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Abstract 

Compositional models of the Earth are critically dependent on three main sources of information: the seismic 
profile of the Earth and its interpretation, comparisons between primitive meteorites and the solar nebula com- 
position, and chemical and petrological models of peridotite-basalt melting relationships. Whereas a family of 
compositional models for the Earth are permissible based on these methods, the model that is most consistent with 
the seismological and geodynamic structure of the Earth comprises an upper and lower mantle of similar compo- 
sition, an Fe-Ni core having between 5% and 15% of a low-atomic-weight element, and a mantle which, when 
compared to CI carbonaceous chondrites, is depleted in Mg and Si relative to the refractory lithophile elements. 

The absolute and relative abundances of the refractory elements in carbonaceous, ordinary, and enstatite chon- 
dritic meteorites are compared. The bulk composition of an average CI carbonaceous chondrite is defined from 
previous compilations and from the refractory element compositions of different groups of chondrites. The abso- 
lute uncertainties in their refractory element compositions are evaluated by comparing ratios of these elements. 
These data are then used to evaluate existing models of the composition of the Silicate Earth. 

The systematic behavior of major and trace elements during differentiation of the mantle is used to constrain 
the Silicate Earth composition. Seemingly fertile peridotites have experienced a previous melting event that must 
be accounted for when developing these models. The approach taken here avoids unnecessary assumptions inher- 
ent in several existing models, and results in an internally consistent Silicate Earth composition having chondritic 
proportions of the refractory lithophile elements at -2.75 times that in CI carbonaceous chondrites. Element 
ratios in peridotites, komatiites, basalts and various crustal rocks are used to assess the abundances of both non- 
lithophile and non-refractory elements in the Silicate Earth. These data provide insights into the accretion pro- 
cesses of the Earth, the chemical evolution of the Earth’s mantle, the effect of core formation, and indicate negli- 
gible exchange between the core and mantle throughout the geologic record (the last 3.5 Ga). 

The composition of the Earth’s core is poorly constrained beyond its major constituents (i.e. an Fe-Ni alloy). 
Density contrasts between the inner and outer core boundary are used to suggest the presence ( - 10 + 5%) of a 
light element or a combination of elements (e.g., 0, S, Si) in the outer core. The core is the dominant repository 
of siderophile elements in the Earth. The limits of our understanding of the core’s composition (including the 
light-element component) depend on models of core formation and the class of chondritic meteorites we have 
chosen when constructing models of the bulk Earth’s composition. 

The Earth has a bulk Fe/AI of - 20 f 2. established by assuming that the Earth’s budget of Al is stored entirely 
within the Silicate Earth and Fe is partitioned between the Silicate Earth ( - 14%) and the core ( - 86%). Chon- 

’ This paper is dedicated to Ted Ringwood, his ideas and his enthusiasm. 
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dritic meteorites display a range of Fe/.M ratios. with many having a value close to 20. ,A comparison of the bulk 
composition of the Earth and chondritic mctcorites reveals both similarities and differences, with the Earth being 
more strongly depleted in the more volatile elements. There is no group of meteorites that has a bulk composition 
matching that ofthe Earth’s, 

1. Introduction 

An accurate and precise model of the chemical 
and isotopic composition of the Earth can yield 
much information regarding its accretion pro- 
cesses, and global-scale differentiation pro- 
cesses, including: core segregation, possible min- 
eral fractionation in a primordial magma ocean 
and crust-mantle differentiation. With such a 
model we can also constrain compositional esti- 
mates for present-day reservoirs in the Silicate 
Earth and thus provide insights into their evolu- 
tion. (The terms Silicate Earth and Primitive 
Mantle are synonymous.) There are three main 
approaches which have been used to model the 
composition of the Earth: ( 1) using the seismic 
profile of the core and mantle and their interpre- 
tation; (2) comparing the compositional sys- 
tematics of primitive meteorites and the solar 
photosphere to constrain the solar nebula com- 
position and from this estimate the composition 
of the inner rocky planets; and ( 3 ) using chemi- 
cal and petrological models of peridotite-basalt 
melting relations (i.e. the pyrolite model). 

The seismic velocity structure of the Earth, in 
combination with mineral physics data for phases 
at the appropriate pressures and temperatures, 
provide important information about the aver- 
age density and from this the bulk composition 
of the crust, mantle and core. These data yield 
basic insights into the gross compositional char- 
acteristics of these regions, but cannot be used to 
constrain the minor- and trace-element compo- 
sition of the Earth. 

Compositional models based on primitive me- 
teorites relates elemental abundances in the bulk 
Earth to those observed in chondritic meteorites 
in general, but particularly the CI carbonaceous 
chondrites, the most primitive of the chondritic 
meteorites. These meteorites are free of chon- 
drules, possess the highest abundances of the 
moderately-volatile and volatile elements rela- 

tive to the refractory elements, and have a com- 
position that closely matches that of the solar 
photosphere (Anders and Ebihara, 1982; Anders 
and Grevesse, 1989 ), thus providing a scale with 
which we can compare other meteorites. The 
question remains however, do the chondritic 
meteorites, which are believed to be fragments 
of primordial accretionary material that formed 
during the early development of the solar nebula 
(Wasson, 1985 ), reflect the degree of chemical 
and isotopic heterogeneity in the early solar ne- 
bula? Perhaps other material such as comets, with 
a higher volatile to refractory element compo- 
nent compared to CI chondrites, have more pri- 
mary signatures (Ringwood, 1989). It is from 
this heterogeneous collection of meteoritic ma- 
terials that we attempt to construct and con- 
strain our models of planetary compositions. in 
particular the bulk Earth composition. 

Establishing the composition of the Silicate 
Earth is critical to our understanding of the com- 
position of the Earth. One method of doing this 
is by investigating mantle-derived samples such 
as peridotite xenoliths, massif peridotites and 
primitive high-temperature melts (e.g., basalts 
and komatiites). Studies of peridotites provide 
direct information on the nature and composi- 
tion of the upper mantle. Primitive basalts and 
komatiites, ranging from Archean to modem, are 
large degree partial melts of the mantle that have 
not experienced significant fractional crystalli- 
zation or crustal contamination. They can thus 
provide additional, although less direct, infor- 
mation about the initial composition of their 
source regions as early as - 3.8 Ga. Chemical and 
isotopic studies of these lavas and peridotites can 
be used to construct a time-integrated evolution 
model for the Earth’s mantle. There have been 
many attempts to do this (Ringwood, 1966, 
1975; Jagoutz et al., 1979; Sun, 1982; Anderson, 
1983; Wgnke et al., 1984; Palme and Nickel, 
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Table 1 
Classification of the elements 

Lithophile elements: 
Refractory Be, Al, Ca, SC, Ti, V”, Sr, Y, Zr, Nb, Ba, REE, Hf, Ta, Th U 
Transitional Mg, Si, Cr” 
Moderately volatile Li, B, Na, K, Mn”, Rb, Cs” 
Highly volatile F, Cl, Br, I, Zn 

Siderophile elemcnrs: 
Refractory MO, Ru, Rh, W, Re, OS, Ir, Pt 
Transitional Fe, Co, Ni, Pd 
Moderately volatile P, Cu, Ga, Ge, As, Ag, Sb, Au 
Highly volatile Tl, Bi 

Chalcophtlc elements: 
Highly volatile S, Se, Cd, In, Sn, Te. Hg, Pb 

Atmophile elements: 
Highly volatile H, He, C, N, 0, Ne. Ar, Kr, Xe 

50% CONDENSATION TEMPERATURES (K) AT 1O-4 atm: 
Refractory elements > 1,400 
Transitional elements - 1,350and - 1,250 
Moderately volatile - 1,250 and - 800 
Highly volatile 1800 

“At high pressure these elements may develop siderophile behavior and thus partition into the core. 

1985; Taylor and McLennan, 1985; Hart and 
Zindler, 1986). All models assume that the re- 
fractory lithophile elements (Table I ) are in 
chondritic proportions. Beyond this, however, 
the models diverge in approach and assump- 
tions. There are in general two groups of models: 
( 1) those that assume the Silicate Earth has a 
complement of Mg and Si equal to that in CI car- 
bonaceous chondrites, or (2) those that model 
the Silicate Earth as being depleted in Mg and Si 
relative to the refractory lithophile elements. In 
addition, there is no consensus regarding the ab- 
solute abundances of the refractory lithophile 
elements in the Silicate Earth, and there is even 
less agreement regarding the relative and abso- 
lute abundances of the moderately-volatile (e.g., 
Na, K, Rb, As, Sb, Ge) and the volatile elements 
(e.g., S, Se, Cd, Pb, Bi, Tl) in the Silicate Earth. 

None of the three approaches outlined above 
can be adopted unilaterally when establishing a 
compositional model for the Earth. Data from 
geophysical, geochemical and cosmological stud- 
ies need to be integrated into a model in order to 

make it consistent with our understanding of the 
present geodynamic structure of the Earth. Ob- 
servations of the Earth’s geodynamic cycle (e.g., 
fate of subducted oceanic lithosphere, inclusions 
in diamonds, origins of mantle plumes) can un- 
derpin our models for the composition of the 
lower mantle. Insights gained from these studies 
will be particularly useful when evaluating the 
material exchange between the upper mantle, 
transition zone and lower mantle. Moreover, a 
very real appreciation of the assumptions and 
uncertainties in the geophysical, geochemical and 
cosmological models is needed. 

2. Physical properties of the Earth 

The two major divisions of the Earth are the 
metallic and silicate portions, the core and man- 
tle (including the crust), respectively. These re- 
gions are divided into subregions based on their 



seismic velocity characteristics. The silicate por- 
tion of the Earth is subdivided into the crust, up- 
per mantle, transition zone and lower mantle, 
with each region separated by a seismic discon- 
tinuity and having a distinct seismic velocity 
gradient. The core, or metallic Earth, is subdi- 
vided into an outer liquid shell and inner solid 
region that is dominantly composed of a mixture 
of Fe and Ni, which is assumed to be in chondri- 
tic proportions (Fe/Ni z 17 ) . 

The physical properties of the three main re- 
gions of the mantle are distinct which, in princi- 
ple, could be due to either compositional changes 
or phase changes with depth. There is consider- 
able debate surrounding these issues. The upper 
mantle, that region beneath the Mohorovicic 
discontinuity and above the w 4 1 O-km-deep se- 
ismic discontinuity, is the most studied and best 
understood part of the mantle, and in this region 
there is considerable agreement between geo- 
chemists, petrologists and geophysicists. The up- 
per mantle consists of olivine, 2 pyroxenes and 
garnet and has a pyrolitic composition (Ring- 
wood, 1975). The transition zone, between the 
410- and 660-km discontinuities, has a distinct 
mineralogy, a strong seismic velocity gradient 
and different physical characteristics from the 
upper mantle. It is believed to play an important 
role in the geodynamic evolution of the Earth 
(Ringwood, 1994). Our understanding of the 
lower mantle, beneath the 660-km seismic dis- 
continuity, is generally restricted to information 
derived from seismology, mineral physics and 
fluid dynamic experiments. 

Although we have fragments of the mantle 
from each of its three main regions, it is the up- 
per mantle that provides the greatest amount of 
material. Samples of the upper mantle are most 
often brought up to the surface by magmas, as 
xenolith fragments, or through tectonic pro- 
cesses such as the emplacement of massif peri- 
dotite and ophiolite bodies. Samples of the tran- 
sition zone and the lower mantle have been 
recognized as inclusions in diamonds and poly- 
mineralic fragments in kimberlites (Scott-Smith 
et al., 1984; R.O. Moore and Gurney, 1985; Hag- 
gerty, 199 1; Kesson and Fitz Gerald, 199 1; Har- 
ris and Harte, 1994). 

There is a growing consensus in the seismolog- 
ical and mineral physics community that the bulk 
composition of the mantle above the 660-km 
discontinuity is similar to that of the lower man- 
tle. There still remains, however, some doubt 
about this conclusion due to the uncertainties in 
the experimental data and their extrapolation to 
appropriate pressure and temperature condi- 
tions (Jackson, 1983; Weidner, 1986). These 
uncertainties allow for alternative model com- 
positions (Anderson, 1989; Agee, 1993) which 
argue against bulk chemical homogeneity in the 
mantle. Importantly, Kesson and Fitz Gerald 
( 199 1) showed that the composition of mineral 
inclusions in diamonds that formed in the lower 
mantle were in equilibrium with a mantle having 
a similar bulk composition to that of the upper 
mantle. Moreover, seismic evidence of sub- 
ducted slabs penetrating the 660-km disconti- 
nuity (Creager and Jordan, 1984, 1986; Van der 
Hilst et al., 1991 ), combined with observations 
on the geoid and constraints from fluid dynam- 
ics (Hager and Richards, 1989; Davies and 
Richards, 1992 ), indicate that there is consider- 
able mass transfer between the upper and lower 
mantle. Thus, it follows that the bulk composi- 
tions of the upper and lower mantle are similar. 

It has been recognized for some time that the 
seismically constrained density of the liquid outer 
core is lower than that of an Fe-Ni alloy. This 
has lead to the suggestion that - 5-l 5% of a low- 
atomic-weight element is present in the outer 
core. There are few constraints on the nature of 
this light element in the outer core. A number of 
candidate elements, including 0, Si, S, C, H, have 
been proposed and it is possible that more than 
one of these is present. We will discuss the com- 
position of the Earth’s core in Section 6. 

3. Estimating the Earth’s mantle composition 

In this section the two classes of mantle model, 
the pyrolite model and CI carbonaceous chon- 
drite model, are reviewed. One of the earliest es- 
timates of the Earth’s mantle composition is pro- 
vided by Ringwood’s ( 1962, 1966) pyrolite 
model. This model uses the complementary 
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melt-residuum relationship between basalts and 
peridotites as a basis for estimating the major- 
and minor-element composition of the Earth’s 
upper mantle. Ringwood ( 1966) showed that 
this model was consistent with heat flow data, 
and found that the refractory lithophile element 
composition of the pyrolite model closely 
matched the composition of CI carbonaceous 
chondrites, minus the core components. Subse- 
quent compositional estimates of the Earth’s 
primitive mantle (Jagoutz et al., 1979; Sun, 1982; 
Wanke et al., 1984; Palme and Nickel, 1985; Hart 
and Zindler, 1986) have also used the composi- 
tions of fertile peridotites and/or high-tempera- 
ture melts derived from peridotite to establish the 
composition of the Earth’s primitive mantle. 
These models show remarkable similarity to one 
another and also to the original pyrolite model. 
This is most significant in view of the separate 
data sets and independent methods of derivation 
used in constructing these models. For the most 
part, the pyrolite class of models argue for com- 
positional homogeneity between upper and lower 
mantle. 

One of the principal objections to pyrolite-type 
models has been the use of peridotites and high- 
temperature melts to infer the composition of the 
deep mantle. Some have suggested that these 
materials are samples of only the upper mantle, 
and not the lower mantle. If the lower mantle is 
compositionally distinct from the upper mantle, 
then the usefulness of any model which is based 
on data from peridotites and their melts are 
limited. 

The second class of models can generally be re- 
ferred to as the CI chondrite-type, where the 
Earth is assumed to have a bulk “major-ele- 
ment” composition equal to that of CI chon- 
drites. The reason for specifying “major ele- 
ment”, is because this class of models assumes 
the Earth has a major-element composition of CI 
chondrites, but is depleted in volatile trace ele- 
ments relative to CI chondrites. For example, the 
Earth is considered to have K/U and Rb/Sr ra- 
tios which are much lower than those of CI chon- 
drites (Gast, 1960; Clark and Ringwood, 1964). 

Several workers (Ringwood, 1966; Ganapathy 
and Anders, 1974; Morgan and Anders, 1980; 
Anderson, 1983; Taylor and McLennan, 1985) 
have appealed to the CI chondrite-type model for 
various seismological and cosmochemical rea- 
sons. A requirement of this class of model is that 
the mantle experienced global-scale differentia- 
tion early in Earth history which was not subse- 
quently erased by convective re-homogeniza- 
tion. It is necessary to invoke this differentiation 
processes in order to explain the depletion in Mg 
and Si relative to the refractory lithophile ele- 
ments that is observed in the upper mantle. In 
this model the 660-km seismic discontinuity 
represents not only a major phase change, but 
also a boundary layer isolating convection in the 
mantle. Alternative models may appeal to se- 
questering of Si into the core. However, this still 
requires an explanation for the depletion of Mg 
relative to the refractory lithophile elements that 
is observed for the upper mantle. 

