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A long-standing question in the planetary sciences asks what the Earth is made of. For historical reasons, volatile-depleted
primitive materials similar to current chondritic meteorites were long considered to provide the `building blocks' of the terrestrial
planets. But material from the Earth, Mars, comets and various meteorites have Mg/Si and Al/Si ratios, oxygen-isotope ratios,
osmium-isotope ratios and D/H, Ar/H2O and Kr/Xe ratios such that no primitive material similar to the Earth's mantle is currently
represented in our meteorite collections. The `building blocks' of the Earth must instead be composed of unsampled `Earth
chondrite' or `Earth achondrite'.

M

ost workers assume implicitly that the Earth is
made of some sort of extant primitive material
delivered to the Earth as meteorites and probably
originating in the asteroid belt. Indeed, much has
been learned from meteorites about the materials
present and processes occurring in the accretion disk as the planets
grew. However, confusion is caused by the convenient reference of
terrestrial rock abundances to CI chondrites or just `chondrites',
leading to an unintended perception that the Earth must be made of
such materials.
The formation of the Earth has been debated in terms of
heterogeneous accretion versus homogeneous accretion, with the
former holding sway for the last 25 years or so. Heterogeneous
accretion, as most prominently championed by WaÈnke1, envisioned
the material accreting to the Earth changing in composition and
oxidation state with time. Driven by the `stair-step' distribution of
siderophile (metal-seeking) elements in the terrestrial upper mantle
(Fig. 1), WaÈnke1 suggested that the ®rst 80% to 90% of the Earth
accreted from very reducing materials. All elements in Fig. 1 except
the refractory lithophile elements such as Sc and the rare earth
elements (REE) would be quantitatively extracted into the core, and
the mantle would be devoid of Fe2+. The next 20% to 10% or so of
material accreting to the Earth would be more oxidizing, and all but
the highly siderophile elements (Ir, Os, Au and so on) would remain
stranded in the mantle. The highly siderophile elements were again
quantitatively extracted into the core. The last roughly 1% added
(the `late veneer'2) was so oxidizing that metallic Fe did not exist
(note that CI chondrites3 and Tagish Lake4 are the only chondrites
containing no metal3), and all siderophile elements delivered by
the `late veneer' were forced to remain in the mantle, where they
were very ef®ciently homogenized at the hand-specimen (centimetre) scale on a global basis. The stair-step pattern of siderophile
elements in Fig. 1 is thus explained. We note that the term `late
veneer' is unfortunate, as the last dregs of material accreted to
Earth are well mixed into at least the upper mantle, rather than
veneering the surface. The term is, however, entrenched in the
literature.
The heterogeneous accretion hypothesis makes dynamical sense
in that the `feeding zone' of the Earth must have extended further
out from the Sun as the growth of planets, particularly Jupiter,
increased the relative velocities and hence the eccentricities of the
accreting material. However, there is a general consensus5 that the
Earth developed one or more magma oceans late in its accretion,
effectively homogenizing any pre-existing material. Thus, there is
unlikely to be any record of heterogeneous accretion remaining,
with the possible exception of the `late veneer'. The bulk geochemical properties of the Earth were probably established by magmatic
processes in a high-pressure and high-temperature magma ocean
environment (see large blue circles in Fig. 1).
The question of whether samples of the `building blocks' of Earth
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are still extant is addressed by examining speci®c elemental and
isotopic properties of the Earth, Mars, comets and meteorites.

Major elements in the Earth and meteorites
It has long been known that the composition of the Earth's primitive
upper mantle (PUM, the Earth's mantle immediately after core
formation) is distinct from that of any kind of extant meteorite.
Geochemical processes on differentiated planets tend to raise the
Mg/Si ratio and lower the Al/Si ratio in mantle materials from which
magma has been extracted, re¯ecting the compatible nature of Mg
and the incompatible nature of Al. Thus, Mg/Si and Al/Si ratios in
samples from both Earth and Mars correlate with a negative slope
(Fig. 2). In contrast, primitive materials show a loose positive
correlation of unknown meaning.
Several suggestions have been made to explain the elevated Mg/Si
and Al/Si ratios in the Earth's PUM relative to undifferentiated
meteorites. The most prominent of these include sequestering Si in

