the present rate, processing the whole mantle
through the MORB production process, with 0.4% recycled con-
tinental crust material. The other end-member assumes a lower rate

Table 1 Mass-balance calculation of the fraction of mantle depleted by
continental crust formation

Element Bulk silicate Earth  Continental crust Depleted mantle  Fraction of mantle

(p.p.m.) (p.p.m.) (p.p.m.) that is depleted
K 250 15,800 85 0.50
U 0.02 1.4 0.0065 0.54
Th 0.08 5.6 0.0164 0.46
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of oceanic crust production, no recycled continental crust, and that
the 16% remaining, yet-to-be-processed mantle mass fraction is
excess—or ‘old’—material left over from an episode of early
differentiation and oceanic crust extraction, as Hf isotope evidence
suggests”. In either case, modern MORB comes from a ‘marble-
cake™ mixture of ‘sterile’ mantle and recycled oceanic crust. OIB
has a similar origin, but the melting process must involve more of
the recycled oceanic and continental crust in order to generate its
higher incompatible trace-element content®®. We can test the two
end-members by mass-balancing the bulk silicate Earth contents of
elements such as Ti, Zr and La, which are geochemically similar to
K, U and Th. The end-member with no ‘old’ recycled oceanic crust
requires about 1% additional oceanic crust to mass-balance (Fig. 4).
The end-member with ‘old’ excess crust overestimates the trace
element abundances by an amount equivalent to 10% additional
oceanic crust. Best overall agreement is achieved with a 75%/25%
mixture of the end-member models (0.3% recycled continental
material and 5% ‘excess’ recycled oceanic crust). In either, the
recycled material in depleted mantle (>90% of the mantle) is

Bulk silicate Earth
U 21 p.p.b., Th 79 p.p.b.
K 250 p.p.m.
T 0.6% Continental crust 0.6% T
+ - Ul4ppm.,Th56ppm |—+
K 15,800 p.p.m.
r------"-"-"-"-"--=-="-="--"-—"—-"—"—"-—--——-—-—" l
1 1
89% ! Sterile mantle '75.1%
+<—:- U0 p.p.m,ThOp.p.m. X
! KO p.p.m. !
1 1
, Depleted Mantle ,
1 1
10% Recycled oceanic crust 1 8.3%
- U 65 p.p.b., Th 164 p.p.b. : +
' K 850 p.p.m. '
U J
0% Old recycled oceanic crust 16%
U 47 p.p.b., Th 195 p.p.b. st
K 540 p.p.m.
0.4% | Recycled continental material 0%
U 1.68 p.p.m., Th 6.91 p.p.m.
K 16,930 p.p.m.
0 Proportion of old recycled oceanic crust 16
107 A% recycled 30 ] A% recycled
8 _] oceanic crust 25 — oceanic crust
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Figure 4 Approximate mass balance for a bulk silicate Earth made up of continental
crust, ‘sterile’ mantle, recycled oceanic crust, old recycled oceanic crust, and recycled
continental material. The proportions satisfy seismological, heat-flow and most trace-
element geochemical constraints. Diagrams at bottom show misfit to trace-element
abundances if the total amount of recycled oceanic crust is varied. The large Nb value
is symptomatic of the ““missing niobium problem’®®”. Ba and Rb values are very
sensitive to the amount of recycled continental crust and to unknown effects of
subduction zone fluids.
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distributed as the small, kilometre-scale blobs discussed earlier.
Recycled continental and ‘excess’ oceanic crust is largely isolated
from the MORB reservoir, suggesting either a thin lower-mantle
layer or that the lowermost mantle contains a high proportion of
very long-lived blobs.