In the CI chondrite-type models, the primitive 
mantle composition is enriched in the refractory 
lithophile elements by N 1.5 times a CI chon- 
drite composition (on a volatile-free basis). This 
enrichment factor is simply the result of core 
separation (i.e. separating out N 32.5% by mass 
of the Earth). 

A CI chondritic model is a good starting point 
from a historical perspective, but these models 
cannot predict the abundances of the moder- 
ately-volatile and volatile lithophile elements in 
the Earth’s primitive mantle (Ringwood, 1975; 
Jagoutz et al., 1979; Sun, 1982). In addition, the 
0 isotopic compositions (Clayton, 1977) and 
bulk 0 contents of carbonaceous chondrites are 
distinctly different from that of the Earth and 
Moon, suggesting their formation in a separate 
region of the solar nebula. The wide variation in 
Mg/Si ratios in chondritic meteorites reflects the 
degree of chemical heterogeneity in the nebula 
(Taylor, 1993 ). Therefore, considering the dif- 
ferent evolutionary histories of the Earth and CI 
chondrites, there is no reason to assume a CI 
composition a priori for the Earth, in particular, 
the Mg/Si ratio. 
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4. Recommended composition of CI amine in detail the average composition of CI 
carbonaceous chondrites carbonaceous chondrites. It is therefore neces- 

sary to evaluate and update the existing average 
A primary purpose of this study is to evaluate CI chondrite composition (Palme et al., 1981; 

the existing models for the composition of the Anders and Ebihara, 1982; Palme, 1988; Wasson 
Earth and to present a revised model of its com- and Kallemeyn, 1988; Anders and Grevesse, 
position. To do this and to compare this estimate 1989 ). Special emphasis is given to ensuring that 
to chondritic meteorites, it is necessary to ex- an internally consistent data set is used for com- 

Table 2 
Recommended composition for CI Carbonaceous chondritcs 

Element This Andcrs 
study &G 

Palmc Wasson 
&K 

Element This -\nders Palme 
stud> &G 

Wasson 
&K 

Li (ppm) 1.5 I.50 1.45 1.57 Pd ppb 550 560 530 560 
Be 0.025 0.025 0.025 0.027 -\g 200 199 210 208 
B 0.9 0.87 0.27 I.20 Cd 710 686 770 650 
C (%) 3.50 3.45 3.50 3.20 In 80 80 80 80 
N (ppm) 3.180 3.180 3.180 I.500 Sn 1.650 1.720 1,750 1,720 
F 60 60.7 54 64 Sb 140 I42 I30 153 
Na 5.100 5.000 5.020 4,900 Tc 2.330 1.320 2.340 3,400 
Mg (%) 9.65 9.89 9.40 9.70 I 450 433 560 500 
41 (%) 0.860 0.868 0.820 0.860 (‘5 190 187 190 I83 
Si (%) 10.65 10.64 10.70 10.50 Ba 3.410 2.340 2,600 2,300 
P (ppm) 1.080 I.220 1.010 I .020 La 237 234.7 245 236 
s ( % ) 5.40 6.25 5.80 5.90 Cc 613 603.2 638 616 
Cl (ppm) 680 704 678 680 PI 92.8 89. I 96.0 92.9 
K 550 558 517 560 Nd 457 452.4 474 457 
Ca (O/o) 0.925 0.928 0.900 0.920 Sm I38 147. I 154 I39 

Sc (ppm) 5.92 5.82 5.90 5.80 ELI 56.3 56.0 58 56 
Ti 440 436 440 420 Cd 199 196.6 ‘04 197 
V 56 56.5 56 55 Tb 36. I 36.3 37.0 35.5 
Cr 2.650 2.660 2.670 2.650 DI 246 242.7 254 245 
Mn 1.920 1.990 I .820 1.900 Ho 54.6 55.6 57.0 54.7 
Fe ( % ) 18.1 19.04 18.30 18.20 El 160 158.9 166 I60 

Co (mm) 500 502 501 508 Tm 24.7 24.2 26.0 24.7 
Ni IO.500 1 1,000 10.800 IO.700 Yb 161 162.5 I65 I59 
Cu 120 126 I08 121 LU ‘4.6 24.3 25.0 24.5 
Zn 310 312 347 312 Hf 103 104 106 I20 
Ga 9.2 10.0 9.1 9.8 Ta 13.6 14.2 I3 I6 
Cie 31 31.7 31.3 33.0 W 93 92.6 93 100 
L\s 1.85 I .86 1.85 I .84 Rc 30 36.5 37 37 
Se 21 18.6 18.9 19.6 OS 490 486 490 390 
Br 3.57 3.57 3.56 3.60 II 455 481 480 460 
Rb 2.30 2.30 2.06 2.22 Pt 1,010 990 I.050 990 
Sr 7.25 7.80 8.60 7.90 .Au 140 130 140 144 
Y 1.57 I.56 1.57 I .44 Hg 300 258 5.300 390 
Zr 3.82 3.94 3.87 3.8 Tl 140 I42 I40 I32 
Nb (ppb) 240 246 246 370 Pb 2,470 2.470 2.430 3.400 
MO 900 928 920 920 Bi II0 I I4 110 II0 
Rll 710 71’ 690 710 Th 29 29.4 29 29 
Rh 130 I33 I30 134 1: 7.4 8.1 8.2 8.3 

From Li to Zr element concentrations arc given m ppm: Nb to U arc given in ppb: and C. Mg. .-\I. Si. S, Ca and Fc are in wt%~. 
4nders& G=Andersand Grcvcssc (1989): Palmc=Palmc (1988): Wasson & K=Wasson and Kallemey (1988). 



parison with the Silicate Earth’s composition. 
Previous compilations and their source refer- 
ences are used as a foundation on which revi- 
sions were then made; these studies are the most 
recent and thorough evaluations of the existing 
data. 

Table 2 presents our recommended values for 
the average composition of the CI carbonaceous 
chondrites. The table also provides a compari- 
son with the previous compilations mentioned 
above. Our composition was developed from the 
available data, as cited in the earlier papers 
(Palme et al., 198 1; Anders and Ebihara, 1982; 
Palme, 1988; Wasson and Kallemeyn, 1988; An- 
ders and Grevesse, 1989), and from later work, 
particularly that which reports new, high-quality 
measurements of chondritic materials (Beer et 
al., 1984; Morgan, 1985; Walker and Morgan, 
1989; Dreibus et al., 1993; Jochum et al., 1993; 
Rocholl and Jochum, 1993). 

For establishing a best estimate composition 
for CI chondrites we considered that refractory 
element ratios are relatively constant in the 
chondritic meteorites. This constraint is partic- 
ularly important given the limited major-ele- 
ment database for CI chondrites. There are only 
5 specimens of CI carbonaceous chondrites; of 
these 5 specimens, there is only compositional 
data for 3 of them (Orgueil, Ivuna and Alais) 
that are reliable enough for making this 
compilation. 

Table 3 lists some element ratios in carbona- 
ceous chondrites and an estimate of their rela- 
tive variation. Data for enstatite and ordinary 
chondrites are used to place some important 
constraints on refractory element ratios in car- 
bonaceous chondrites. For example, as noted by 
Anders and Ebihara, there are no Rh data for the 
carbonaceous chondrites. The large data set of 
Kallemeyn, Wasson and coworkers (Kallemeyn 
and Wasson, 1981, 1982, 1985, 1986; Wasson, 
1985; Wasson and Kallemeyn, 1988; Kallemeyn 
et al., 1989, 199 1, 1994) provides a strong foun- 
dation with which to evaluate the chemical vari- 
ation found in chondritic meteorites, because all 
of these data were determined at one, well-estab- 
lished (and dependable) laboratory, using a sin- 
gle technique (neutron activation analyses) 

which has a standard deviation of replicate anal- 
yses for the Allende standard at < -+ 5% for most 
of these elements. From this data set we have 
characterized the refractory element variations in 
CI carbonaceous chondrites. 

An inspection of Table 3 shows that many re- 
fractory element ratios are fairly well established 
in the chondritic meteorites (i.e. < ? 10% vari- 
ation at the 1 g level). Thus, given sufficient jus- 
tification for the Earth possessing a chondritic 
proportion of the refractory lithophile elements, 
ratios of these elements can be used to critically 
evaluate the internal consistency in the proposed 
Silicate Earth models. 

5. Composition of the Silicate Earth (Primitive 
Mantle) 

Geophysical data provide some compelling 
evidence for gross scale chemical homogeneity of 
the mantle, implying considerable mass transfer 
between the upper and lower mantle. Thus, sam- 
ples of peridotites and mafic to ultramafic mag- 
mas can be used to examine the composition of 
the Silicate Earth in detail. The model presented 
here has several features in common with pyrol- 
ite-type models discussed earlier, although we 
will present some contrasts between our and these 
models. 

The 160 peridotites used in this study occur as 
either xenoliths (n=76) or massifs (n=84). 
Two selection criteria were used for choosing the 
samples used in this study, namely that all sam- 
ples: ( 1) have d 40.5 wt% MgO; and (2 ) show 
no evidence of metasomatic enrichment, for ex- 
ample, they have a chondrite-normalized rare- 
earth element (REE) pattern in which the [La/ 
Yb] N < 2. The first criterion eliminates samples 
which have experienced excessive loss of a basal- 
tic component. The second criterion eliminates 
only a few additional samples, but its purpose was 
to reject samples which have been modified by 
secondary enrichment processes. 

Fig. 1 is a plot of MgO vs. CaO, A1203, Ni and 
Yb for the xenolith and massif samples used in 
this study. The trends shown by these samples 
are typical of peridotites worldwide (Maalare and 



Table 3 
Element ratios in chondritic meteorites 

CI Carbonaceous Ordinary Enstatite 

Mg/Si 0.906 0.9 I * 0.04 0.81 kO.03 0.70 i 0.07 
4l/Mg 0.089 1 0.105+0.010 0.08 I i 0.002 0.075 * 0.003 
Ca/AI 1.076 1.07-t 0.06 I .08 -t 0.04 1.01 kO.08 
4l/Sc 0.145 0.150 * 0.009 0. I45 i 0.005 0.145 t- 0.007 
.4l/Yb 5.34 5.44-t0.35 5.45 -t 0.24 5.5OkO.35 
4l/Ti 19.5 19.9i 1.3 19.6kO.9 18.5 k 3.0 
Ca/Sc 0.156 0.160 -t 0.009 0.156+0.006 0.143+0.014 
Ca/Yb 5.75 5.86 i 0.27 5.88 i- 0.30 5.46k0.51 
Ca/Ti 21.0 21.1 i 1.1 21.oi 1.0 19.1 i-2.2 
Ti/Sc 74.3 75+6 75-t3 74+7 
ScfYb 36.8 36.4i 1.8 37.75 1.9 37.9t3.1 
Sm/Yb 0.919 0.89kO.04 0.90+0.04 0.86 k 0.05 
Fe/AI 21.0 16.2i2.4 24_tl/l7il 3523121 t4 
Fe/Mg 1.88 1.68+O.I2 I .9 i 0. 1 / 1.4 k 0. I 2.6 + 0.211.6 k 0.2 
Fc/Ni 17.2 18.1 k 1.4 17.5+l.l 16.5-tO.8 
Fe/Cr 68.3 66-t5 74*4/53t4 72-t 14/90+6 
G/V 47 4Ok3 5oi I 55t5 
MglCr 36.4 39-t2 391- I 45+a/3514 
Cr/Mn 1.4 2.2io.5 1.51 to.08 1.54-to.13 
Mg/V 0.172 0. I 57 i 0.009 0.195 f 0.006 0.204 + 0.025 
Os/Ir 1.077 I .07 + 0.04 I .07 !I 0.03 l.15kO.06 
Na/K 9.3 10.7i2.1 8.21-0.6 8.4kO.8 

Average values are reported for the Carbonaceous chondrites (CL CM, CO. CV and CK). the Ordinary chondrites (L, LL and 
H) and the Enstatite chondrites (EL and EH). Ratios of Mg, Si, Al. Ca. Ti (except Ti/Sc and Cr/V), Cr, Mn. Fe and Ni are in 
wt%. and for Na, K, SC, V, Yb, OS and Ir are given in ppm. Where two values are given the first is the average for the high-Fe 
group/the second for the low-Fe group. Ratios and -t I standard deviations were determined on relatively unaltered chondritic 
meteorites. 

Aoki, 1977; BVSP, 198 1; McDonough, 1990b), 
suggesting that similar magmatic and metamor- 
phic processes operated in all tectonic environ- 
ments. There is a slight distinction in the trends 
for massif and xenolith peridotites in the A1203 
vs. MgO diagram. Although this difference is not 
statistically significant, this distinction may re- 
flect different depths of melt separation. The iso- 
topic and chemical data for these peridotites im- 
ply that none of these samples are pristine mantle. 
Some have had a melt component extracted, 
while others may have experienced a limited de- 
gree of secondary melt enrichment. However, our 
attempt is to establish their initial compositions 
by using a melt-residuum relationship to “see 
through” previous melting event(s) . 

Fig. 2 presents mantle-normalized plots for 
representative peridotites used in this study. A 
reference mantle composition was used for nor- 

malization, which assumed chondritic propor- 
tions of the refractory lithophile elements. This 
diagram illustrates the systematic behavior of the 
major and trace elements in these peridotites. 
Elements are positioned according to their rela- 
tive enrichment (or incompatibility) in basaltic 
melts, with increasing melt enrichment factors 
increasing from right to left. The Si contents of 
the melt and residue are similar (i.e. the bulk 
distribution coefficient for Si is - 1)) whereas the 
abundances of Mn, Ca and Al are higher (and 
Mg lower) in basalts relative to their source re- 
gions. Other elements (e.g., Fe, Ni, Co, Cr, V, 
Cu, Zn) can be added to this diagram; their po- 
sition is determined by their relative distribu- 
tion between melt and residue (i.e. their melt en- 
richment factor). 

The data for these peridotites also define co- 
herent trends in ratio-ratio plots in which the 
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Fig. 1. MgO vs. CaO, A1203, Ni and Yb in peridotite massifs (crosses) and peridotite xenoliths (O~XW circles). Linear regression 
lines are given for peridotite massifs (dushedlin~) and peridotite xenoliths (.solid/i~); see text for further discussion. Data are 
shown for fertile peridotites with < 40.5 wt% MgO; data from the literature and are available from the first author upon request. 

trends pass through the uniquely defined chon- 
dritic values for refractory lithophile element ra- 
tios (Fig. 3). This is strong evidence that these 
peridotites originally possessed chondritic rela- 
tive proportions of these elements and supports 
the assumption that the Silicate Earth has chon- 
dritic relative abundances of the refractory lith- 
ophile elements. 

Several important observations regarding the 
compositions of peridotites arise from these dia- 
grams. A dominant feature, seen in Fig. 2, is the 
positive slopes of the element patterns. Even for 
these peridotites, which are considered to be 
some of the most fertile samples, there is a deple- 
tion trend seen in the incompatible elements 
from Sm or Hf to Ca or SC. This reflects the loss 
of a melt. The relative depletion and enrichment 

of elements in these peridotites can be used to 
identify the character and amount of partial melt 
extracted, given the peridotite experienced a rel- 
atively simple history. These diagrams can also 
be used to identify enrichments or depletions in 
a specific mineral (e.g., clinopyroxene addi- 
tion). Finally, in the light of mineral/melt par- 
tition coefficient data for the high-pressure 
phases, Ca-perovskite, Mg-perovskite and ma- 
jorite garnet (Kato et al., 1988; Ohtani et al., 
1989), the order of element depletion coupled 
with the smooth trends exhibited by these peri- 
dotites demonstrates that they have not experi- 
enced any high-pressure fractionation involving 
these phases. Consequently, these peridotites are 
not residues of a terrestrial magma ocean or its 
crystallized melt products. 
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Fig. 3. Variation diagrams using refractor) lithophile ele- 
ment ratios for peridotite massifs (c~.osses) and peridotite 
xenoliths (open circles). The chondritic values are are given 
as a range (shaded region) and best estimate (jne line). Lin- 
ear regression lines are given for peridotite massifs (dushed 
line) and peridotite xenoliths (solid line); see text for further 
discussion. 