Figure 1 The abundances of elements in the Earth's primitive upper mantle after core
formation show a stair-step pattern. This ®ngerprint contains clues to accretion and
planetary differentiation. Comparison of the observed siderophile element depletions
in Earth's upper mantle (green, red and yellow symbols; abundances normalized to CI
carbonaceous chondrites and refractory elements), with those calculated using one
bar partition coef®cients (crosses) and high-pressure (P)/high-temperature (T)
calculated partition coef®cients (blue circles)21. Calculated depletions using the latter
partition coef®cients overlap the observed depletions, consistent with metal-silicate
equilibrium and homogeneous accretion. REE, rare earth elements.
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the core of the Earth, raising the Mg/Si and Al/Si ratios in the silicate
mantle1,6, or appealing to the possibility that the lower mantle of the
Earth has a different composition from the upper mantle, that is,
that PUM is not representative of the bulk mantle7.
Although Si can be extracted into metallic cores under very
reducing conditions, it is not extracted into metal at or near the
iron±wuÈstite oxygen buffer and at the pressures and temperatures
of the base of a magma ocean in suf®cient abundance to account for
the high Mg/Si ratio of PUM. Further, there is no compelling
experimental evidence that Si is extracted into the core under
present core±mantle boundary conditions. For example, at the
base of a high pressure/temperature terrestrial magma ocean, the
metal/silicate partition coef®cient for Si (ref. 8) is approximately
10-3 to 10-2. It is also inconsistent with the PUM abundances of
®rst-transition-series elements such as V, Cr and Mn, because they
would be depleted far below observed abundances if conditions
were suf®ciently reducing to allow Si to dissolve in the Earth's core9.
The question of whether the composition of the lower mantle is
different from the upper mantle is more complicated. If the lower
mantle, constituting 68% by volume of the mantle, has a different
bulk composition from PUM, then arguments about the bulk
composition of the silicate Earth based on PUM are ¯awed.
Certainly distinct radiogenic isotopic reservoirs have evolved and
been preserved over time, but these systems by their very utility are
intensely sensitive to geochemical fractionation events associated
with mantle melting (Rb/Sr, Sm/Nd), atmospheric outgassing (I/
Xe) and core segregation (U/Pb), for example. The existence of these
reservoirs does not imply the existence of distinct reservoirs with
radically different major-element compositions.
Indeed, most geophysical measurements are at least consistent
with the upper and lower mantle having broadly the same composition. Electrical conductivity measurements on magnesiowuÈstite10
indicate that the lower mantle must have the same molar
Mg= Mg  Fe ratio as the upper mantle. Ito and Takahashi11

showed that the isochemical transformation of (Mg,Fe)2SiO4
(spinel) with the upper-mantle molar Mg= Mg  Fe ratio of 0.9
to (Mg,Fe)SiO3 (Mg-perovskite) and (Mg,Fe)O (magnesiowuÈstite)
is sharp to less than 6 km and perhaps as sharp as 1.5 km at 660 km
depth, in agreement with seismic evidence for a sharp boundary.
Thermal expansivity measurements12 show that a change in chemistry (higher Fe-content) at 660 km could be compensated by an
increase in temperature across the 660-km boundary, precluding
evaluation of model compositions of the lower mantle using density
comparisons. However, melting curves for Fe, FeO and FeS are
consistent with a core±mantle boundary temperature below
3,500 K, implying that there is not a thermal boundary layer at
660 km and that the upper and lower mantle compositions are the
same. Seismic tomography shows mixing of material from the
upper mantle into the lower mantle and a return ¯ow of lower
mantle material into the upper mantle, as does ¯uid dynamical
modelling13. Indeed, if the lower mantle was Fe-rich and had a
higher density than the upper mantle, the lower and upper mantle
would have to convect separately. Thus there is no compelling
evidence that the bulk composition of the lower mantle is different
from the upper mantle, with the possible exception of the very deep
mantle14.
It is important to note that there is no such thing as a unique
`chondritic' or `average Solar System' composition (Fig. 2). Primitive, undifferentiated meteorites, all of which presumably sample
material currently present in the Main Belt of asteroids and are
residues of the formation of the inner Solar System, have distinct
Mg/Si versus Al/Si ratios in spite of their residence between about 2
and 4 AU. Clearly spatially associated reservoirs in the accretion disk
were produced with modestly distinct bulk compositions. Estimates
of the Earth's PUM are also distinct from any known type of
meteorite. A reasonable conclusion is that the Earth accreted
primarily from material with major-element compositions that
were distinct from extant primitive meteorite types.