This simple model is a starting point for considering the mantle
as a laterally heterogeneous, rather than a vertically stratified,
system. In its simplicity, there are some geochemical aspects that
it ignores. It ignores the role of delaminated continental crust, a
possible component of EM-1 type OIB?, and the selective extraction
and recycling of K and U by fluids in subduction zones™. Nor do we
consider any isotopic constraints on the necessity for primitive
‘untapped’ reservoirs somewhere in the Earth. Although both Sm—
Nd and Rb-Sr isotope systematics can be fitted into the recycling
scheme presented here, noble-gas isotopes should provide stronger
constraints. The high ratio of primordial *He to the radiogenic
(from U, Th decay) *He in some OIBs and the decoupling of heat
from *He flux are considered evidence of an undegassed deep
reservoir’”'**%, The bulk silicate Earth' has a K content which
should have, over 4.5 Gyr, produced about twice as much *°Ar as is
observed in the atmosphere, crust and depleted mantle’, also
implying that there is an isolated reservoir somewhere. These
conclusions are, however, based on the assumption that the noble
gases are highly incompatible and if this is not the case, they could
be invalidated. For example, the *He/*He ratio of all parts of the
Earth is decreasing with time owing to production of *He from U
and Th. If, as seems possible, He is more compatible in mantle
crystals than U and Th¥, then very old subducted mantle, which had
undergone partial melting in the distant past, would have a
relatively high *He/U ratio. This region would retain a high *He/
*He ratio through geological time because of the low rate of “He
production. Some OIB might tap such a source rather than a
primitive layer. Further complexities will clearly be required as the
behaviour of the noble gases in OIB and MORB generation becomes
better understood.

Seismological and chemical evidence shows that heterogeneity is
ubiquitous in the mantle, and that subduction is the key process
producing it*”. This heterogeneity extends from top to bottom of
the mantle under different guises. In the upper mantle, it takes the
form predominantly of cold subducted lithospheric slabs. Their
excess density carries them into the lower mantle where they either
stagnate through thermal equilibration or sink to the core—mantle
boundary. Simultaneously, the material mixes back into the mantle
more effectively with time as thermal equilibration reduces rheo-
logical and density differences. Heterogeneity diminution by
stretching at flow stagnation points yields a spectrum of sizes
whose average diminishes with time but which still retains large
fragments*®'. D" might also play a homogenizing role as a storage
and entrainment site for oceanic crust**’*”. Rheological differences
between the admixed material and the peridotitic mantle tend to
inhibit and delay homogenization®. In consequence, lower-mantle
heterogeneity almost certainly exists at many scales, representing all
stages in the mixing process. This is seismically expressed in the
lower mantle as discrete lithospheric slabs, as 8-km-scale scatterers
and in the unusual array of D" properties.

How is this lower-mantle heterogeneity distributed and what
proportion of it is likely to be seismically observable? To answer this
we use the constraints of seismic scattering”. The volumetric
fractional scattered power of a heterogeneity, {(PY VA depends
on its volume a’, the average velocity perturbation v in the body, the
scattering angle 6 and wavenumber k, and decreases with distance r
from the scatterer:

(®Y 5[ K'v][3cosh+ 1+ 2cos’0
var] = ° 1+ 4k2a? sin’(0/2)

67r?
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Figure 5 Visibility of mantle heterogeneity by seismic scattering. The abundance of
mantle heterogeneities decreases with size exponentially (left axis), while the
scattering power increases with the cube of the scatterer size (right axis). Scatterers
smaller than ~4 km are not likely to be visible on account of the attenuation of high-
frequency body waves in the upper mantle (wavenumber k o< frequency) that would be
sensitive to them. Conseguently, only the largest mantle heterogeneities yield
observable scattering. With values of x = 2.25x 10 km™" and £, = 2.04x 107 that
satisfy the observational scattering constraints and the abundance of non-‘sterile’
mantle components, 93 vol.% of heterogeneity should be << 4 km in size, and hence
invisible to seismic scattering.