The relative positions of Ca and Al in Fig. 2 
are of particular interest. In correcting for the ef- 
fects of partial melting it is important to note that 
the proportional depletion of Al is greater than 
that of Ca. This in turn causes a residual perido- 
tite (e.g., the upper mantle) to possess a Ca/Al 
ratio which is higher than its initial value. 

Previous studies have suggested that this fea- 
ture of fertile peridotites is due to selective en- 
richment of a particular mineral or majorite gar- 
net fractionation (Palme and Nickel, 1985; Hart 
and Zindler, 1986). For reasons given above, 
there is no evidence of a global-scale signature of 
majorite garnet fractionation in the mantle. 
There are examples of peridotites with fraction- 
ated Ca/Al ratios that appear to be due to en- 
richments or depletions in a specific mineral as 

suggested by Hart and Zindler ( 1986). Fertile 
peridotites with relatively flat patterns (Fig. 2 ) 
and an anomalous depletion in one or more ele- 
ments are examples of this feature. Sample lb/8 
from Dreiser Weiher, Germany (Stosch and 
Seek, 1980) has a flat unfractionated pattern for 
most elements, except Al and Cr (Fig. 4). The 
relative depletions in Al and Cr can be explained 
by a 1% depletion in spinel, which commonly 
contains N 50-60 wt% A1203 and N 10 wt?/o 
Cr203 in these samples. Likewise, the patterns for 
peridotites KHI (Fig. 4) and Pal (Jagoutz et al., 
1979) show further evidence for spine1 deple- 
tion, while peridotite Ka 268 (Jagoutz et al., 
1979) appears to have an excess of spinel. The 
loss or gain of a spine1 component could be due 
to metamorphic or igneous processes or possibly 
mineral fractionation during sample processing 
and analyses. These element patterns point to- 
wards an anomaly in a spine1 component and not 
a clinopyroxene component, indicating that the 
clinopyroxene correction of Hart and Zindler 
( 1986) may not be valid for some samples. In 
summary, the high Ca/Al ratio observed in most 
fertile peridotites is likely to be caused by melt 
depletion processes and is not an original feature 
of the mantle. 

Using the above observations the unmelted, 
initial compositions of these peridotites can be 
established, providing an estimate of the com- 
position of the Silicate Earth. It is necessary to 
correct the compositions of these peridotites for 
the effects of partial melting (Fig. 5 ) in order to 
calculate their initial compositions. The removal 
of a partial melt will deplete the peridotites in 
elements more incompatible than Si and enrich 
those that are more compatible than Si. Using 
only refractory lithophile elements, trends of ra- 
tios vs. element abundances (Fig. 6) for fertile 
peridotites, establish the absolute proportion of 
these elements in the Silicate Earth at -2.75 
times that in the CI chondrites. Similarly, trends 
for SiOz, MgO and Fe0 vs. ratios of the refrac- 
tory lithophile elements are used to establish the 
absolute proportions of these major elements in 
the Silicate Earth. The minor-element abun- 
dances (Ni, Cr, Mn and Na) are determined us- 
ing a combination of these trends and constant 
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Fig. 4. A mantle-normalized diagram for peridotite xenoliths lb/8 (Stosch and Seek. 1980) and KHI (Jagoutz et al.. 1979). 
.Also shown are model compositions (yq’ lirrc) for these peridotites assuming a flat. undepletcd pattern. From these model 
compositions a 1% spine1 component was subtracted (OI~CVI boscs), based on the composition of data for spinels from these 
peridotites (Blum. 1982: Stosch. 1982; McDonough ct al.. 1992a). demonstrating that the anomalous depletions seen in the bulk 
rock data can be accounted for by the loss of a spine1 component not by the loss of a clinopyroxcnc component. 
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Schematic illustration of the 
effects partial melting on a . 

primitive source 
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Fig. 5. An idealized mantle-normalized diagram illustrating 
the effect of melt extraction on the abundances of elcmcnts 
in the residual peridotite. Under most conditions Si will habc 
a bulk distribution coefficient of - I .O and thus it will be a 
neutral pivot point on the diagram. 

element ratios with the major elements (Fig. 7). 
The bulk composition of the Silicate Earth esti- 
mated from this method is given in Table 4 and 
compared with some previously established 
model compositions. 

Our model composition for the Silicate Earth 
has ratios of Mg/Al and Mg/Si which are frac- 
tionated relative to the CI chondrite values. Some 
of the Si depletion is potentially due to its parti- 
tioning into the core. It is unlikely, however, that 
this can explain all of the Si depletion, nor is it 
likely that Mg has been sequestered into the core 
(see discussion on the core in Section 6 ) . Thus, 

we suggest that cosmochemical processes have 
lead to depletions in the moderately-volatile and 
volatile elements, including Si and Mg. Were 
other elements (e.g., V, Cr, Li and Mn) with 
condensation behavior similar to Mg and Si also 
partially depleted in the Earth due to volatiliza- 
tion? This is a difficult question to answer since 
V, Cr and Mn are likely to have been depleted by 
core formation (see Section 5.2.1). The relative 
and absolute abundances of these elements need 
to be examined in detail in order to better under- 
stand the accretionary processes and initial com- 
position of nebula material in the collection zone 
of the growing Earth. 

5. I. Refractory lithophile elements 

The Silicate Earth is believed to possess chon- 
dritic relative abundances of the refractory lith- 
ophile elements. Since we have established the 
absolute concentration of Al, Ca and Ti (at 
N 2.75 times CI chondritic abundances), we can 
calculate the absolute abundances for the rest of 
the refractory lithophile elements (Table 1) 
based on their chondritic proportions (Table 2 ) . 
Table 5 presents our recommended composition 
of the Silicate Earth. When comparing the com- 
position of the Silicate Earth to CI carbonaceous 
chondrites, which are water- and COz-rich me- 
teorites, it is common to normalize the element 
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Fig. 7. A plot showing constant ratios of MgO/Ni ( 195) and 
Fe/Mn (60) in peridotites over a range of MgO contents. 
Samples ( > 1300) include spinel-bearing peridotite xeno- 
liths (_fi/kd ci~ks). garnet-bearing peridotite xenoliths (oym 
dmnonds) and massifperidotitcs (opcr~.sqrrurc~.\). Data from 
the literature. The average ratio and -t I standard deviation 
Is given. 

abundances to Mg or Si to remove the effects of 
this volatile component. Hence, the Mg-normal- 
ized abundances of the refractory lithophile ele- 
ments in the Silicate Earth are = 1.16 times that 
in CI carbonaceous chondrites (Table 5 ). 

5.2. Non-refractory lithophile elements 

There are significant differences in various es- 
timates of the absolute and relative abundances 
of the moderately-volatile and volatile lithophile 
elements (Table 1) in the Silicate Earth. In ad- 
dition, some elements appear to behave as either 
lithophile or siderophile elements in the Earth’s 
mantle under different conditions (e.g., P, V, Cr, 
Mn, Cu, Zn, Tl, Ga, Ge, MO, W and Pb ). These 
elements have different relative and absolute 
abundances in various chondritic meteorites. For 
the Earth the relative depletion of the non-re- 
fractory elements is thought to have been pro- 
duced prior to, or during, accretion. Here we dis- 

cuss ratios of these elements which can be used 
to define their abundances in the Silicate Earth 
[see also Sun ( 1982) for additional discussion]. 

5.2.1. V, CrandMn 
Some controversy exists regarding the abso- 

lute and relative abundances of V, Cr and Mn in 
the bulk Earth and in the Silicate Earth (Drake 
et al., 1989; Ringwood et al., 1990). Ringwood 
(1966) first noted that these elements are de- 
pleted in the Earth’s mantle relative to the CI 
chondrite composition. Dreibus and Wanke 
( 1979 ) noted that the relative abundances of V, 
Cr and Mn in the Earth and Moon are similar. 
In contrast, Drake et al. (1989) found that the 
Eucrite Parent Body and the Shergottite Parent 
Body have near-chondritic proportions of these 
elements. Ratios involving Cr and V relative to 
some other elements in chondrites show limited 
variations (Table 3 ), while there is much larger 
variation ratios involving Mn [e.g., in the car- 
bonaceous chondrites Cr/Mn (2.08 ? 0.49), 
Mn/V (20.8k6.2) andMg/Mn (81.1 -t 18.2)]. 
Cr and Mn are moderately-volatile elements, 
whereas V is, based on chondritic meteorites, 
more refractory than Mg. 

It has been suggested that V, Cr and Mn are 
depleted relative to Mg in the Silicate Earth due 
to either volatility, or their incorporation into the 
Earth’s core, or both (Ringwood, 1966; Dreibus 
and Wanke, 1979; Drake et al., 1989; Ringwood 
et al., 1990; O’Neill, 199 1 b). There is experi- 
mental evidence suggesting that Cr. V, and Mn 
have siderophilic character at high temperatures 
and within the range ofJ;,, in the Earth’s mantle 
(Brey and Wanke, 1983; McCammon et al., 
1983; Rammensee et al., 1983; Drake et al., 
1989) and at high pressure (Ringwood et al., 
1990). By and large, these data support the sug- 
gestion that core-mantle fractionation is an im- 
portant factor (most particularly for V and Cr) 
contributing to the depletion of these elements. 
However, the possibility still exists that some 
volatilization of Cr and Mn may have occurred. 
The estimated abundance for V in the Silicate 
Earth come from the data of peridotites (Ja- 
goutz et al., 1979; McDonough and Frey, 1989) 
and Archean komatiites (Sun, 1982 ); the corre- 
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Table 4 
Silicate Earth model compositions 

Pyrolite models CI model 

I 2 3 4 

SiO> 45.0 45.16 45.0 49.9 
TiO? 0.201 0.217 0.17 0.16 
41,O~ 4.45 3.91 4.4 3.65 
Cr,G 0.384 0.46 0.45 0.44 
MnO 0.135 0.13 0.1 I 0.13 
Fe0 8.05 7.82 7.6 8.0 
NiO 0.25 0.27 0.26 0.25 
MgO 37.8 38.30 38.8 35.15 
CaO 3.55 3.50 3.4 2.90 
Na,O 0.36 0.33 0.4 0.34 
KzO 0.029 0.03 I 0.003 0.022 
PZOS 0.02 I _ _ 

lOOMg/(Mg+Fe) 89.3 89.7 90.1 88.7 

!=pyrolite model based on peridotites. komatiites and basalts (this study): 2=least depleted ultramafic xenolith model (Ja- 
goutz et al., 1979); S=MORB-harzburgite model (Green et al., 1979); 4=Bulk Silicate Earth model based on CI carbonaceous 
chondrites (Talyor and McLennan. 1985). 

lations with Ca, SC and Yb vs. V give us a similar 
value of - 82 ppm V in the Silicate Earth 
(McDonough and Frey, 1989). The abundances 
of Cr and Mn in the Silicate Earth are estimated 
from melting models (Sun, 1982) and from us- 
ing constant element ratios in peridotites (Fig. 
7) (McDonough, 1994). 

5.2.2. Li, Na, K, Rb, Cs 
Several ratios of refractory to moderately-vol- 

atile lithophile elements (e.g., Li/Dy, Na/Ti, K/ 
U, Ba/Rb, Rb/Sr, Ba/Cs) are useful in estab- 
lishing the Silicate Earth’s inventory of the alkali 
metals. Several studies have examined the sys- 
tematics of Li in various rocks in order to deter- 
mine its abundance in the Silicate Earth (e.g., 
Dreibus et al., 1976; Bailey and Gwozdz, 1978; 
Jagoutz et al., 1979; Sun, 1982; Ryan and Lang- 
muir, 1987). During basalt generation, Li has a 
residuum/melt distribution coefficient similar to 
Dy (Ryan and Langmuir, 1987) and is generally 
considered to be more compatible than Na or Ti 
during mid-ocean ridge basalt (MORB ) genesis 
(Sun et al., 1979). When compared to the esti- 
mated abundances of Dy or Ho in the Silicate 
Earth the abundance of Li is depleted by 25-60% 

relative to the refractory elements (Sun, 1982; 
Wanke et al., 1984). Li is likely to substitute into 
the Mg sites in peridotite minerals. There is a 
limited variation in the Li abundances ( 1.5 & 0.3 
ppm ) in fertile peridotites (Jagoutz et al., 1979 ) , 
which we interpret to reflect its mildly incom- 
patible behavior during mantle melting. 

In comparison to CI chondrites, Na is de- 
pleted in the Silicate Earth relative to the refrac- 
tory elements. The chondritic NazO/TiOz ratio 
is - 9, whereas in primitive, low-TiO, MORB 
and Archean komatiites it is - 1.8 (Sun and 
Nesbitt, 1977); similarly low values of NazO/ 
TiOz are found in melt inclusions hosted in un- 
altered olivines from Archean komatiites in 
Zimbabwe ( McDonough and Ireland, 1993 ) and 
Alexo, Canada (W.F. McDonough, unpublished 
data). A Na,O/TiO, ratio of - 2.0 is also found 
in fertile spine1 lherzolite xenoliths (Jagoutz et 
al., 1979; PreB et al., 1986; Ionov et al., 1993). 
Given a TiOz content of -0.20 wt%, it follows 
that the Silicate Earth has - 0.36 wt% Na,O. Ad- 
ditionally, correlations of ratio vs. element (cf. 
Fig. 6 ) using Na and several refractory lithophile 
elements gave an estimated Na abundance for the 
Silicate Earth of - 2670 ppm. 
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Table 5 
Recommended chemical compositton of the Silicate Earth-“Pyrolite” 

Element Cl 

Li (ppm) 
Be 
B 
C 
N 
F 
Na 

Mg (%) 
Al (%) 
Si (%) 

P (ppm) 
S 
Cl 
K 
Ca ( % ) 

SC 

Ti 
V 
Cr 
Mn 
Fe (%) 
CO 

Ni 
Cu 
Zn 
Ga 
Ge 
4s 
Se 
Br 
Rb 
Sr 
Y 
Zr 

Nb (ppb) 
MO 
Ru 
Rh 

1.5 
0.025 
0.9 

35,000 
3,180 

60 
5.100 

9.65 
0.860 

10.65 
1.080 

54.000 
680 
550 

0.925 
5.92 

440 
56 

2,650 
1.920 

18.1 
500 

10,500 
I20 
310 

9.2 
31 

1.85 
21 

3.51 
2.30 
7.25 
I.57 
3.82 

240 
900 
710 
I30 

Pyrolitc Pyrolite ? 
(normalircd 
to Mg and Cl 1 

1.6 0.45 30 
0.068 1.16 20 
0.30 0.14 F2 

120 0.00 I5 F2 
2 0.0003 F2 

75 0.17 p-2 
2.670 0.22 I5 

22.8 1.00 10 
2.35 I.16 IO 

21.0 0.83 IO 
90 0.035 15 

250 0.002 20 
17 0.01 I F2 

240 0.18 20 
2.53 1.16 IO 

16.2 1.16 10 
1,205 1.16 10 

82 0.62 15 
2,625 0.42 15 
1,045 0.23 IO 

6.26 0. I5 IO 
105 0.089 IO 

1,960 0.079 IO 
30 0.1 I 15 
55 0.075 I5 

4.0 0.18 10 
I.1 0.015 I5 
0.05 0.01 I F2 
0.075 0.002 70 
0.050 0.006 F2 
0.600 0.1 I 30 

19.9 1.16 IO 
4.30 1.16 10 

10.5 1.16 10 
658 I.16 15 

50 0.034 40 
5.0 0.003 30 
0.9 0.003 40 

Element Cl 

Pd 550 

Ag 200 
Cd 710 
In 80 
Sn 1.650 
Sb 140 
Te 2.330 
I 450 
cs 190 
Ba 2.410 
La 237 
Ce 613 
Pr 92.8 
Nd 457 
Sm I48 
EU 56.3 
Cd 199 
Tb 36. I 

Dy 246 
Ho 54.6 
Er 160 
Tm 24.7 
Yb I61 
Lu 24.6 
Hf 103 
Ta 13.6 
w 93 
Rc 30 
OS 490 
Ir 455 
Pt 1,010 
,L\ll 140 

Hi? 300 
TI 140 
Pb 2.470 
Bi 110 
Th 29 
U 7.4 

Py rolite Pyrolite + 

(normalized 
to Mg and CI) 

- 

3.9 
8 

40 
II 

130 
5.5 

I7 
IO 
21 

6600 
648 

1.675 
254 

1.250 
406 
I54 
544 

99 
674 
I49 
438 

68 
441 

67.5 
383 

37 
29 

0.28 
3.4 
3.2 
7.1 
I.0 

IO 
3.5 

I50 
2.5 

79.5 
20.3 

0.003 
0.017 
0.024 
0.058 
0.033 
0.017 
0.002 
0.009 
0.047 
I.16 
1.16 
I.16 
1.16 
1.16 
1.16 
1.16 
I.16 
I.16 
I.16 
1.16 
1.16 
I.16 
I.16 
1.16 
I.16 
1.16 
0.13 
0.003 
0.003 
0.003 
0.003 
0.003 
0.014 
0.01 I 
0.026 
0.010 
I.16 
1.16 

80 
F3 
30 
40 
30 
50 
F2 
1;3 
40 
IO 
IO 
IO 
10 
IO 
IO 
10 
10 
IO 
IO 
IO 
IO 
10 
IO 
10 
IO 
15 
F:! 
30 
30 
30 
30 
F2 
F4 
40 
20 
30 
I5 
20 

From Li to Zr element concentrations are giben in ppm; Nb to U are given in ppb: and Mg. Al. Si. Ca and Fe are in wt%. 
Thc?column is a subjective judgemcnt of the uncertainty of this estimate. Uncertainties are expressed in O/o. unless otherwise 
stated; F=factor (Fl=we know this estimate to within a factor of 2). Most of the major and minor elements and a number of 
the refractory lithophile elements are known to within i 10% or better. 