Figure 2 The major-element composition of primitive material in the inner Solar
System is not of uniform composition, but de®nes an unexplained trend. Mg/Si versus
Al/Si ratios in chondritic, terrestrial and martian materials35±37. Abbreviations are as
follows: enstatite (E), ordinary (H, L) and carbonaceous (CI, CM, CO and CV) chondrites.
Dots are terrestrial peridotites, komatiites and basalts that fall off the diagram to the

right. The letters R, J, and P refer to estimates of the bulk silicate Earth composition
(refs 38, 35 and 39, respectively). The martian fractionation line is de®ned by
Chassigny, shergottites and martian soils and rocks from the Viking and Path®nder
mission37. PUM, primitive upper mantle of the Earth.
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Oxygen isotopes in the Earth
A cursory examination of the oxygen isotopic composition of
meteorites indicates that only the enstatite meteorites (chondrites
and achondrites) share a common oxygen reservoir with Earth,
ruling out all other individual meteorite types as the `building
blocks' of the Earth (Fig. 3). Although the Earth could, in principle,
be a mixture of existing meteorite types falling on both sides of the
Earth±Moon±enstatite meteorite line, this possibility is unlikely.
Clayton and Mayeda15 point out that the bulk oxygen compositions
of the Earth, the Moon and Mars are very similar to ordinary
chondrites (Fig. 3). They are suf®ciently distinct from carbonaceous
chondrites that no more than a few per cent of carbonaceouschondrite-like material contributed to the formation of the Earth
and terrestrial planets. Further, the existence of Mars at 1.5 AU with a
different oxygen-isotopic composition from the Earth indicates that
distinct oxygen reservoirs are preserved over relatively small annuli
of heliocentric distance.
The existence of enstatite chondrites points to at least one
primitive material with appropriate oxygen-isotopic composition.
There is no reason why materials with different characteristics
should not have the same oxygen-isotopic composition. Indeed, if
the Earth's Moon was formed in a giant impact and the Moon is
derived largely from the impactor16,17, then at least two large bodies,
the proto-Earth and the impactor, had identical oxygen-isotopic
composition18, and are within error of the oxygen-isotopic ratio in
enstatite chondrites and achondrites.

Initial 187Os/188Os ratio in PUM of the Earth
The chondritic relative abundances of highly siderophile elements
(HSE) in Earth's PUM (Fig. 1) are proposed to be the result of late
addition of chondritic material to the mantle after core formation
had ceased (the `late veneer'). Rhenium and osmium are two HSEs
that are linked by beta decay, 187 Re  187 Os  b. Thus Os isotopes
can be used as a constraint on Earth's bulk composition. The Earth's
PUM has a signi®cantly higher 187Os/188Os ratio than carbonaceous
chondrites, effectively ruling them out as the source of the `late
veneer' (Fig. 4). The PUM 187Os/188Os ratio overlaps anhydrous
ordinary chondrites and is distinctly higher than anhydrous enstatite chondrites. The identi®cation of anhydrous meteorites with the
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`late veneer' is important in the context of the possible identi®cation
of material that delivered water to Earth with the material that
delivered the siderophile element `late veneer' (see below).

D/H ratios in the Earth, Mars, meteorites and comets
The origin of Earth's water can also be investigated by examining
deuterium/hydrogen (D/H) ratios in various planetary materials
(Fig. 5). The D/H ratio of Vienna standard mean ocean water
(VSMOW) on Earth is 150 3 1026 , similar to the average for
carbonaceous chondrites (150 3 1026 ). The corresponding average
for Mars (there is considerable spread and there is no extant water
ocean) is about 300 3 1026 , similar to the value for comets:
300 3 1026 (Fig. 5). These observations suggest local and distinct
sources for most of the water in Earth and Mars.
It is possible that the D/H ratio on Mars has been raised from its
original value by differential loss of H, as is suggested by the
elevated D/H ratio in the martian atmosphere (Fig. 5). However,
Mars has been outgassed less than the Earth because its smaller
mass would lead to more rapid loss of heat. Thus, the lower
martian mineral and rock D/H ratios are most probably representative of the solid undegassed planet (Fig. 5). An alternative
interpretation19 notes that the lack of exchange between the
martian lithosphere and hydrosphere allows for the possibility
that the D/H ratio of the unsampled martian interior could be
very different from rocks, minerals and atmosphere. Sampled
rocks, minerals and atmosphere could re¯ect addition of
unrecycled cometary material.