Models of the convective stretching and dispersal of heterogene-
ities indicate that average size becomes smaller with time, with an
exponential dependence of fractional volume f on size a (ref. 49):
fla) = fy exp(—«ka). The unknowns f, and k can be constrained
because the integral of f over heterogeneity sizes 0—8 km must yield
the volume fraction of the mantle occupied by heterogeneities
(around 11-16% from geochemical arguments). Also, the fraction
at a = 8 km must agree with the number of seismically observed
heterogeneities of that size. The latter is unknown, because much of
the mantle has yet to be systematically explored for scatterers, but it
should be of the order of the volume of subducted oceanic crust
currently en route to the base of the mantle. This volume is about
0.2% of the mantle, assuming the present global rate of mass
transfer into subduction zones and a vertical descent rate in the
mantle of 30 mmyr™" (refs 30, 48). Both constraints are satisfied by
k=225%10"km™" and f, = 2.04 x 107, leading to the prediction
that 93% (by volume) of the heterogeneity is smaller than 4 km,
which would be invisible to short-period wave scattering (Fig. 5).

From a seismological viewpoint, the mantle therefore appears to
exhibit an overlapping collection of vertically homogeneous regions
that coexist with heterogeneity on a range of length scales (Fig. 6).
However, most of the heterogeneity volume is represented by very
small bodies (< 4km). This homogeneous distribution of hetero-
geneity extends from the base of the mantle into the MORB melting
region, 40—80 km below the surface, where it is destroyed by melting
and melt extraction. The latter melting region acts as a near-surface
‘heterogeneity sink’—the larger heterogeneities can only be inferred
from their chemical signatures. Despite having to traverse the region
of homogenization, however, large peridotite bodies tectonically
emplaced in the continental crust still exhibit a wide range of metre-
and centimetre-scale heterogeneities®®.

Early interpretations of the seismic structure of the Earth, incorpor-
ating what was known about the compositions of meteorites,
suggested a gradual change from silicate to iron-rich compositions
with depth. This view was abandoned in favour of a layered mantle,
once the nature of the core—mantle boundary was recognized, and
finite strain theories became available to model changes in material
elasticity with depth. The seismic discontinuities at 410 and 660 km
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Figure 6 Sketch of proposed model of a chemically unstratified mantle. Subduction of
oceanic lithosphere introduces heterogeneity into the mantle. Mixing by convective
stirring of the mantle disaggregates the subducted lithosphere and minor continental
material, producing isolated heterogeneities that scatter seismic energy but are too
small to be observed tomographically. Melting at mid-ocean ridges and at ocean
islands produces basalts and homogenizes the two types of mantle material, one
enriched in incompatible elements and the other ‘sterile’.

depth initially appeared to be likely boundaries for the composi-
tional layering. Recent studies of discontinuity topography and
tomographic images of slab penetration into the lower mantle have,
however, forced revision of this view. The latter results are most
consistent with the discontinuities corresponding to phase trans-
formations under isochemical conditions in a peridotite mantle.
Stratification seems, therefore, to be an increasingly difficult posi-
tion to defend. Lateral heterogeneity is, however, well established in
the upper mantle, and has recently been shown to be present in the
lower mantle. The principal issue is becoming how to interpret the
heterogeneity seen at all depths in the mantle and to integrate it with
the Earth’s chemical composition. We have presented here a simple
geochemical model based on four components— ‘sterile’ peridotite,
recycled oceanic crust, and continental crust part of which is
recycled—that is one way to explain most of the geophysical and
geochemical observations.

With present techniques, seismic tomography, which averages
over large volumes in the lower mantle, cannot resolve heterogene-
ities smaller than 400 km in size. Scattering, however, probes sub-
wavelength scales in the mantle (~10 km), and the challenge will be
to integrate this into whole-Earth studies. The aim now, guided by
convective mixing models, will be to decipher the style and rate of
mantle mixing, placing constraints on the residence times of the
chemical components of the mantle in their respective reservoirs.
The challenge to experimental and isotope geochemists is clearly to
understand better the sources and sinks of rare gases in the Earth,
and the mechanisms by which they are extracted from the mantle
and deposited in the atmosphere. O
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