The abundances of K, Rb and Cs have recently 
been examined by McDonough et al. ( 1992b); 
we use their estimate of the Silicate Earth for our 
values (Table 5 ) . Limits on the K and Rb abun- 
dances in the Silicate Earth are derived from its 

K/U (- 104), K/Rb (-400), Rb/Sr (-0.03) 
and Ba/Rb ( - 11) ratios, as established from the 
data for crustal and mantle-derived rocks and by 
Sr, Nd and Hf isotope systematics. The conti- 
nental crust and depleted mantle (MORB source 



U: F. McDonough, S.-s. Slrt? / Chetnical Geology 120 (1995) 223-253 239 

region) have similar K/U and Ba/Rb ratios, 
which indicates that these ratios are conserved 
during crust-mantle differentiation (Hofmann 
and White, 1983; Jochum et al., 1983). Thus, 
knowing the abundances of Ba and U in the Sil- 
icate Earth the K and Rb abundances can be es- 
timated. The ratio of Na/K in the Silicate Earth 
is - 11, which is similar to or a little higher than 
in chondritic meteorites (Table 3); this value is 
consistent with the relative volatility of these ele- 
ments and their abundance in CI chondrites. The 
Cs abundance of the Silicate Earth is constrained 
by estimates of the Rb abundance of the crust and 
mantle and values of their Rb/Cs ratio. We rec- 
ognize that there are different views on the bulk 
Rb/Cs ratio of the Earth and Moon (Jones and 
Drake, 1994; McDonough et al., 1994). 

5.2.3. Boron 
The abundance of B in the Silicate Earth has 

been estimated to be - 0.5 ppm based on whole- 
rock data for fertile peridotites (Higgins and 
Shaw, 1984), or - 0.25 ppm based on geochem- 
ical mass-balance arguments for the continental 
crust and mantle (Chaussidon and Jambon, 
1994). The incompatibility of B during mantle 
melting is comparable to that of K (Ryan and 
Langmuir, 1993; Chaussidon and Jambon, 
1994)) which is a highly incompatible element. 
Chaussidon and Jambon ( 1994) argue that K/B 
is relatively constant at - lo3 in a spectrum of 
modern basalts and that this value is comparable 
to that in the bulk continental crust. By analogy 
with the K/U ratio, which is similar in the con- 
tinental crust and mantle ( - 1 O4 ), the K/B ratio 
is therefore believed to be conserved during 
crust-mantle differentiation. Examining the K/ 
B variation in oceanic basalts, however, reveals 
considerable spread of values. K/B values are 
1000-2000 in N- and E-type MORB, 2000-3000 
in Hawaii, and < 500 to 2000 in arc and back- 
arc basin basalts (Ryan and Langmuir, 1993; 
Chaussidon and Jambon, 1994). In addition, 
there is some variation in estimates of the K/B 
in the continental crust. Taylor and McLennan 
( 1985 ) estimate the continental crust’s K/B ra- 
tio to be - 900, whereas Shaw et al. ( 1986) pro- 
pose a value of - 3000. Given the uncertainties 

involved, we tentatively suggest a value of - 0.3 
ppm B for the Silicate Earth. 

5.2.4. Zinc 
Zn can be considered either as an oxyphile- 

lithophile element or a chalcophile element. In 
chondritic meteorites Zn is dominantly concen- 
trated in oxides and silicates (Nishimura and 
Sandell, 1964) and is therefore treated as a lith- 
ophile element. Sun ( 1982) estimated the abun- 
dance of Zn to be between 50 and 60 ppm in the 
Silicate Earth based on Zn’s melting behavior and 
models of the source abundance of Zn for mod- 
ern MORB and Archean komatiites. There is a 
limited range of Zn contents (55 ? 7 ) in the fer- 
tile peridotites. These observations indicate that 
a value of 55 ppm Zn for the Silicate Earth is rea- 
sonably well established. 

5.2.5. The halogens 
Estimates of the abundances of the halogens in 

the Silicate Earth are constrained mainly from 
constant ratios of the halogens to refractory lith- 
ophile elements in basalts; data for the abun- 
dances of the halogens in peridotites are limited 
(Jagoutz et al., 1979; Dreibus et al., 1983). As 
established from basalts, the relative incompati- 
bility of these elements are, from least to most 
incompatible, F < Cl = Br < I (Schilling et al., 
1980; Deruelle et al., 1992), with I being one of 
the most incompatible elements known. 

Schilling and coworkers (Rowe and Schilling, 
1979; Schilling et al., 1980) found relatively 
constant F/P ( -0.3) and F/Sr ( -2) in basalts 
from ocean islands and mid-ocean ridges. Sun 
( 1982 ) used these observations to suggest a value 
of -26 ppm F in the Silicate Earth. Jagoutz et al. 
( 1979) report a range of F contents in fertile 
peridotite (7- 16 ppm) and low F/Sr (0.7 ) in the 
three most fertile peridotites. From this, we ob- 
tain an estimate of - 15 ppm F for the Silicate 
Earth. The largest unknown when estimating the 
Silicate Earth’s F abundance is the continental 
crust, for which there is no good estimate. 

Cl and Br are believed to behave similarly to 
Rb or Ba during MORB and ocean island basalt 
genesis (Schilling et al., 1980; Sun, 1982). Con- 
stant ratios of Cl/Ba ( - 2.5), Cl/Rb ( - 28) and 



Cl/Br ( _ 350) in these basalts reflect their source 
values (Schilling et al., 1980; Sun, 1982 ). An av- 
erage Cl/Br for surface reservoirs (including the 
crust and oceans) is comparable to that of the 
mantle or slightly higher (350-450). The above 
mantle ratios are used to estimate the Cl and Br 
abundances in the Silicate Earth. The abundance 
of I in the Silicate Earth has recently been re- 
viewed by Deruelle et al. ( 1992). They found 
that much of the I in the Earth is likely to be con- 
centrated at the surface and suggest the Silicate 
Earth has between 9 to 24 ppb I. After compar- 
ing their estimate with the only values available 
for fertile peridotites (Wanke et al., 1984 ), DC- 
ruelle et al. ( 1992 ) proposed a value of 10 ppb I 
for the Silicate Earth. We adopt this value. 

5.2.6. A depletion trend for the moderately-vola- 
tile lithophiles 

The normalized abundances of lithophile ele- 
ments in the Silicate Earth are plotted against 
their condensation temperatures for an assumed 
solar nebular condition (Wasson, 1985 ) in Fig. 
8. The refractory lithophile elements are shown 
as a group at a factor of 1.16 above Mg. In gen- 
eral, there is a uniform decrease in the normal- 
ized abundances of the moderately-volatile lith- 
ophile elements with decreasing condensation 
temperature (Fig. 8 ) . This trend may reflect the 
nature of the nebula material in the planetary 
feeding zone of the proto-Earth. 

5.3. Siderophile and chalcophile elements 

Depletion of siderophile and chalcophile ele- 
ments in the Earth’s mantle results from core 
formation, making estimates of their absolute 
and relative abundances difficult to obtain. Re- 
fractory siderophile elements are significantly 
depleted in the Earth’s mantle compared to CI 
carbonaceous chondrites (about a factor of 10 for 
the siderophiles and > 100 for the highly sidero- 
phile noble metals) (Fig. 8 ). Comparison of the 
relative and absolute abundances of these ele- 
ments in Archean to modern, matic to ultra- 
malic lavas and peridotite samples provides in- 
sights into their absolute abundances in the 
mantle and the possibility of secular variation in 

laSl,““,““.‘.‘.“.““.“‘,““II 
1800 16al 14cil 12W loo0 800 600 400 

50% Condensation Temperature (I?) at lfl atm 

Fig. 8. A plot of the abundances of elements in the Sihcate 
Earth (normalized to Mg and Cl chondrites, Table 5) \ s. their 
50% condensation temperature at I Om4 atm. The upper panel 
identifies the data points for the lithophile (J/l& c,/nk:r). 
sidcrophtle (fil/w/ cywwc) and chalcophilc (~I.O.SYP.S) clc- 
mcnts. The loucr panel schematically illustrates the Early 
Stage Volatility Trend as established by the moderately-vol- 
atile lithophile elements and the trend for a Late Stage Vc- 
neer component, belieled to be added after the bulk of the 
planet Mas accreted, as established by the highly sidcrophile 
clcmcnts and S, Se. Te and C. The UWIIII’.S for V. Cr and Mn 
indicate the further deplction of these elements in the Sili- 
cates Earth as a result oftheir partial subtraction into the core. 

the mantle. These data have in turn been used to 
understand the relative lithophile/siderophile 
behavior of the refractory siderophile elements 
during core-mantle fractionation. 

5.3. I. Refractory siderophile elements 
These elements include Fe, Ni, Co, MO and W. 

Constant Ba/W, Mo/Pr and Ce/Pb ratios in 
modern oceanic basalts that have a large range 
of Pb isotopic compositions demonstrate that 
there has been no significant fractionation of the 
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siderophile or chalcophile elements in the sources 
of these basalts over the last - 2.0 Ga (Hofmann 
et al., 1986; Newsom et al., 1986). Sims et al. 
( 1990) extended this type of analysis (using MO/ 
Ce) to include various crustal rocks of Archean 
and post-Archean age. They observed a limited 
variation in Mo/Ce (0.02-0.03) and greater 
variation in Ba/W (170-350) in mafic and ul- 
tramatic lavas and crustal rocks. Following Sims 
et al. ( 1990), we set the Mo/Ce and Ba/W ratios 
of the Silicate Earth to -0.03 and - 230, 
respectively. 

An estimate of the abundances of Fe and Ni in 
the Silicate Earth was discussed in Section 5. We 
find that there is a Gaussian distribution of Fe0 
and Ni contents in the fertile peridotites selected 
for this study. The average Fe0 content is 
8.06kO.34 wt% and the average Ni content is 
1985 f. 140 ppm; these values are comparable to 
those determined using regression analyses. The 
Co abundance of the Silicate Earth is well con- 
strained by a relatively constant Ni/Co ratio 
( 18.7 & 1.5) in the fertile peridotites and the sys- 
tematic of this ratio with increasing melt deple- 
tion (McDonough, 1994). These estimates can 
be compared by examining Fe/Co (585 540) 
and Fe/Ni (3 1.9 +- 3.1) ratios in the fertile peri- 
dotite suite. Ratios of these and other compati- 
ble elements in peridotites are unlikely to change 
greatly as a result of small amounts of melt ex- 
traction, and these ratios can be readily used to 
estimate their initial abundance in the Silicate 
Earth. 

5.3.2. Highly siderophile elements 
These elements include the platinum-group 

elements (PGE: Ru, Rh, Pd, OS, It-, Pt ) , Re and 
Au. The relative abundance of these elements in 
peridotites and the Silicate Earth appear to be 
chondritic at -0.3% times an Mg- and CI-nor- 
malized abundance (Table 5; Fig. 8). Many 
workers have estimated the absolute and relative 
abundances of the highly siderophile elements in 
the Silicate Earth based on studies of primitive 
basalts and komatiites and fertile peridotite xe- 
noliths (Chou, 1978; Jagoutz et al., 1979; BVSP, 
198 1; Sun, 1982; Chou et al., 1983; Morgan, 
1986; Sun et al., 199 1). The Re-0s isotopic sys- 

tematics for peridotites and basalts from mid- 
ocean ridges (Martin, 199 1; Pegram and Allegre, 
1992) indicate that the upper mantle has chon- 
dritic proportions of these elements ( Allegre and 
Luck, 1980; Luck and Allegre, 1983; Walker and 
Morgan, 1989). From this we argue that the Sil- 
icate Earth is likely to have a chondritic Re/Os 
ratio. 

We accept the model that accounts for the 
abundances of highly siderophile elements in the 
Silicate Earth by the addition of a lafe-stage (e.g., 
post-95% growth of the planet) accretion of a ve- 
neer ( < 1% by mass) of chondritic material on 
to the Earth (Kimura et al., 1974; Chou et al., 
1983; Morgan, 1986); the abundances of highly 
siderophile elements cannot be accounted for by 
core formation processes given their differences 
in metal/silicate and sulfide/silicate partition 
coefficients [see review in O’Neill ( 199 1 b) 1. The 
compositions of peridotites and komatiites dem- 
onstrate that highly siderophile elements have 
been effectively re-homogenized in the Silicate 
Earth since the addition of this late-stage veneer. 
For example, a relatively uniform Ni/Ir ratio 
(6 10 -+ 140) in peridotites (McDonough, 1994)) 
with minor regional variation (Spettel et al., 
199 1) demonstrates the effectiveness of this re- 
homogenization process. It has also been shown 
that fertile peridotites and Archean to modern 
komatiites have a relatively constant Ti/Pd of 
- 3. lo5 (Keays, 1982; Briigmann et al., 1987; 
Sun et al., 199 1). In addition, there is a homo- 
geneous distribution of the chalcophile ele- 
ments, Cu, PGE and Au, with respect to the lith- 
ophile elements in the mantle, and by comparing 
lavas of different ages (Sun et al., 1991), it is 
further argued that this uniform siderophile and 
chalcophile signal from the mantle has been 
present throughout the geologic record. 

5.3.3. Moderately-volatile siderophile elements 

These elements include P, Cu, Ga, Ge, As, Ag 
and Sb. Their abundances in the Silicate Earth 
are constrained by ratios of these elements to re- 
fractory lithophile elements in modern oceanic 
basalts, komatiites and peridotites. The P con- 
tent of the Silicate Earth is 90 ppm, estimated 



from a relatively constant TiOz/P,05 ratio 
( - 10) in komatiites and modern MORB (Sun, 
1982) and the constant P/Nd ratio ( - 70) in 
most modern basalts (McDonough et al., 1985; 
Langmuir et al., 1992) and unaltered Archean 
komatiites. An estimate of the Ga content of the 
Silicate Earth, established from the chemical sys- 
tematic of Al, SC and Ga in basalts and perido- 
tites (McDonough, 1990a; and also from this 
study), is N 4 ppm. 