Indigenous or exogenous sources of the Earth's water
The origin of the Earth's water is intimately associated with the
nature of the `building blocks' of Earth. Two schools of thought
bracket the possibilities. One view holds that temperatures were too
high at 1 AU for hydrous phases to exist in the accretion disk, so that
the Earth ]accreted `dry'. Water, and probably organics, were most
probably delivered from exogenous sources (such as comets or
meteorites) after the Earth had formed. An alternative view holds
that the Earth accreted `wet', with anhydrous and hydrous silicate
phases among the material accreted to the growing planet. In this
view, Earth's water has an indigenous origin. We note that one
version of the magma-ocean hypothesis20±23 requires the Earth's
magma ocean to be hydrous (,3 to 4 wt% H2O).
Delivery of water while metal is present would lead to H being
extracted to the core through metal±silicate equilibrium24. The

F @LA J K



10
8
δ18O (VSMOW)

12

14

16

18

Figure 3 Simpli®ed oxygen-isotope plot of inner Solar System material, after refs 15
and 40±42. The PUM and M (the bulk Moon) are in the small black ellipse on the
Earth±Moon±enstatite meteorites line. SNC (shergottite, nakhlite, chassignite)
meteorites are believed to be martian (bulk Mars denoted by black ellipse). The Solar
System is divided into discrete oxygen reservoirs, and relationships between Solar
System objects can be established by use of this technique. CM, CO and CR are
carbonaceous chondrites. HED (howardite, eucrite, diogenite) meteorites are believed
to be samples of asteroid Vesta. VSMOW, Vienna standard mean ocean water.
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Figure 4 187Os/188Os ratios in carbonaceous, ordinary and enstatite chondrites, and in
the Earth's primitive upper mantle. The ratios are distinct and are diagnostic of the
nature of the Earth's `late veneer'43. Mars is not plotted because the uncertainty in its
initial 187Os/188Os ratio is larger than the range of the x axis.
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ef®ciency of this process is not well characterized, but work until
now suggests that Earth must have had large additions of water
during accretion so that there was enough left in the mantle to make
the oceans. Given such water additions, there are a number of
possible ways in which the Earth received its water:
(1) Earth could have accreted `dry' with all water being added late
in accretion from carbonaceous chondrites, or `wet' with some
addition of water from carbonaceous chondrites (exogenous). In
this case, the amount of carbonaceous chondrite material added
would scale directly with the mass of water in the Earth. However, as
discussed below, neither scenario is consistent with the observation
that the HSE `late veneer' and the Earth's Kr/Xe ratio are not
carbonaceous chondritic.
Late delivery of water from carbonaceous chondritic material
must be consistent with the siderophile element `late veneer' (see
Fig. 1). Let us make conservative assumptions designed to maximize
the possibility that late-delivered asteroidal material is the source
both of the Earth's water and the `late veneer'. The mass of the Earth
is 5 3 1027 g and the mass of the Earth's mantle is 4:11 3 1027 g. The
minimum mass of water in the Earth is the current water content of
the Earth's oceans, about 1:4 3 1024 g. We note, however, water
masses up to 50 times this amount have been postulated25. The
abundance level of siderophile elements which characterize the `late
veneer' is 0:003 3 CI (Fig. 1), where CI is the abundance of siderophile elements in CI carbonaceous chondrites. It has been
suggested that the abundance level might be as high as 0:007 3 CI
(ref. 26), but this factor-of-two uncertainty is insigni®cant for the
arguments that follow. The mass of material necessary to generate
the siderophile element `late veneer' is about 1025 g if the `late
veneer' is mixed throughout the entire mantle of the Earth, and
about 0:3 3 1025 g if the `late veneer' is mixed only into the upper
mantle.
Using these numbers, assuming carbonaceous chondritic material containing 10 wt% water, and assuming that the fraction of
water retained by Earth is 1, the mass of material accreted to yield
the minimum mass of water in the Earth is 1:4 3 1025 g. This value is
not distinguishable from the mass of material needed to generate
the `late veneer' in the whole mantle, 1025 g, but appears to be a
factor of ®ve too high if the `late veneer' is only mixed into the upper
mantle (0:3 3 1025 g)26. Moreover, addition of such a water-rich