An estimate of the Cu content of - 30 for the 
Silicate Earth given in Sun ( 1982 ) was based on 
data from komatiites and MORB. Using a 
regression analyses for fertile peridotites we have 
arrived at the same value, with N 2 15% uncer- 
tainty. The geochemistry of Ge during mantle 
melting is similar to that of Si and as such, its 
content in peridotites changes little with melt de- 
pletion (Ringwood, 1966 ) . The average Ge con- 
tent of fertile peridotites is - 1 .O ppm and for all 
peridotites is - 0.95 ppm. After correcting for the 
effects of melting, we estimate the Silicate Earth 
to have - 1.1 ppm Ge. 

Ag behaves as a moderately incompatible ele- 
ment during basalt genesis (Sun, 1982). The 
abundance of Ag in basalts (20-60 ppb) is - 3- 
10 times that in peridotites (Keays and Scott, 
1978; Hertogen et al., 1980; BVSP, 1981). Only 
one Ag determination for a komatiite was found 
(Stone and Crockett, 1993 ) having - 5 ppb. This 
may indicate that Ag is only slightly incompati- 
ble, and perhaps behaves comparably to Re or Se 
during mantle melting. An anomalously high Ag 
concentration (30-l 00 ppb) in fertile perido- 
tites has been reported (Garuti et al., 1984) 
which might be due to melt enrichment pro- 
cesses. We concur with Sun’s ( 1982) earlier as- 
sessment that the Ag content of the Silicate Earth 
is likely to be between 5 and 10 ppb. 

The abundance of As and Sb in the Silicate 
Earth has recently been considered by Sims et al. 
( 1990). They measured the abundances of these 
elements in basalts and various crustal rocks and 
found that As and Sb behave similarly to the light 
REE during melting; As/Cc and Sb/Ce ratios are 
not similar in mafic to ultramatic lavas com- 
pared to crustal rocks. After considering the pro- 
portion of these elements in the crust and mantle 

they proposed that the Primitive Mantle had As/ 
Ce and Sb/Ce values of - 0.036 and - 0.003, re- 
spectively (Sims et al., 1990). We use these ra- 
tios to provide As and Sb abundances of the Sil- 
icate Earth. 

5.3.4. Volatile siderophile and chalcophile 
These elements include S, Se, Te, Cd, In, Sn, 

Hg, Tl, Pb and Bi. It is difficult to estimate the 
proportion of these elements in the Earth’s core 
and mantle because models for estimating their 
abundances in the Earth depend greatly on the 
nature and timing of accretion of the volatile 
material. Models of heterogeneous accretion of 
the Earth (Chou, 1978; Morgan and Anders, 
1980; Wanke et al., 1984; Morgan, 1986; O’Neill, 
1991a, b) call upon a range of volatile material 
(i.e. chondritic meteorites with various propor- 
tions of volatile elements) accreted on to the 
Earth during the latter stages of planet growth. 
As with the other volatile elements, the abun- 
dances of these elements in the Silicate Earth are 
constrained by ratioing them to refractory litho- 
phile elements in basal& komatiites and 
peridotites. 

S is a mildly incompatible element (even dur- 
ing sulfide-saturated melting conditions), hav- 
ing an enrichment factor of -4 in mafic melts 
relative to their source regions. In peridotites S 
correlates with Al-O3 (Lorand, 199 1)) and fer- 
tile peridotites have a relatively constant AlzO,/ 
S of -0.02. There is a wide range of S contents 
found in fertile peridotites, from low values of 
5 100 ppm (Mitchell and Keays, 198 1; Wanke 
et al., 1984; Ionov et al., 1992), to high values of 
100-300 ppm (Garuti et al., 1984; Morgan, 1986; 
Lorand, 1990). This variation may in part be due 
to the poor preservation of sulfides, particularly 
in peridotite xenoliths during their transport 
from the mantle (Lorand, 1993 ). The source re- 
gions of MORB are suggested to have 200-300 
ppm S (Mathez, 1976; Sun, 1982; O’Neill, 
1991b; Sun et al., 1991 ). This estimate for the 
MORB source is comparable to the higher S con- 
tents commonly found in massif peridotites. To- 
gether, these studies indicate an upper-mantle S 
content of - 250 -t 50 ppm; a similar value for 
the whole of the Silicate Earth may be appropri- 
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ate, assuming that the crustal contribution, which 
is poorly constrained, represents a minor ( < 5%) 
proportion of the total. 

Se and Te are two of the most chalcophile ele- 
ments known. The geochemical behavior of Se 
and Te is similar to that of S and hence compar- 
isons are often made between these three ele- 
ments. In many instances, Se is used as a proxy 
for S because of the greater immobility of Se dur- 
ing hydrothermal alteration (Yamamoto, 1976; 
Howard, 1977; Hamlyn et al., 1985). Morgan 
and coworkers (Morgan and Anders, 1980; 
BVSP, 198 1; Morgan, 1986) showed that S/Se 
ratios are close to chondritic ( - 3000) in peri- 
dotite xenoliths; similar ratios are also found for 
massif peridotites (Garuti et al., 1984). Morgan 
( 1986) has also emphasized the relatively con- 
stant Se/Re ratios ( - 260) in fertile peridotites 
and MORB and used this to estimate the Silicate 
Earth’s abundance of S and Se given a Re con- 
tent established from and Re/Os isotope system- 
atics. The S/Se ratio in MORB is estimated at 
3000-4000 (Hertogen et al., 1980; Hamlyn et al., 
1985; Morgan, 1986). Thus, the Silicate Earth is 
suggested to have an approximately chondritic S/ 
Se value ( - 2600) (Dreibus et al., 1993). Te ap- 
pears to be less incompatible than Se with basal- 
tic melts having a slight ( - 50%) enrichment in 
Te over their source abundance (Morgan, 1986 ). 
Fertile peridotites have relatively constant Te 
contents of - 12 2 3 ppb (Morgan, 1986 ) . There 
is very little Te data for peridotites and basalts; 
as a result, our estimate of the Silicate Earth’s Te 
content is considerably tentative. 

Cd and Hg, along with Zn, are group-IIB ele- 
ments; these elements generally occur as 2 + cat- 
ions with a size and range of ionic radii compa- 
rable to that of Mg to Ca. Because of its 
geochemically similar behavior to Zn, Cd is be- 
lieved to be concentrated in oxides and silicates 
in carbonaceous chondrites (Nishimura and 
Sandell, 1964). In basalts, the Zn and Cd con- 
tents appear to be enriched by a factor of 2-3 over 
their source regions, suggesting that they are 
mildly incompatible elements during melting. 
Peridotites have relatively constant Zn/Cd ra- 
tios of - 1000 and a limited range of Cd contents 
(30-60 ppb) (Baedecker et al., 197 1; BVSP, 

198 1). From this we estimate the Silicate Earth 
to have - 40 ppb Cd. There is a limited data base 
for Hg contents of basalts and peridotites (Flan- 
agan et al., 1982; Garuti et al., 1984). Its larger 
ionic radius ( - 1.1 A) indicates that it would be- 
have more incompatibly during melting than Cd 
or Zn. However, there appears to be only a factor 
of 2-3 enrichment of Hg in basalts relative to ul- 
tramafic rocks. We suggest the Silicate Earth has 
- 10 ppb Hg, but there is considerable uncer- 
tainty attached to this estimate. 

The abundance of Sn in mantle-derived rocks 
and an estimate for the Silicate Earth have been 
reported recently (Jochum et al., 1993). Jochum 
et al. ( 1993) found that Sn/Sm appears to be 
constant in mantle-derived rocks for the last 3.4 
Ga at a value of -0.32. Based on this we esti- 
mate the Silicate Earth to have - 130 ppb Sn. 

The volatile elements In, Bi and Tl are mod- 
erately to highly incompatible elements during 
mantle melting (Sun, 1982). In the crust Tl be- 
haves similarly to the alkali metals K and Rb, and 
during melting Tl is suggested to be highly in- 
compatible (even during sulfide-saturated melt- 
ing conditions), like Ba, Rb and Cs (Sun and 
McDonough, 1989 ). It is also suggested that Tl 
is a sensitive indicator of sulfide saturation in 
silicate melts (McGoldrick et al., 1979). There 
is a marked depletion of Tl in most peridotites. 
However, garnet harzburgites with strong re-en- 
richments of the highly incompatible elements 
have high Tl contents (BVSP, 198 1). The Rb/ 
Tl ratio in oceanic basalts is relatively constant 
at - 230 (Laul et al., 1972; McGoldrick et al., 
1979; Hertogen et al., 1980) and this value is at 
the high end of that estimated for the continental 
crust ( 100-200) (Sighinolfi and Santos, 1974; 
Taylor and McLennan, 1985; Shaw et al., 1986). 
As a result, we suggest the Silicate Earth has - 3.5 
ppb Tl. The concentration of Bi and In in the Sil- 
icate Earth is constrained by the data of oceanic 
basalts and peridotites. The Bi and In contents 
of oceanic basalts are - 7 and 60-90 ppb, respec- 
tively, and of peridotites are l-3 and 5- 15 ppb, 
respectively (Baedecker et al., 1971; Laul et al., 
1972; Hertogen et al., 1980; BVSP, 198 1 ), indi- 
cating that these elements are moderately in- 
compatible, with enrichment factors of -2-6 



during mantle melting. Based on these observa- 
tions we estimate that the Silicate Earth has - 11 
ppb In and - 2.5 ppb Bi. 

The abundance of Pb in the Silicate Earth is 
estimated from U/Pb isotope systematics. There 
is a limited range ofp (z38U/204Pb) values (8.0- 
9.0) for the Silicate Earth (Stacey and Kramers, 
1975; Sun, 1982). Given an estimated U content 
of -20 ppb and this range of p-values for the 
crust-mantle system, we estimate that the Sili- 
cate Earth has a ‘04Pb abundance of - 2 ppb and 
a Pb abundance of 144- 156 ppb. 

5.4. The atmophile elements 

The abundances of atmophile elements (H, C, 
N, noble gases) in the undegassed Silicate Earth 
can also be constrained by element ratios in 
mantle-derived rocks and the proportion of these 
elements in the mantle, atmosphere, ocean and 
crust. H is considered to be a highly incompati- 
ble element during mantle melting, behaving like 
K (J.G. Moore, 1970). Based on the water con- 
tents of basalts, the upper mantle is estimated to 
have 100-500 ppm Hz0 (Byers et al., 1984; Mi- 
chael, 1988 ). Data for the water contents of per- 
idotitic minerals (Bell and Rossman, 1992 ) also 
indicates the upper mantle has - 100-300 ppm 
H20. An estimate for the water content of the de- 
gassed upper mantle is - 100-300 ppm, with 
considerable uncertainty in this estimate. Jam- 
bon and Zimmermann ( 1990) found a rela- 
tively constant K,O/H,O in oceanic basalts and 
similar values for this ratio in the oceanic mantle 
and exosphere (crust and ocean ). They assumed 
that KzO/H20 behaved similar to the K/U (i.e. 
that it was conserved during crust-ocean-man- 
tle differentiation), and from this estimated a 
water content for the Silicate Earth of 550- 1900 
ppm. 

Estimates of the C content of the upper mantle 
vary widely ( < 50 to > 500 ppm C) depending 
on whether the model is based on measurements 
of peridotite, basalts or recycling models (Wgnke 
et al., 1984; Marty and Jambon, 1987; O’Nions 
and Oxburgh, 1988; Zhang and Zindler, 1993). 
The present-day upper mantle (MORB source 
region) is estimated to have a C content of 50- 

250 ppm and relatively constant C/‘He [ (2- 
7).109],C02/H20 (1,07),andK/C (-1) (all 
given as molar ratios) (Des Marais, 1985; Marty 
and Jambon, 1987; O’Nions and Oxburgh, 1988; 
Javoy and Pineau, 199 1; Trull et al., 1993 ). Us- 
ing these observations and the estimates of K and 
‘He in the primitive mantle yields a Silicate Earth 
C abundance of - 100 ppm (Des Marais, 1985; 
Marty and Jambon, 1987; O’Nions and Ox- 
burgh, 1988; Trull et al., 1993; Zhang and Zin- 
dler, 1993 ) . Nitrogen degassing of the mantle has 
been considered in terms of C/N ( -400) and 
N,/Ar ( - 50) (Javoy et al., 1986; Javoy and Pi- 
neau, 1991). The N abundance of the Silicate 
Earth is estimated at - 2 ppm (Javoy et al., 1986; 
Javoy and Pineau, 199 1; Zhang and Zindler, 
1993). 

In the above discussion we have determined 
the absolute abundances of the moderately-vol- 
atile and volatile elements from ratios of these 
elements to the refractory lithophile elements. A 
wide variety of element ratios were used to es- 
tablish our estimates. However, there are some 
basic guidelines that we used. Importantly, we 
have attempted to ratio elements having similar 
behavior during mantle melting. In addition, for 
moderately to highly incompatible elements, we 
depend more heavily on the data for mantle-de- 
rived melts and crustal rocks, whereas for the 
mildly incompatible to compatible elements we 
have relied mainly on data from fertile perido- 
tites. It follows then, that if one assumes differ- 
ent proportions of the refractory lithophile ele- 
ments for the Silicate Earth (than that proposed 
here ), there will be a similar proportional change 
in the abundances of the moderately-volatile and 
volatile elements. 

6. The core 

The mass of the core amounts to - 32.5% of 
the Earth (Anderson and Kovach, 1967). The 
core is mainly an Fe-Ni alloy and is the domi- 
nant repository of siderophile elements in the 
Earth. A density increase at the outer core-inner 
core boundary of - 0.55 g cmp3 (Shearer and 
Masters, 1990), combined with laboratory 



compression data for a range of Fe-Ni alloys 
(Brown and McQueen, 1986; Mao et al., 1990)) 
indicates the presence ( N 10% & 5) of a low- 
atomic-weight component in the outer core (i.e. 
an element with a lower atomic number than Fe ). 
The nature of this light element in the outer core 
has received considerable attention. 

From Birch’s ( 1952 ) early suggestion and from 
later proposals by many other workers H, C, N, 
0, Mg, Si, S (or a combination of some of these 
elements) are commonly considered to be the al- 
loying light element in the outer core that will 
satisfy the density difference. Unfortunately, the 
exact proportion and character of the light ele- 
ment in the outer core cannot be constrained with 
our existing seismological and mineral physics 
data. It is recognized that the lighter the element, 
the less is needed to compensate for the density 
contrast. Thus, in order to characterize the light 
element in the outer core we need to understand 
the processes of core formation and composi- 
tional systematics of chondritic meteorites. 

It is likely that there is a spectrum of processes 
which lead to core formation in the early Earth, 
ranging from metal-sulfide equilibrium at low 
pressures to high-pressure solubility of Fe0 in Fe. 
The physics of planetary accretion and core sep- 
aration are presently insufficiently understood to 
effectively rule out some competing hypotheses. 
There is a vast amount of literature on this topic 
and we consider it beyond the scope of this paper 
to examine this question in detail. We have, 
however, estimated an upper and lower value for 
the composition of the core based on a (non- 
specified) light-element component of 5% and 
15%, respectively (Table 6). The principal ob- 
servation used to construct these estimates is the 
constant siderophile ratios in chondritic 
meteorites. 

The Fe/Ni ratio in chondritic meteorites shows 
limited variation from a value of - 17 (Table 3 ). 
Assuming the bulk Earth has a chondritic Fe/Ni 
ratio and the mantle has a ratio of 3 1.9, then the 
core should have an Fe/Ni ratio of - 16 (Table 
6). Likewise, the limited variation in Fe/G-, Cr/ 
V, Cr/Mn, Ni/Co and Ni/P in chondritic me- 
teorites (Table 3 and the literature) provides an 
estimate for these minor to trace elements in the 

core (Table 6). By setting an upper limit of 
- 15% (and a lower limit of - 5%) for the light- 
element content of the core, the abundances of 
the major and minor siderophile elements are 
determined. In these end-member core compo- 
sitions ( - 5% and - 15% of a light-element com- 
ponent) there is - 5% Ni, d 1% Cr, - 0.5% Mn 
and P and 0.25% Co along with trace abun- 
dances of other siderophile and chalcophile 
elements. 