`late veneer' would require carbonaceous chondritic material, but
the Os-isotopic compositions of carbonaceous chondrites are
inconsistent with that of the Earth's PUM.
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Recall, further, that we have made the most conservative assumptions. C-type asteroids are concentrated in the outer part of the
Main Belt. CI, CM and CR carbonaceous chondrites contain 3,600±
11,800 p.p.m. H (ref. 27), corresponding to about 3±9 wt% H2O if
all the H is in H2O. It is unclear how much of the H measured is
bound up in organic material rather than H2O. Thus, the average
H2O-content of these carbonaceous chondrites may be much less
than the maximum value of about 9 wt% H2O. CO carbonaceous
chondrites contain trivial amounts of H. Other asteroid types, such
as S-types, are concentrated in the inner part of the belt and are
anhydrous. If the average water content of the accreting material is
lower than 10 wt%, as it must have been because other lower watercontent or anhydrous material must also have been accreted, then
the mass of material required to generate the minimum mass of
water in the Earth would increase inversely with the average water
content of accreting material. If the fraction of water retained is less
than 1, as seems probable, the mass required also increases by
inverse relation. If the `late veneer' is restricted to the upper mantle,
only, then the mass required to deliver the minimum mass of the
Earth's water is three times higher than that required to deliver the
`late veneer'. If the mass of the Earth's water exceeds the minimum
(one Earth ocean mass) used here, as seems inevitable, the mass of
material required to deliver that water would exceed the mass
required by the `late veneer' by a precisely proportionate amount.
Stated differently, there is equivalence between the mass of the `late
veneer' and the mass of water only if the hydrous material averages
10 wt% water, the fraction of water retention is one, the mass of
water in the Earth corresponds to one Earth ocean (the minimum
mass), the `late veneer' is mixed throughout the mantle, and
currently unsampled hydrous material with PUM isotopic ratios
was accreted.
(2) Earth could have accreted `wet' with some exogenous addition
of water from comets. Indigenous Earth water could have had D/H
ratios representative of the inner Solar System, that is, low values
because of relatively higher nebular temperatures, perhaps like
protosolar hydrogen (2±3 3 1025 )28, in which case a cometary
contribution of up to 50% is possible. Alternatively, indigenous
Earth water could have had D/H ratios representative of a protostellar water component identi®ed in meteorites (,9 3 1025 )29, in
which case there could be as little as a 10±15% cometary
contribution19.
Delivery of water from comets can be evaluated in the light of
other cometary geochemical data. For instance, for an assumed Ar/
H2O ratio of 1:2 3 1027 in the bulk Earth, comets like Hale±Bopp
with an approximately solar ratio of Ar/H2O (ref. 30) would bring in
2 3 104 more Ar than is presently in the Earth's atmosphere31, if
50% of Earth's water, the maximum amount permitted by D/H
ratios, was derived from comets. If this measurement of comet
Hale±Bopp is applicable to all comets (note that an Ar/O ratio of
less than 0.1 times the solar ratio has recently been reported for
comet LINEAR32) that collided with Earth over Solar System
history, then there has been minimal delivery of water in the form
of comets subsequent to core formation. Both Ar/H2O and D/H
data suggest either that (1) the `late veneer' was non-cometary
water-bearing material or that (2) Earth accreted `wet'.
(3) Earth could have accreted `wet', that is, from hydrous and
anhydrous materials, with no signi®cant addition of water from
exogenous sources. In this case, hydrous phases would have a mean
D/H ratio yielding VSMOW in liquid water. Oxygen, D/H and Os
isotopic ratios all point to this scenario being most likely, as these
ratios rule out extant meteoritic materials as sources of the Earth's
water. If the Ar/H2O ratio measured in comet Hale±Bopp is correct
and representative of all comets colliding with Earth (again, see ref.
32), then cometary water may also be ruled out. The most probable
source of water is a hydrous inner Solar System reservoir at
approximately 1 AU, but we cannot formally rule out a single wet
planetary embryo from the asteroid belt or a large comet with the
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appropriate elemental and isotopic characteristics33. Such an asteroid or comet would have to be unlike any sampled materials,
however.