These two models place limits on the Fe con- 
tent (78-88%) of the core and from this we de- 
termine that the bulk Earth has an Fe/Al of 
- 20 + 2 (Table 6 ) . [We use Al as a proxy for the 
refractory lithophile elements. It was chosen over 
other major elements (e.g., Si, Mg, 0, Ca) since 
it is the element that is lighter than Fe, and is 
least likely to be incorporated as the light ele- 
ment in the core.] This is an important result; it 
provides us with a secure estimate of the com- 
position of the planet which does not rely on 
knowing the nature of the light element in the 
core. Thus, we can use this ratio to evaluate the 
similarity of certain groups of chondritic meteo- 
rites to the bulk Earth. Chondritic meteorites 
display a range of Fe/Al ratios with many having 
a value close to 20. However, the high Fe/Al ( 35 ) 
of EH chondrites and the low values ( 13- 15 ) for 
CV and CK chondrites make these meteorite 
groups unlikely building blocks for the bulk 
Earth. 

The estimate of Si in the bulk Earth assumes 
no Si in the Earth’s core. O’Neill ( 199 lb) has 
recently suggested that a limited amount of Si 
( < 5%) may have entered the core, and consid- 
ers it necessary to invoke additional components 
to satisfy the density requirements. The high 
abundances of V, Cr and Mn in the Earth’s core 
(Table 6 ) can account for their depletions in the 
Silicate Earth (Fig. 8 ). Our estimate of the Mg/ 
V ratio for the bulk Earth (0.163) is within the 
range for chondritic meteorites (0.15-0.24), as- 
suming there is no Mg in the core. If we assumed 
there is no V in the Earth’s core, the bulk Earth 
would have a Mg/V ratio (0.28 ) which is greater 
than that seen in all chondritic meteorites; thus 
we can conclude that there is a significant quan- 
tity of V in the Earth’s core. This fact, in combi- 
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Table 6 
Limits on the composition of the core and bulk Earth 

15% Light element in core 5% Light clement in core 

mantle core bulk 
Earth 

41 (%) 2.35 
Ca 2.53 
Mg 22.8 
Si” 21.0 
Fe 6.26 
Cr 0.263 
Ni 0.196 
Mn 0.105 
Na (ppm) 2,610 
V (ppm) 82 
co 0.0105 
P 0.009 

78.0 
0.80 
4.90 
0.45 

120 
0.24 
0.50 

1.59 41 (“%I) 2.35 
1.71 Ca 2.53 

15.4 Mg 22.8 
14.2 Si” 21.0 
29.6 Fe 6.26 

0.44 Cr 0.263 
1.72 Ni 0.196 
0.22 Mn 0.105 

I .800 Na (ppm) 2.670 
95 V (ppm) 8’ 

0.085 co 0.0105 
0.17 P 0.009 

87.5 
0.95 
5.40 
0.50 

120 
0.26 
0.50 

Total 84.9 Total 95.1 

MB/At 9.70 
Fe/Al 2.7 
Fe/Ni 31.9 
Fe/Cr 23.8 
Cr/V 32 
Cr/Mn 2.5 
Ni/Co 18.7 
Ni/P 22 

16 
98 
67 

1.8 
20.8 
10 

9.70 M&AI 9.70 
18.6 Fe/Al 2.7 
17.1 Fe/Ni 31.9 
68 Fe/G 23.8 
46 Cr/V 32 

- 2.0 Cr/Mn 2.5 
20.7 Ni/Co 18.7 
10 Ni/P 22 

16 
92 
79 

1.8 
20.8 
II 

mantle core bulk 
Earth 

1.59 
1.71 

15.4 
14.2 
32.7 

0.49 
1.89 
0.24 

I .800 
95 

0.0915 
0.17 

9.70 
20.6 
17.3 
67 
52 

- 2.0 
20.6 
II 

Element concentrations are given in wt%, except for Na and V which are given in ppm. The Cr/V ratio is expressed in terms of 
a ppm ratio. The composition of the mantle is from Table 5. 
“This estimate assumes no Si in the Earth’s core. Assuming 5% Si in the Earth’s core (O’Neill, 199 I a), then the bulk Earth would 
have 15.8% Si and a Mg/Si of 0.97 

nation with the experimental work of Ringwood 
et al. ( 1990), argues for high-pressure metal-sil- 
icate equilibration in the Earth’s mantle during 
core formation. Under high pressure some 
amount of Fe0 is also dissolved in the metal, and 
thus, 0 is likely to be part of the light-element 
component in the outer core. There is circum- 
stantial evidence that suggests that under high 
pressure, Cs and possibly other lighter alkali 
metals have been partially sequestered into the 
core. The marked depletions in the heavy halides 
(Cl, Br, I) may also be a result of their partial 
sequestering into the core. Thus, the relative de- 
pletions (beyond a volatility trend) of these ele- 
ments in the Silicate Earth may be accounted for 
by a core component (Fig. 8 ) . 

Carbonaceous chondrites and the Earth have 
similar patterns of element abundances (Fig. 9 ), 
but the Earth is more strongly depleted in the 
more volatile elements. Similarities and differ- 
ences are also found between the element abun- 
dance patterns of enstatite and ordinary chon- 
drites with that of the Bulk Earth. We find no 
group of meteorites with an abundance pattern 
that matches that of the Bulk Earth’s. Thus, 
chondritic meteorites can only provide us with a 
guide to understanding the composition of the 
Earth; these meteorites are not the main building 
blocks for the Earth. 

Finally, we have discussed a number of ele- 
ment ratios which are considerably different be- 
tween the core and the mantle (e.g., P/Nd, Ti/ 
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1.2 

1.0 
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0.6 

Carbonaceous 

Fig. 9. Abundance patterns of elements in Carbonaceous 
chondrites and the Earth (bulk Earth estimate from Table 6) 
normalized to Mg and CI Carbonaceous chondrites. Data for 
the carbonaceous chondrites are from Wasson and Kalle- 
meyn (1988). 

P, Ti/Pd, Ba/W, Sn/Sm). Samples of mantle- 
derived material can thus be used to evaluate the 
degree of core-mantle interaction over geologic 
time. The relative constancy of these element ra- 
tios in peridotites, komatiites, and basalts of var- 
ious ages (and also crustal rocks for some of these 
ratios) indicates that there has been negligible 
exchange between the core and mantle through- 
out the geologic record (the last N 3.5 Ga). 

7. Early evolution of the Earth 

Constraints on the composition of the bulk 
Earth provide insights into the nature of accret- 
ing material in the inner nebula. This, combined 
with compositional models for the other inner 
planets (e.g., Morgan and Anders, 1980)) places 
significant constraints on astronomical models of 
planet formation. The standard models of planet 
formation envisages the gravitational collapse of 
a rotating interstellar cloud which will form a star 
or star system, depending on the angular mo- 
mentum of the collapsing system and planets 
(Safronov and Vitjazev, 1986; Wetherill, 1990). 
Wetherill’s ( 1990) model for the early history of 
the Earth is one of coalescing planetesimals which 
form planetary embryos and subsequent colli- 
sion of these embryos, with considerable physi- 
cal consequences, to form Earth-size planets. In 
this model he considers it likely that there will be 
a significant degree of mixing of asteroidal ma- 
terial with proto-Earth material. The dynamics 

of this type of mixing model for the Earth is con- 
sistent with models of heterogeneous accretion 
of the Earth ( WZnke and Dreibus, 1988; O’Neill, 
1991a, b). 

It is beyond the scope of this paper to review 
and discuss models of accretion for the Earth. 
However, our results have direct bearing on three 
particular points: ( 1) the depletion trend of the 
moderately-volatile lithophile elements (Fig. 8 ); 
(2 ) the addition of a late-stage veneer to account 
for the mantle abundances of the PGE, S, Se, Te, 
C, and the heavy halides in the Silicate Earth; and 
( 3 ) the idea of global-scale melting of the mantle. 

Fig. 8 shows the normalized abundances of 
elements in the Silicate Earth relative to their 
condensation temperatures. The decreasing trend 
in the normalized abundances of the lithophile 
elements with decreasing condensation temper- 
ature may reflect the nature of the nebula mate- 
rial in the planetary feeding zone of the proto- 
Earth (see also the abundance patterns in Fig. 
9). Alternatively, we can interpret this trend in 
terms of the result of a mixture of components, 
as envisaged in models of heterogeneous accre- 
tion of the Earth (WHnke and Dreibus, 1988; 
O’Neill, 199 1 a, b ). In the first stage the accreted 
material was dominated by the refractory ele- 
ments and contained little of the moderately- 
volatile and volatile components. In the second 
stage of accretion, refractory material continues 
to be accreted, but in addition there is the intro- 
duction of moderately-volatile material and 
lesser quantities of volatile material. These two 
distinct and early stages of accretions are in- 
voked to account for the siderophile and chalco- 
phile element signature of the Silicate Earth. This 
signature is the result of core formation, the con- 
ditions of which (i.e. P-T-f,,) are still poorly 
understood. The third stage of accretion of the 
Earth is characterized by addition of the mantle 
abundances of the PGE, S, Se, Te and C; this is 
the latest stage of accretion and appears to in- 
volve the introduction of a small ( < 1% by 
mass), oxidized chondritic body (see Section 
5.3.2). It is likely that the abundances of the 
heavy halides in the Silicate Earth may have been 
controlled by a combination of this late-stage ad- 



dition and some sequestering of these elements 
into the Earth’s core. 

We believe that the relatively chondritic pro- 
portions of the refractory lithophile elements in 
the fertile peridotites and the primitive Nd and 
Hf isotopic compositions of the early Archean 
komatiites from Barberton Mountain Land, 
South Africa (Jahn et al., 1982; Gruau et al., 
1990) demonstrate that global-scale mineral- 
melt fractionation has not left an imprint on the 
mantle; we see no geochemical evidence for 
global-scale differentiation of the mantle. How- 
ever, our data do not preclude the possibility that 
this has occurred in Hadean times and was sub- 
sequently erased by rapid, whole-mantle 
convection. 

Acknowledgements 

We very much appreciate the many people who 
have helped us over the years in this effort par- 
ticularly our colleagues at the Australian Na- 
tional University and the Max-Planck-Institut fur 
Chemie, Mainz. We are especially grateful to Ted 
Ringwood for the many discussion we had and 
the support he gave us; selfishly, we have many 
times wished he was still around in order to ask 
him some more questions. The comments of the 
reviewers of this and earlier versions of the man- 
uscript have been very helpful. I (W.F.M.) am 
very thankful for all of the help and support that 
Roberta Rudnick has given me throughout the 
writing of this paper. We thank Marilyn Hollo- 
way for her help in the preparation of this man- 
uscript. W.F.M. thanks the Australian National 
University (Ph.D. Scholarship and Research 
Fellowship) and the Alexander von Humboldt 
Society for the support they have given me; it has 
been a pleasure and a great opportunity to work 
at these institutes. S.-s.S. publishes with the per- 
mission of the Director of the Australian Geo- 
logical Survey Organisation. 

References 

Agee, C.B., 1993. Petrology of the mantle transition zone. 
Annu. Rev. Earth Planet. Sci.. 2 I: 19-4 I. 

Allegre, C.J. and Luck. J.-M.. 1980. Osmium isotopes as pc- 
trogenetic and geological tracers. Earth Planet. Sci. Lett.. 
48: 14% 154. 

Anders. E. and Ebihara. M.. 1982. Solar-system abundances 
of the clcments. Geochim. Cosmochim. Acta. 46: 2363- 
2380. 

-\nders, E. and Grevessc, N.. 1989. .Abundances of the cle- 
ments: meteoritic and solar. Gcochim. Cosmochim. Acta. 
53: 197-214. 

Anderson, D.L.. 1983. Chemical composition of the mantle. 
J. Gcophys. Rcs. (Suppl.). 88: B4l-B52. 

Anderson, D.L.. 1989. Theory of the Earth. Blackwell, Bos- 
ton, Mass., 366 pp. 

Anderson, D.L. and Kovach, R.L.. 1967. The composition of 
the terrestrial planets. Earth Planet, Sci. Lett., 3: 19-24. 

Baedecker, P.A., Schaudy. R.. Elzic, J.L., Kimberlin, J. and 
Wasson, J.T.. 1971. Trace element studies of rocks and 
soils from Oceanus Proccllarum and Mare Tranquillita- 
tis. Proc. 2nd Lunar Sci. Conf., 2: 1037-1061. 

Bailey. J.C. and Gwozdz, R.. 1978. A low-Li geochemical 
province in the NE Atlanttc. Lithos, I I: 73-84. 

Beer. H., Walter, G.. Macklin. R.L. and Patchett, P.J., 1984. 
Neutron capture cross sections and solar abundances of 
Ih%,h,Dy, ,7”.,71Yb. , ‘75.‘76Lu and ‘7h.‘77Hf for the s-pro- 
cess analysis of the radionuclide 17hL~. Phys. Rev. C, 30: 
464-478. 

Bell, D.R. and Rossman. G.R.. 1992. Water in the Earth’s 
mantle: the role of nominally anhydrous minerals. Sci- 
cncc. 255: 1391-1397. 

Birch. F.. 1952. Elasticity and constitution of the earth’s in 
terior. J. Geophys. Res., 57: 227-288. 

Blum. K., 1982. Instrumentcllc Ncutronenaktivierung zum 
Studium der Elementverteilung in dem Mineralphascn 
von Mantelgesteinen. Ph.D. Thesis, Johannes-Guten- 
berg-Univ-ersitat, Maim. 

Bodinier, J.L.. 1988. Geochemistry and petrogenesis of the 
Lanzo peridotite body, western .Alps. Tcctonophysics, 149: 
67-88. 

Brey. G. and Wanke. H., 1983. Partitioning of Cr. Mn, V and 
Ni between Fe-melt, magnesiowiistite and olivine at high 
pressures and temperatures. Lunar Planet. Sci.. 14: 7 I- 
72. 

Brown. J.M. and McQueen, R.G.. 1986. Phase transitions, 
Griineisen parameter and elasticity for shocked iron be- 
tween 77 GPa and 400 GPa. J. Geophys. Res.. 91: 7485- 
7484. 

Briigmann, G.E.. Arndt. N.T.. Hofmann, ,A.W. and Tob- 
schall. H.J.. 1987. Noble metal abundances in komatiite 
suites from Alexo, Ontario, and Gorgona island, Colom- 
bia. Gcochim. Cosmochim. Acta. 5 I : 2 I 59-2 169. 

BVSP (Basaltic Volcanism Study Project), 1981. Basaltic 
Volcanism on the Terrestrial Planets. Pcrgamon. New 
York, N.Y., 1286 pp. 

Byers, CD., Christie. D.M., Muenow, D.M. and Sinton. J.M., 
1984. Volatile contents and ferric-ferrous ratios ofbasalt. 
ferro-basalt and andesite and rhyodacite glasses from the 



CI: F. McDonough, S.-s. Sun / Chernicul Geology 120 (I 995) 223-253 249 

Galapagos 95.5”W propogating rift. Gcochim. Cosmo- 
chim. Acta,,48: 2239-2245. 

Chaussidon, M. and Jambon, A., 1994. Boron content and 
isotopic composition of oceanic basalts: geochemical and 
cosmochemical implications. Earth Planet. Sci. Lett., I2 I : 
277-291. 

Flanagan, F.J., Moore, R. and Aruscavage, P.J., 1982. Mer- 
cury in geologic reference samples. Geostand. Newslett., 
6: 25-46. 

Chou, CL., 1978. Fractionation of siderophile elements in 
the earth’s upper mantle. Proc. 9th Lunar Sci. Conf., pp. 
219-230. 

Chou. CL., Shaw, D.M. and Crockett, J.H., 1983. Sidero- 
phile trace elements in the Earth’s oceanic crust and up- 
per mantle. J. Geophys. Res., 88: A507-A5 18. 

Clark, S.P. and Ringwood, A.E.. 1964. Density distribution 
and constitution of the mantle. Rev. Geophys., 2: 35-88. 

Clayton, R.N., 1977. Genetic relations among meteorities and 
planets. In: A.H. Delsemme (Editor), Comets, .4steroids, 
Meteorites: Interrelations, Evolution and Origins. Uni- 
versity of Toledo Press, Toledo, pp. 545-550. 

Creager. K.C. and Jordan, T.H., 1984. Slab penetration into 
the lower mantle. J. Geophys. Res., 89: 303 I-3049. 

Crcager, K.C. and Jordan, T.H., 1986. Slab penetration into 
the lower mantle beneath the Mariana and other island 
arcs of the northwest Pacific. J. Geophys. Res., 91: 3573- 
3589. 

Frey. F.A., Suen. C.J. and Stockman, H.W., 1985. The Ronda 
high temperature peridotite: geochemsitry and petrogen- 
esis. Geochim. Cosmochim. Acta, 49: 2469-249 I. 

Frey. F.A., Shimizu, N.. Leinbach, A., Obata, M. and Taka- 
zawa, E., I99 I. Compositional variations within the lower 
layered zone of the Horoman peridotite, Hokkaido, Ja- 
pan: constraints on models for melt-solid segregation. J. 
Petrol., Spec. Iss. on Lherzolites, pp. 221-227. 

Ganapathy, R. and Anders, E., 1974. Bulk composition of 
the moon and earth, estimated from meteorites. Proc. 5th 
LunarConf.. 2: 1181-1206. 

Garuti, G., Gorgoni, C. and Sighinolfi, G.P., 1984. Sulfide 
mineralogy and chalcophile and siderophile element 
abundances in the Ivrea-Verbano mantle peridotites 
(Western Italian .AIps). Earth Planet. Sci. Lett., 70: 69- 
87. 

Davies G. and Richards, M., 1992. Mantle convection, J. 
Geol.. 100: 151-206. 

Deruelle, B., Dreibus, G. and Jambon, A., 1992. Iodine 
abundances in oceanic basalts: implications for Earth dy- 
namics. Earth Planet. Sci. Lett., 108: 2 17-227. 

Des Marais, D.J., 1985. Carbon exchange between the man- 
tle and crust, and its effect upon the atmosphere: today 
compared to Archean time. In: E.T. Sundquist and W.S. 
Broecker (Editors). The Carbon Cycle and Atmospheric 
CO*: Natural Variations Archean to Present. Am. Geo- 
phys. Union, Washington, D.C., pp. 602-61 I. 

Downes, H. and Dupuy. C., 1987. Textural, isotopic and REE 
variations in spine1 peridotite xenoliths, Massif Central, 
France. Earth Planet. Sci. Lett., 82: 121-135. 

Drake. M.J., Newsom, H.E. and Capobianco, C.J., 1989. V, 
Cr. and Mn in the Earth, Moon, EPB and SPB and the 
origin of the Moon: experimental studies. Geochim. Cos- 
mochim. Acta, 53: 2101-21 I I. 

Dreibus. G. and Wanke, H., 1979. On the chemical compo- 
sition of the moon and the eucrite parent body and com- 
parison with composition of the Earth: the case of Mn, Cr 
and V. Lunar Planet. Sci., 10: 3 15-3 I7 (abstract). 

Dreibus. G., Spettel, B. and Wanke, H., 1976. Lithium as a 
correlated element, its condensation behaviour and its use 
to estimate the bulk composition of the Moon and of the 
Eucrite Parent Body. Proc. 7th Lunar Sci. Conf., pp. 3383- 
3396. 

Cast. P.W.. 1960. Limitations on the composition of the up- 
per mantle. J. Geophys. Res., 65: 1287-1297. 

Green, D.H., Hibbcrson, W.O. and Jaques, A.L.. 1979. Pe- 
trogenesis of mid-ocean ridge basalts. In: M.W. Mc- 
Elhinny (Editor). The Earth: Its Origin, Structure and 
Evolution. Academic Press, London, pp. 265-299. 

Gruau, G., Chauvel, C., Arndt, N.T. and Cornichet, J., 1990. 
Aluminum depletion in komatiites and garnet fractiona- 
tion in the early Archean mantle: Hafnium isotopic con- 
straints. Geochim. Cosmochim. Acta, 54: 3095-3101. 

Hager. B. and Richards. M., 1989. Long-wavelength varia- 
tions in the Earth’s geoid: physical models and dynamical 
implications. Philos. Trans. R. Sot. London, Ser. A, 328: 
309-327. 

Haggerty. SE., 199 I. Emplacement and implications of ul- 
tra-deep xenoliths and diamonds from the transition zone. 
5th Int. Kimberlite Conf. (Brazil). pp. 157-159 
(abstract). 

Hamlyn, P.R., Keays, R.R., Cameron, W.E., Crawford, A.J. 
and Waldron. H.M.. 1985. Precious metals in magnesian 
low-Ti lavas: implications for melaogenesis and sulfur 
saturation in primary magmas. Geochim. Cosmochim. 
Acta, 49: 1797-l 8 I I, 

Dreibus, G., Jagoutz, E. and Winke, H., 1983. Distibution of 
Cl, Br and iodine in mantle and crust. Terra Cognita, 3: 
122 (abstract). 

Harris, J.W. and Harte, B., 1994. Pyrope-almandine garnet 
in lower mantle mineral parageneses from Sao Luiz, Bra- 
zil. Eos (Trans. Am. Geophys. Union), p.192 (abstract). 

Hart, S.R. and Zindler, G.A., 1986. In search of a bulk-Earth 
composition. Chem. Geol., 57: 247-267. 

Hertogen, J., Janssens, M.-J. and Palme, H., 1980. Trace ele- 
ments in ocean ridge basalt glasses: implications for frac- 
tionation during mantle evolution and petrogenesis. Geo- 
chim. Cosmochim. .4cta, 44: 2 125-2 143. 

Higgins, M.D. and Shaw, D.M., 1984. Boron cosmochemis- 
try interpreted from abundances in mantle xenoliths. Na- 
ture (London), 308: 172-173. 

Dreibus, G., Palme, H., Spettel, B. and WHnke, H., 1993. Sul- Hofmann, A.W. and White, W.M., 1983. Ba, Rb and Cs in 
fur and selenium in chondritic meteorites. Meteoritics, 28: the Earth’s mantle. Z. Naturforsch, 38a: 256-266. 
343. Hofmann, A.W., Jochum, K.P., Seufert, M. and White, W.M., 



250 W.F. McDonough, S.-s. Sun / C’hewzical Geologic I.?0 (lUU5) 223-2.53 

1986. Nb and Pb in oceanic basalts: new constraints on 
mantle evolution. Earth Planet. Sci. Lett., 79: 33-45. 

Howard. J.H.. 1977. Geochemistry ofselenium: formation of 
ferroselite and selenium behaviour in the vtcinity of oxi- 
dizing sulfide and uranium deposits. Geochim. Cosmo- 
chim. Acta, 41: 1665-1678. 

lonov, D.A.. Hoefs, J., Wedepohl, K.H. and Wiechert. II.. 
1992. Content and isotopic composttion of sulphur in ul- 
tramalic xenoliths from central Asia. Earth Planet. Sci. 
Lett.. I I I : 269-286. 

Ionov. D.A., Ashchepkov. I.V.. Stosch, H.G., Witt-Eickschen. 
G. and Seek, H..4.. 1993. Garnet peridotite xenoliths from 
the Vitim volcanic field, Baikal region: the nature of the 
garnet-spine1 peridotite transition zone in the continen- 
tal mantle. J. Petrol., 34: 1141-l 175. 

Jackson. I., 1983. Some geophysical constraints on the chcm- 
ical composition of the Earth’s lower mantle. Earth Planet. 
Sci. Lett., 62: 91-103. 

Jagoutz. E., Palme. H., Baddenhausen. H., Blum. K., Cen- 
dales, M., Dreibus, G., Spettel, B., Lorenz, V. and Wanke. 
H.. 1979. The abundances of major, minor and trace elc- 
ments in the earth’s mantle as derived from primitive ul- 
tramalic nodules. Proc. 10th Lunar Planet. Sci. Conf., pp. 
203 l-2050. 

Jahn. B.M.. Gruau, G. and Glikson, 4.Y., 1982. Komatiites 
of the Onverwacht Group, S. Africa: REE geochemistry. 
Sm-Nd age and mantle evolution. Contrib. Mineral. Pe- 
trol.. 80: 25-40. 

Jambon. .A. and Zimmermann, J.L., 1990. Water in oceanic 
basalts: evidence for dehydration of recycled crust. Earth 
Planet. Sci. Lett., 101: 323-331. 

Javoy. M. and Pineau, F., 1991. The volatiles record of a 
“popping” rock from the Mid-Atlantic Ridge at 14-N: 
chemical and isotopic composition of gas trapped in the 
vesicles. Earth Planet. Sci. Lett.. 107: 598-6 I I 

Javoy. M., Pineau, F. and Delorme, H.. 1986. Carbon and 
nitrogen isotopes in the mantle. In: S. Deutsch and A.W. 
Hofmann (Editors), Isotopes in Geology - Picciotto 
Volume. Chem. Geol.. 57: 4 l-62 (special issue). 

Jochum, K.P., Hofmann. A.W.. Ito. E.. Seufert. H.M. and 
White, W.M.. 1983. K, U, and Th in mid-ocean ridge ba- 
salt glasses and heat production, K/U and K/Rb in the 
mantle. Nature (London). 306: 43 I-436. 

Jochum. K.P., Hofmann, A.W. and Seufert. H.M.. 1993. Tin 
in mantle-derived rocks: Constraints on Earth evolution. 
Geochim. Cosmochim. Acta, 57: 3585-3595. 

Jones. J.H. and Drake, M.J., 1994. Reply to the Comment by 
W.F. McDonough, A.E. Ringwood, S.-s. Sun, E. Jagoutz 
and A.W. Hofmann on “Rubidium and cesium in the 
Earth and the Moon”. Geochtm. Cosmochim. Acta, 58: 
1387. 

Kallemeyn, G.W. and Wasson. J.T.. I98 I, The composi- 
tional classification of chondrites, 1. The carbonaceous 
chondrite groups. Geochim. Cosmochim. 4cta. 45: I2 l7- 
1230. 

Kallemeyn. G.W. and Wasson, J.T.. 1982. The composi- 
tional classification ofchondrites. III Ungrouped carbon- 

aceous chondritcs. Geochim. Cosmochim. Acta, 46: 22 I7- 
2228. 

Kallemeyn, G.W. and Wasson, J.T.. 1985. The composi- 
tional classification of chondrites. IV. Ungrouped chon- 
dritic meteorites and clasts. Geochim. Cosmochim. Acta. 
49: 261-270. 

Kallemeyn. G.W. and Wasson, J.T., 1986. Compositions of 
enstatite chondrites: implications regarding their forma- 
tion. Geochim. Cosmochim. 4cta. 50: 2 153-2 164. 

Kallemeyn. G.W.. Rubin, .A.E., Wang. D. and Wasson. J.T.. 
1989. Ordinary chondrites: bulk compositions, classifi- 
cation. lithophile element fractionations. and composi- 
tion-petrographic type relationships. Geochim. Cosmo- 
chim. Acta. 53: 2747-2767. 

Kallemcyn. G.W., Rubin. A.E. and Wasson. J.T.. 1991. The 
compositional classification of chondrites. V. The Ka- 
roonda (CK) group of carbonaceous chondrites. Geo- 
chim. Cosmochim. Acta. 55: 881-892. 

Kallemeyn. G.W.. Rubin, .A.E. and Wasson. J.T., 1994. The 
compositional classification of chondrites. VI. The CR 
carbonaceous chondrite group. Geochim. Cosmochim. 
.Acta, 58: 2873-2888. 

Kato, T.. Ringwood, .A.E. and Irifune. T.. 1988. Experimen- 
tal determination ofelement partitioning between silicate 
perovskites. garnets and liquids: constraints on early dif- 
ferentiation ofthe mantle. Earth Planet. Sci. Lett., 89: l23- 
145. 

Keays. R.R.. 1982. .Archaean gold deposits and their source 
rocks: the upper mantle connection. In: R.P. Foster (Ed- 
itors). Gold ‘82: The Geology, Geochemistry and Gene- 
sis of Gold Deposits. .A.4. Balkema, Rotterdam, pp. l7- 
51. 

Keats, R.R. and Scott. R.B., 1978. Precious metals in ocean 
ridge basalts: implications for basalts as source rocks for 
gold mineralization. Econ. Geol.. 71: 705-720. 

Kesson. S.E. and Fitz Gerald. J.D., I99 1. Partitioning of MgO. 
FeO. NiO, MnO and Cr,O, between magnesian silicate 
perovskite and magncsiowiistite: implication for the ori- 
gin of inclusions in diamond and the composition of the 
lower mantle. Earth Planet. Sci. Lett., I I I : 329-240. 

Kimura. K.. Lewis. R.S. and .4nders. E.. 1974. Distribution 
of gold and rhenium between nickel-iron and silicate 
melts: implications for the abundances of siderophile ele- 
ments on the Earth and Moon. Geochim. Cosmochim. 
Acta. 38: 683-70 I. 

Langmuir. C.H.. Klein, E.M. and Plank. T.. 1992. Petrologi- 
cal systematics of mid-ocean ridge basalts: constraints on 
melt generation beneath ocean ridges. In: J. Phipps Mor- 
gan, D.K. Blackman and J.M. Sinton (Editors). Mantle 
Flow and Melt Generation at Mid-ocean Ridges. Am. 
Geophys. Union, Washington. D.C., pp. 183-280. 

Laul, J.C.. Keays, R.R.. Ganapathy, R.. .4nders. E. and Mor- 
gan. J.W.. 1972. Chemical fractionations in meteorites. 
V. Volatile and siderophile elements in achondrites and 
ocean ridge basalts. Geochim. Cosmochim. Acta, 36: 329- 
345. 

Lorand. J.P.. 1990. 4re spine1 Iherrolite xenoliths reprcsent- 



W.F. McDonough, S.-s. Sun /Chemical Geology 120 (1995) 223-253 251 

ative of the abundance of sulfur in the upper mantle? 
Geochim. Cosmochim. Acta, 54: 1487-1492. 

Lorand, J.P., 199 1. Sulphide petrology and sulphur geochem- 
istry of erogenic Iherzolites: a comparative study of the 
Pyrenean bodies (France) and the Lanzo Massif (Italy). 
J. Petrol., Spec. Iss. on Lherzolite, pp. 77-95. 

Lorand, J.P., 1993. Comment on “Content and isotopic 
composition of sulfur in ultramatic xenoliths from central 
Asia”. by D.A. lonov, J. Hoefs, K.H. Wedepohl and U. 
Wiechert. Earth Planet. Sci. Lett., 119: 627-634. 

Luck, J.-M. and Allegre, C.J., 1983. ‘87Re/‘870s systematics 
in meteorites and cosmochemical consequences. Nature 
(London), 302: 130-132. 

Maaloe, S. and Aoki, K.I., 1977. The major element compos- 
tion of the upper mantle estimated from the compostion 
of Iherzolites. Contrib. Mineral. Petrol., 63: 16 1- 173. 

Mao. H.K., Wu, Y., Chen, L.C. and Shu, J.F., 1990. Static 
compression of iron to 300 GPa and Fe,,8Ni0.z to 260 GPa: 
implications for composition of the core. J. Geophys. Res., 
95: 21737-21742. 

Martin, C.E., 1991. Osmium isotopic characteristics of man- 
tle-derived rocks. Geochim. Cosmochim. .4cta, 55: 1421- 
1434. 

Marty. B. and Jambon, A., 1987. C/He3 in volatile fluxes from 
the solid Earth: Implications for carbon geodynamics. 
Earth Planet. Sci. Lett., 83: 16-26. 

Mathez, E.A., 1976. Sulfur solubility and magamtic sulfides 
in submarine basalt glasses. J. Geophys. Res., 81: 4269- 
4276. 