Kr/Xe ratios
84

Kr/130Xe ratios in the Earth's atmosphere, average Solar System
material, CI carbonaceous chondrites, and enstatite chondrites34,
are given in Table 1. It is immediately clear that Earth's noble gases
are distinct from both types of primitive meteorites. These differences may have arisen from some secondary process. Regardless, it
seems unlikely that Earth's Kr/Xe ratio is derived from carbonaceous
chondrites.

What the Earth is not made of
Selected features of the Earth, Mars, primitive meteorites, and
comets imply mutually inconsistent requirements for the Earth to
be composed of extant materials. For example:
(1) The major-element composition of the PUM of the Earth
seems to be part of a progression of closely related compositions
(Fig. 2). There is a continuum of planetary materials increasing in
Mg/Si and Al/Si ratios in the order: enstatite, ordinary, bulk Mars,
carbonaceous chondrites, PUM.
(2) Oxygen isotopes require that the Earth be made of either
enstatite meteorites or a mixture of meteorites falling above and
below the Earth±Moon±enstatite meteorite mass fractionation line
(Fig. 3). The similarity of the bulk oxygen-isotopic composition of
the Earth and chondritic meteorites precludes more than a few per
cent of carbonaceous chondritic material accreting to the Earth
(Fig. 3). Further, the existence of Mars at 1.5 AU with a different
oxygen-isotopic composition from the Earth points to distinct
oxygen reservoirs being preserved over relatively small annuli of
heliocentric distance.
(3) The Os-isotopic composition of the PUM of the Earth,
believed to be that of a late addition called the `late veneer', is
inconsistent with water-bearing carbonaceous chondrites, but is
consistent with anhydrous ordinary chondrites (Fig. 4).
(4) Measurements of D/H ratios in Earth and carbonaceous
chondrites differ from Mars and comets by about a factor of two
(Fig. 5). These observations are best explained by an indigenous and
distinct source of most of the water on Earth.
(5) Measurements of 84Kr/130Xe ratios in Earth's atmosphere are
different from extant carbonaceous and ordinary chondritic
meteorites.
(6) A source of water further from the Sun than 1 AU requires
water-bearing carbonaceous chondrites to deliver water. Mass
balance considerations, however, indicate that even the minimum
water budget of the Earth being delivered in this manner would lead
to excesses of highly siderophile elements in the PUM relative to
observation, if the `late veneer' is mixed only into the upper mantle.
Comets can deliver no more than 50 wt% of the Earth's minimum
water budget.

What the Earth is made of
The logical conclusion of the previous discussion of major element,
O and Os isotope, noble gas and D/H data is that the Earth accreted
at least in part from hydrous materials that are not represented in

Table 1 Ratios of 84Kr/130Xe in various Solar System objects34
Object

84

Kr/130Xe ratio

.........................................................................................................................................................................

Solar System
CI carbonaceous chondrites
Enstatite chondrites

0:7 3 10 2 2
5:1 3 10 2 2
(5±23)