McCammon, C.A., Ringwood, A.E. and Jackson, I., 1983. A 
model for the formation of the Earth’s core. Proc. 13th 
Lunar Planet. Sci. Conf., J. Geophys. Res., 88: ASOl- 
A506. 

McDonough, W.F., 1990a. Comment on “Abundance and 
distribution of gallium in some spine1 and garnet Iherzo- 
lites”, by D.B. McKay and R.H. Mitchell. Geochim. Cos- 
mochim. Acta, 54: 471-473. 

McDonough, W.F., 1990b. Constraints on the composition 
of the continental lithospheric mantle. Earth Planet. Sci. 
Lett., 101: l-18. 

McDonough, W.F., 1994. Chemical and isotopic systematics 
of continental lithospheric mantle. In: H.O.A. Meyer and 
O.H. Leonardos (Editors), Proc. 5th Int. Kimberlite 
Conf., CPRM (Comp. Pesq. Recurs. Miner.), Brasilia, pp. 
478-485. 

McDonough, W.F. and Frey, F.A., 1989. REE in upper man- 
tle rocks. In: B. Lipin and G.R. McKay (Editors), Geo- 
chemistry and Mineralogy of Rare Earth Elements. Min- 
eral. Sot. Am., Chelsea, Mich., pp. 99-145. 

McDonough, W.F. and Ireland, T.R., 1993. Intraplate origin 
of komatiites inferred from trace elements in glass inclu- 
sions. Nature (London), 365: 432-434. 

McDonough, W.F., McCulloch, M.T. and Sun, S-s., 1985. 
Isotopic and geochemical systematics in Tertiary-Recent 
basalts from southeastern Australia and implications for 
the evolution of the sub-continental lithosphere. Geo- 
chim. Cosmochim. Acta, 49: 205 I-2067. 

McDonough, W.F., Stosch, H.-G. and Ware, N., 1992a. Dis- 
tribution of titanium and the rare earth elements between 
peridotitic minerals. Contrib. Mineral. Petrol., 110: 321- 
328. 

McDonough, W.F., Sun, S.-s.. Ringwood, A.E., Jagoutz, E. 
and Hofmann. A.W., 1992b. Potassium, rubidium and 
cesium in the Earth and Moon and the evolution of the 
mantle of the Earth. Geochim. Cosmochim Acta, 56: 
1001-1012. 

McDonough, W.F., Ringwood, .4.E., Sun, S.-s., Jagoutz, E. 
and Hofmann, A.W., 1994. Comment on “Rubidium and 
cesium in the Earth and the Moon”, by J.H. Jones and 
M.J. Drake. Geochim. Cosmochim. Acta, 58: 1385-I 386. 

McGoldrick, P.J., Keays, R.R. and Scott, B.B., 1979. Thal- 
lium: a sensitive indicator of rock/seawater interaction 
and of sulfur saturation of silicate melts. Geochim. Cos- 
mochim. Acta, 45: 1303-131 I. 

Michael, P.J., 1988. The concentration, behavior and storage 
of H,O in the suboceanic upper mantle: Implications for 
mantle metasomatism. Geochim. Cosmochim. Acta, 52: 
555-566. 

Mitchell, R.H. and Keays, R.R., 1981. Abundance and dis- 
tribution of gold, palladium and iridium in some spine1 
and garnet Iherzolites: implications for the nature and or- 
igin of precious metal-rich intergranular components in 
the upper mantle. Geochim. Cosmochim. Acta, 45: 2425- 
2442. 

Moore, J.G., 1970. Water content of basalt erupted on the 
ocean floor. Contrib. Mineral. Petrol., 28: 272-279. 

Moore, R.O. and Gurney, J.J., 1985. Pyroxene solid solution 
in garnets included in diamond. Nature (London), 335: 
784-789. 

Morgan, J.W., 1985. Osmium isotope constraints on Earth’s 
late accretionary history. Nature (London), 317: 703-705. 

Morgan, J.W., 1986. Ultramatic xenoliths: Clues to Earth’s 
late accretionary history. J. Geophys. Res., 91: 12375- 
12387. 

Morgan, J.W. and Anders, E., 1980. Chemical composition 
of Earth, Venus, and Mercury. Proc. Natl. Acad. Sci. 
U.S.A., 77: 6973-6977. 

Newsom, H.E., White, W.M., Jochum, K.P. and Hofmann, 
A.W., 1986. Siderophile and chalcophile element abun- 
dances in oceanic basalts, Pb isotope evolution and growth 
of the Earth’s core. Earth Planet. Sci. Lett., 80: 299-3 13. 

Nishimura, M. and Sandell, E.B., 1964. Zinc in meteorites. 
Geochim. Cosmochim. Acta, 28: 1055-1079. 

Ohtani, E., Kawabe, I., Moriyama, J. and Nagata, Y., 1989. 
Partitioning of elements between majorite garnet and melt 
and implications for petrogenesis of komatiite. Contrib. 
Mineral. Petrol., 103: 263-269. 

O’Neill, H.S.C., I99 I a. The origin of the Moon and the early 
history of the Earth - A chemical model, Part 1: The 
Moon. Geochim. Cosmochim. Acta, 55: 1135-l 157. 

O’Neill, H.S.C., 1991 b. The origin of the Moon and the early 
history of the Earth - A chemical model, Part 2: The 
Earth. Geochim. Cosmochim. Acta, 55: 1159-l 172. 

O’Nions, R.K. and Oxburgh, E.R., 1988. Helium, volatile 



fluxes and the development of the continental crust. Earth 
Planet. Sci. Lett.. 90: 331-347. 

Palme. H.. 1988. Chemical abundances in meteorites. In: G. 
Klare (Editor). Reviews in Modern ,Astronomy. Sprin- 
ger, Berlin pp. 28-5 1. 

Palme, H. and Nickel. K.G., 1985. Ca/Al ratio and compo- 
sition of the Earth’s upper mantle. Geochim. Cosmo- 
chim. Acta. 49: 2 123-2 132. 

Palme, H., Suess, H.E. and Zeh. H.D.. 1981. Abundances of 
the elements in the solar system. In: K.-H. Hellwege (Ed- 
itor-in-chief). Landolt-Bornstein, Group VI: Astron- 
omy, Astrophysics. Extension and Supplement I. Subvol- 
ume a. Springer, Berlin. pp. 257-272. 

Pegram, W.J. and Allegre. C.J.. 1992. Osmium isotopic com- 
positions from oceanic basalts. Earth Planet. Sci. Lctt.. 
I I I: 59-68. 

PreB. S., Witt. G., Seek, H.,A., Eonov. D. and Kovalenko. V.I.. 
1986. Spine1 peridotite xenoliths from the Tariat Deprcs- 
sion. Mongolia. I. Major element chemistry and mineral- 
ogy of a primitive mantle xcnolith suite. Geochim. Cos- 
mochim. Acta. 50: 2587-2599, 

Rammensee. W.. Palme, H. and Wankc, H.. 1983. Expcri- 
mental investigation of metal-silicate partitioning of some 
lithophile elements (Ta. Mn. V. Cr). Lunar Planet. Sci.. 
14: 628-629. 

Ringwood. A.E.. 1962. A model for the upper mantle. J. Geo- 
phys. Res.. 67: 857-867. 

Ringwood. A.E.. 1966. The chemical composition and origin 
ofthe Earth. In: P.M. Hurley (Editors). .Adv,ances in Earth 
Sciences. MIT Press, Cambridgen Mass., pp. 287-356. 

Ringwood, .A.E.. 1975. Composition and Petrology of the 
Earth’s Mantle. McGraw-Hill, New York, N.Y., 6 18 pp. 

Ringwood. A.E.. 1989. Significance of the terrestrial Mg/Si 
ratio. Earth Planet. Sci. Lett.. 95: l-7. 

Ringwood. A.E., 1994. Role of the transition zone and 660 
km discontinuity in mantle dynamics. Phys. Earth Planet. 
Inter.. 86: 5-24. 

Ringwood, A.E.. Kato. T.. Hibberson. W. and Ware, N.. 1990. 
High-pressure geochemistry of Cr. V. and Mn and impli- 
cations for the origin of the Moon. Nature (London). 347: 
174-176. 

Rocholl. A. and Jochum, K.P., 1993. Th and U and other 
trace elements in carbonaceous chondritcs: Implications 
for the terrestrial and solar-system Th/U ratios. Earth 
Planet. Sci. Lett., 117: 265-278. 

Roden. M.F., Irving, A.J. and Rama Murthy. V.. 1988. Iso- 
topic and trace element composition of the upper mantle 
beneath a young contmental rift: results from Kilbourne 
Hole, New Mexico. Geochim. Cosmochim. Acta, 52: 46 I - 
473. 

Rowe, E.C. and Schilling. J.-G.. 1979. Fluorine in Iceland and 
Reykjanes Ridge basalts. Nature (London). 279: 33-37. 

Ryan. J.G. and Langmuir, C.H., 1987. The systematics of 
lithium abundances m young volcanic rocks. Gcochim. 
Cosmochim. Acta, 5 I: 1727-l 74 1. 

Ryan. J.G. and Langmuir, C.H.. 1993. The systematics ofho- 

ron abundances in young volcanic rocks. Geochim. Cos- 
mochim. Acta, 57: 1489-l 498. 

Safronov, VS. and Vitjazev, A.V.. 1986. The origin and evo- 
lution ofthe Terrestrial Planets. In: SK. Saxena (Editor), 
Chemistry and Physics of Terrestrial Planets. Springer, 
New York, N.Y., pp. l-29. 

Schilling. J.-G.. Bergeron, M.B. and Evans R.. 1980. Halo- 
gens in the mantle beneath the North .Atlantic. Philos. 
Trans. R. Sot. London. Ser. ,A, 297: 147- 178. 

Scott-Smith, B.H., Danchin. R.V.. Harris J.W. and Stracke, 
K.J., 1984. Kimberlitcs near Orrorroo. South Australia. 
In: J. Kornprobst (Editor). Kimberlites. I. Kimberlites 
and Related Rocks. Elscvicr, Amsterdam, pp. I2 I - 142. 

Shaw. D.M.. Cramer. J.J., Higgins, M.D. and Truscott. M.G.. 
1986. Composition of the Canadian Precambrian shield 
and the continental crust of the Earth. In: J.B. Dawson. 
D.4. Carswell. J. Hall and K.H. Wedepohl (Editors). The 
Nature of the Lower Continental Crust. Geol. Sot. Lon- 
don, Spec. Publ.. pp. 275-282. 

Shearer. P. and Masters. CT.. 1990. The density and shear ve- 
locity contrast at the inner core boundary. Geophys. J. Int.. 
102: 491-498. 

Sighmolfi, G.P. and Santos, .A.M., 1974. Thallium in deep- 
seated crustal rocks. Geochim. Cosmochim. \cta. 38: 64l- 
646. 

Sims. K.W.W.. Newsom. H.E. and Gladney, ES.. 1990. 
Chemical Fractionation during formation of the Earth’s 
core and continental crust: clues from As. Sb. W, and MO. 
In: H.E. Ncwsom and J.H. Jones (Editors). Origin of the 
Earth. Oxford University Press. New York. N.Y., pp, 29l- 
317. 

Spettcl, B.. Palme. H.. lono\., D.A. and Kogarko. L.N., I99 I. 
Variation in the iridium content of the upper mantle of 
the Earth. Proc. 22nd Lunar Planet. Sci. Conf.. pp. I BOI- 
1302 (abstract ). 

Stacey. J.S. and Kramers, J.D., 1975. .4pproximation of ter- 
restrial lead isotope evsolution by two stage model. Earth 
Planet. Sci. Lctt.. 26: 207-2 I I. 

Stone. W.E. and Crockett, J.H., 1993. Determination of no- 
ble and allied tract metals using radiochemical neutron 
activation analysis with tellurium coprecipitation. Chem. 
Gcol.. 106: 2 19-228. 

Stosch, H.G., 1982. Rare earth clement partitioning between 
minerals from anhydrous spine1 peridotite xenoliths. 
Gcochim. Cosmochim. -\cta, 46: 793-8 1 I 

Stosch, H.G. and Seek, H.A., 1980. Geochemistry and min- 
eralogy of two spine1 peridotite suites from Dreiser Weiher. 
West Germany. Gcochim. Cosmochim. Acta, 44: 457-470. 

Sun. S.-s., 1982. Chemical composition and origin of the 
Earth’s primitive mantle. Geochim. Cosmochim. Acta. 46: 
179-192. 

Sun, S.-s. and McDonough, W.F.. 1989. Chemical and iso- 
topc sy stcmatics of oceanic basalts: implications for man- 
tle composition and processes. In: 4.D. Saunders and M.J. 
Norry (Editors). Magmatism in the Ocean Basins. Geo- 
logical Society. London. pp. 3 13-345. 

Sun. S.-s. and Ncsbitt. R.W.. 1977. Chemical heterogeneity 



W.F. McDonough, S.-s. Sun /Chemical Geolog)! 120 (199.5) 223-253 253 

of the Archaean mantle. composition of the Earth and 
mantle evolution. Earth Planet. Sci. Lett., 35: 429-448. 

Sun, S-s., Nesbitt, R.W. and Sharaskin, A.Y., 1979. Geo- 
chemical characteristics of mid-ocean ridge basalts. Earth 
Planet. Sci. Lett., 44: I 19-l 38. 

Sun, S.-s., Wallace. D.A.. Hoatson, D.M., Glikson. A.Y. and 
Keays, R.R.. I99 I. Use of geochemistry as a guide to plat- 
inum group element potential of mafic-ultramafic rocks: 
examples from the west Pilbara Block and Halls Creek 
mobile zone. Western Australia. Precambrian Rcs.. 50: i- 
35. 

Taylor, S.R., 1993. Early accretional history of the Earth and 
the Moon-forming event. Lithos. 30: 207-22 I 

Taylor. S.R. and McLennan. S.M., 1985. The Continental 
Crust: Its Composition and Evolution. Blackwcll. Oxford, 
312 pp. 

Trull, T.. Nadeau, S., Polve. M. and Javoy, M.. 1993. C-He 
systematics in hotspot xenoliths: implications for mantle 
carbon contents and carbon recycling. Earth Planet. Sci. 
Lett., I 18: 43-64. 

Van der Hilst. R.. Engdhal. R.. Spakman. W. and Nolet, G., 
I99 1. Tomographic imaging of subducted lithosphere be- 
low northwest Pacific island arcs. Nature (London). 353: 
37-43. 

Walker, R.J. and Morgan, J.W., 1989. Rhenium-osmium 
isotope systematics of carbonaceous chondrites. Science, 
243: 519-522. 

Wanke, H. and Dreibus. G., 1988. Chemical composition and 
accretion history of terrestrial planets. Philos. Trans. R. 
Sot. London, Ser. A, 325: 545-557. 

Wlnke, H., Dreibus, G. and Jagoutz, E., 1984. Mantle chem- 
istry and accretion history of the Earth. In: A. Kroner, G. 
Hanson and A. Goodwin (Editors), Archaean Geochem- 
istry. Springer, Berlin, pp. l-24. 

Wasson, J.T., 1985. Meteorites -Their Record of Early So- 
lar-system History. W.H. Freeman, New York, N.Y., 267 
PP. 

Wasson, J.T. and Kallemeyn, G.W., 1988. Compositions of 
chondrites. Philos. Trans. R. Sot. London, Ser. A, 325: 
535-544. 

Weidner, D.J.. 1986. Mantle model based on measured phys- 
ical properties of minerals. In: S.K. Saxena (Editor). 
Chemistry and Physics of Terrestrial Planets. Springer, 
New York, N.Y., pp. 251-274. 

Wetherill, G.W., 1990. Formation of the Earth. Annu. Rev. 
Earth Planet. Sci., 18: 205-256. 

Yamamoto, M., 1976. Relationship between S/Se and sul- 
phur isotope ratios of hydrothermal minerals. Miner. De- 
posita, I I: 197-209. 

Zhang, Y. and Zindlcr, A.. 1993. Distribution and evolution 
of carbon and nitrogen in the Earth. Earth Planet. Sci. 
Lett., I 17: 33 l-345. 

View publication statsView publication stats

https://www.researchgate.net/publication/223836543