Earth's atmosphere

12: 3 10 2 2

.........................................................................................................................................................................
We note that extant meteorites have 84Kr/130Xe ratios that are very different from Earth's
atmosphere.
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our meteorite collectionsÐthey are no longer extant in the inner
Solar System. Free water in the Earth is derived from such material
accreted after core formation effectively ceased. A cometary contribution of less than 50 wt% of the Earth's minimum water budget
cannot be presently excluded.
In this case, the similarity of the 187Os/188Os ratio in PUM with
ordinary chondrites and oxygen isotopic composition of PUM with
the enstatite meteorites is prima facie evidence for the existence of
Earth-building materials sharing some properties in common with
various extant meteorites, although no extant meteorites share all of
the properties of Earth material. All such material is either contained in the Earth and Moon or was ejected from the inner Solar
System, consistent with the fate of material during the giant impact
that is believed to have formed the Moon. Earth-forming material
contained both metal and silicate, at least some portion of which
was hydrous.
Although comets and known meteorite types are not suitable
candidates for exogenous sources for most of Earth's water, we note
that many potential exogenous, water-bearing materials have not
yet been characterized or recognized. Studies of Kuiper-belt objects,
trans-neptunian objects, interplanetary dust particles (IDPs), interstellar ice, and rare meteorites may all offer new insights into this
problem. Only if we postulate the existence of hydrous material with
ordinary chondritic Os isotopes, a material not currently sampled
on Earth, can the `late veneer' be reconciled with the Earth's water
budget.
A unique bulk composition for Earth implies that compositionally distinct reservoirs were maintained in the main asteroid belt and
in planetesimals at Earth's and Mars' semi-major axes. The distinct
oxygen-isotope signatures of Earth and Mars reinforce that conclusion. The implication is that there was not widespread mixing of the
bulk of the material in the inner Solar System during accretion and
that planetary objects forming in the inner Solar System received the
overwhelming majority of their masses from narrow annuli around
the Sun.
M
1. WaÈnke, H. Constitution of terrestrial planets. Phil. Trans. R. Soc. Lond. 303, 287±302 (1981).
2. Chou, C.-L. Fractionation of siderophile elements in the Earth's upper mantle. Proc. Lunar Planet. Sci.
Conf. 9, 219±230 (1978).
3. Brearley, A. J. & Jones, R. H. in Planetary Materials. Reviews in Mineralogy Vol. 36 (ed. Papike, J. J.)
3-1±3-398 (The Mineralogical Society of America, Washington DC, 1998).
4. Brown, P. G. et al. The fall, recovery, orbit, and composition of the Tagish Lake meteorite: a new type of
carbonaceous chondrite. Science 290, 320±325 (2000).
5. Drake, M. J. Accretion and primary differentiation of the Earth: a personal journey. Geochim.
Cosmochim. Acta 64, 2363±2370 (2000).
6. Allegre, C. J., Poirer, J.-P., Humler, E. & Hofmann, A. W. The chemical composition of the Earth. Earth
Planet. Sci. Lett. 134, 515±526 (1995).
7. Anderson, D. L. Composition of the Earth. Science 243, 367±370 (1989).
8. Wade, J. & Wood, B. J. The Earth's ``missing'' niobium may be in the core. Nature 409, 75±78
(2001).
9. Drake, M. J., Newsom, H. E. & Capobianco, J. C. V, Cr, and Mn in the Earth, Moon, EPB, and
SPB and the origin of the Moon: Experimental studies. Geochim. Cosmochim. Acta 53, 2101±2111
(1989).
10. Wood, B. J. & Nell, J. High-temperature electrical conductivity of the lower-mantle phase (Mg,Fe)O.
Nature 351, 309±311 (1991).
11. Ito, E. & Takahashi, E. Post-spinel transformations in the system Mg2SiO4 ±Fe2SiO4 and some
geophysical implications. J. Geophys. Res. 94, 10637±10646 (1989).
12. Chopelas, A. & Boehler, R. Thermal expansivity in the lower mantle. Geophys. Res. Lett. 19, 1983±1986
(1992).
13. Tackley, P. J., Stevenson, D. J., Glatzmaier, G. A. & Schubert, G. Effects of an endothermic phase
transition at 670 km depth in a spherical model of convection in the Earth's mantle. Nature 361, 699±
704 (1993).
14. Kellogg, L. H., Hager, B. H. & Van der Hilst, R. D. Compositional strati®cation in the deep mantle.
Science 283, 1881±1884 (1999).
15. Clayton, R. N. & Mayeda, T. K. Oxygen isotope signatures of hydration reactions in solar system
materials. 11th Annu. V. M. Goldschmidt Conf. Abstr. no. 3648, LPI Contribution No. 1088 (Lunar and
Planetary Institute, Houston, 2001).
16. Cameron, A. G. W. in Origin of the Earth and Moon (eds Canup, R. M. & Righter, K.) 133±144 (Univ.
Arizona Press, Tucson, 2000).
17. Canup, R. M. & Asphaug, E. The Moon-forming impact. Nature 412, 708±712 (2001).
18. Weichert, U. et al. Oxygen isotope homogeneity of the Moon. Lunar Planet. Sci. Conf. 32, Abstr. no.
1669, LPI Contribution No. 1080 (Lunar and Planetary Institute, Houston, 2001).
19. Owen, T. & Bar-nun, A. in Origin of the Earth and Moon (eds Canup, R. M. & Righter, K.) 459±471
(Univ. Arizona Press, Tucson, 2000).
20. Righter, K., Drake, M. J. & Yaxley, G. Prediction of siderophile element metal/silicate partition

© 2002 Macmillan Magazines Ltd

43

review article
21.
22.

23.
24.
25.
26.

27.
28.
29.
30.
31.

32.
33.
34.

coef®cients to 20 GPa and 2800 8C: the effects of pressure, temperature, oxygen fugacity, and silicate
and metallic melt compositions. Phys. Earth Planet. Inter. 100, 115±134 (1997).
Righter, K. & Drake, M. J. Metal/silicate equilibrium in a homogeneously accreting Earth: New results
for Re. Earth Planet. Sci. Lett. 146, 541±554 (1997).
Righter, K. & Drake, M. J. Effect of water on metal/silicate partitioning of moderately siderophile
elements: a high pressure and temperature terrestrial magma ocean and core formation. Earth Planet.
Sci. Lett. 171, 383±399 (1999).
Righter, K. & Drake, M. J. Metal/silicate equilibrium in the early EarthÐnew constraints from volatile
moderately siderophile elements. Geochim. Cosmochim. Acta 64, 3581±3507 (2000).
Okuchi, T. Hydrogen partitioning into molten iron at high pressure: implications for Earth's core.
Science 278, 1781±1784 (1997).
Abe, Y., Ohtani, E., Okuchi, T., Righter, K. & Drake, M. J. in Origin of the Earth and Moon (eds Canup,
R. M. & Righter, K.) 413±433 (Univ. Arizona Press, Tucson, 2000).
Morgan, J. W., Walker, R. J., Brandon, A. D. & Horan, M. F. Siderophile elements in earth's upper
mantle and lunar breccias: data synthesis suggests manifestations of the same late in¯ux. Meteor.
Planet. Sci. 36, 1257±1275 (20001).
Zinner, E. in Meteorites and the Early Solar System (ed. Kerridge, J.) 956±983 (Univ. Arizona Press,
Tucson, 1988).
Lecluse, C. & Robert, F. Hydrogen isotope exchange reaction rates: origin of water in the inner solar
system. Geochim. Cosmochim. Acta 58, 2927±2939 (1994).
Deloule, E. & Robert, F. Instellar water in meteorites? Geochim. Cosmochim. Acta 59, 4695±4706
(1995).
Stern, S. A. et al. The discovery of argon in Comet C/1995 01 (Hale-Bopp). Astrophys. J. 544, L169±
L172 (2000).
Swindle, T. D. & Kring, D. A. Implications of noble gas budgets for the origin of water in Earth and
Mars. 11th Annu. V. M. Goldschmidt Conf. Abstr. no. 3785, LPI Contribution No. 1088 (Lunar and
Planetary Institute, Houston, 2001).
Feldman, P. D., Weaver, H. A. & Burgh, E. B. FUSE observations of CO and H2 emission in comet C/
2001 A2 (LINEAR). Bull. Am. Astron. Soc. 33, 1120 (2001).
Morbidelli, A. et al. Source regions and timescales for delivery of water to the Earth. Meteor. Planet.
Sci. 35, 1309±1320 (2000).
Pepin, R. O. in Origin and Evolution of Planetary and Satellite Atmospheres (eds Atreya, S. K., Pollack,

44

J. B. & Matthews, M. S.) 291±305 (Univ. Arizona Press, Tucson, 1989).
35. Jagoutz, E. et al. The abundances of major, minor and trace elements in the earth's mantle as derived
from primitive ultrama®c nodules. Proc. Lunar Planet. Sci. Conf. 10, 2031±2050 (1979).
36. Taylor, S. R. Solar System Evolution: A New Perspective (Cambridge Univ. Press, Cambridge, 1992).
37. Dreibus, G. et al. Relationship between rocks and soil at the Path®nder landing site and the martian
meteorites. Lunar Planet. Sci. Conf. [CD-ROM] 29, Abstr. no. 1348 (Lunar and Planetary Institute,
Houston, 1998).
38. Ringwood, A. E. Origin of the Earth and Moon (Springer, New York, 1979).
39. Palme, H. & Nickel, K. G. Ca/Al ratio and composition of the Earth's primitive upper mantle.
Geochim. Cosmochim. Acta 49, 2123±2132 (1986).
40. Clayton, R. N. & Mayeda, T. K. Oxygen isotope studies in carbonaceous chondrites. Geochim.
Cosmochim. Acta 63, 2089±2104 (1999).
41. Clayton, R. N. Oxygen isotopes in meteorites. Annu. Rev. Earth Planet. Sci. 21, 115±149 (1993).
42. Clayton, R. N., Mayeda, T. K., Goswami, J. N. & Olsen, E. J. Oxygen isotope studies in ordinary
chondrites. Geochim. Cosmochim. Acta 55, 2317±2337 (1991).
43. Meisel, T., Walker, R. J., Irving, A. J. & Lorand, J.-P. Osmium isotopic compositions of mantle
xenoliths: a global perspective. Geochim. Cosmochim. Acta 65, 1311±1323 (2001).
44. Robert, F., Gautier, D. & Dubrulle, B. The solar system D/H ratio: Observations and theories. Space
Sci. Rev. 92, 201±224 (2000).
45. Deloule, E., Robert, F. & Doukhan, J. C. Interstellar hydroxyl in meteoritic chondrules: implications
for the origin of water in the inner solar system. Geochim. Cosmochim. Acta 62, 3367±3378 (1998).
46. Robert, F. The origin of water on Earth. Science 293, 1056±1058 (2001).

Acknowledgements
Supported by NASA and NSF. We thank D. Lauretta for comments. A review by T. Owen
brought noble gas ratios in Solar System bodies to our attention. Discussions with
H. McSween, D. Kring, R. Boehler, D. Mao, L. Stixrude, A. Morbidelli, J. Lunine, F. Robert
and T. Swindle have been helpful.
Correspondence and requests for materials should be addressed to M.J.D
(e-mail: drake@lpl.arizona.edu).

© 2002 Macmillan Magazines Ltd

NATURE | VOL 416 | 7 MARCH 2002 | www.nature.com

