
Chapter 3 

The building blocks of planets 

For as the sun draws into himself 
the parts of which he has been 
composed, so earth receives the 
stone as belonging to her, and draws 
it toward herself ... 

Plutarch 

TI1e Earth is part of the solar system and the com
position of the Sun, meteorites, comets, inter
planetary dust particles and other planets pro
yjde information that may be useful in deducing 
the overall composition of our planet, most of 
which is inaccessible to direct observation. Car 
b on aceous chondrites (CI) appear to be the 
most primitive and low-temperature extraterres
trial (ET) objects available to us. Even if these 
were the only building blocks of planets the final 
planet would differ in composition from them 
because of vaporization during accretion, and 
loss of low-molecular-weight material. But the 
ratios of refractory elements in ET materials may 
proyjde a useful constraint. Since most of the vol
ume of a terrestrial planet is oxygen. the oxygen 
isotopes of candidate materials play a key role in 
deciding how to assemble a planet. Oxygen iso
topes require that the Earth either be made of 
enstatite meteorites or a mixture of meteorites that 
bracket the isotopic composition of the Earth 
or enstatite meteorites . The bulk oxygen-isotopic 
composition of the Earth precludes more than 
a few percent of carbonaceous chondritic mate
rial accreting to the Earth. Mars has a different 
oxygen-isotopic composition from the Earth, sug-

gesting that distinct oxygen reservoirs were avail
able in the early solar system over relatively small 
annuli of heliocentric distance. 

Most workers assume that the Earth accreted 
from some sort of primitive material delivered to 
the Earth as meteorites and probably originat
ing in the asteroid belt. But it is understood that 
when the mantle is referred to as hayjng the com
position of CI c h ondrites , or chondritic, it is 
usually only the refractory parts that are meant. 
In the cosmological context refractory and volatile 
refer to the condensation temperature in a cool
ing nebula of solar composition. The Earth is 
clearly deficient in elements more volatile than 
about Si, and this includes Na and K. In some 
models constructed by noble gas geochemists, 
however. the lower mantle is actually assumed to 
be primordial or undegassed and to approach CI 
in overall composition. The actual material form
ing the Earth is unlikely to be represented by a 
single meteorite class. It may be a mixture of vari
ous kinds of meteorites and the composition may 
have changed with time. The oxidation state of 
accreting material may also have changed with 
time. 

Meteorites 

Using terrestrial samples, we cannot see very far 
back in time or very deep into a planet's interior. 
Meteorites offer us the opportunity to extend 
both of these dimensions. Some meteorites. the 
chondrites, are chemically primitive, hayjng com
positions - volatile elements excluded - very 



Table 3.1 I Compositions of chondrites (wt.%) 

Ordinary 

Enstatite H L 

Si 16.47-20.48 17.08 18.67 
Ti O.o3-0.Q4 0.06 om 
AI 0.77-1.06 1.22 1.27 
Cr 0.24-0.23 0.29 0.31 
Fe 33.15-22.17 27.81 21.64 
Mn 0.19-0.12 0.26 0.27 
Mg I 0.40-1 3.84 14.10 15.01 
Ca 1.19-0.96 1.26 1.36 
Na 0.75-0.67 0.64 0.70 
K 0.09-0.05 0.08 O.Q9 
p 0.30-0.15 0.15 0.15 
Ni 1.83-1.29 1.64 1.10 
Co 0.08-0.09 O.Q9 0.06 
s 5.78-3.19 1.91 2.19 
H 0.13 
c 0.43-0.84 
Fe0 /Fetot 0.70-0.75 0.60 0.29 

Mason (1962). 

similar to that of the sun. The volatile-rich car
bonaceous chondrites are samples of slightly 
altered, ancient planetesimal material that con
densed at moderate to low temperatures in the 
solar nebula. The nonchondritic meteorites are 
differentiated materials of nonsolar composition 
that have undergone chemical processing like 
that which has affected all known terrestrial and 
lunar rocks. 

Meteorites are assigned to three main categor
ies. Irons (or siderites) consist primarily of metal; 
stones (or aerolites) consist of silicates with little 
metal; stony irons (or siderolites) contain abun
dant metal and silicates. 

Carbonaceous chondrites 
Carbonaceous chondrites contain high abun
dances of volatile components such as water and 
organic compounds, have low densities, and con
tain the heavier elements in nearly solar pro
portions. They also contain carbon and mag
netite. These characteristics show that they have 
not been strongly heated, compressed or altered 
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Carbonaceous 

Cl CM co cv 

10.40 12.96 15.75 15.46 
O.Q4 0.06 0.10 O.Q9 
0.84 1.17 1.41 1.44 
0.23 0.29 0.36 0.35 

18.67 21.56 25.82 24.28 
0.1 7 0.16 0.16 0.16 
9.60 11.72 14.52 14.13 
1.01 1.32 1.57 1.57 
0.55 0.42 0.46 0.38 
0.05 0.06 0.10 om 
0.14 0.13 0.11 0.13 
l.o3 1.25 1.41 1.33 
0.05 0.06 0.08 0.08 
5.92 3.38 2.0 I 2.14 
2.08 1.42 O.Q9 0.38 
3.61 2.30 0.31 1.08 
0.00 0.00 0.09 0.11 

since their formation; that is, they have not been 
buried deep inside planetary objects. 

The CI or Cl meteorites are the most extreme 
in their primordial characteristics and are used 
to supplement solar values in the estimation of 
cosmic composition. The other categories of car
bonaceous chondrites. CII (CM) and CIII (CO and 
CV), are less volatile-rich. 

Some carbonaceous chondrites contain 
calcium-aluminum-rich inclusions (CAl), which 
appear to be high-temperature condensates from 
the solar nebula. Theoretical calculations show 
that compounds rich in Ca, AI and Ti are among 
the first to condense in a cooling solar nebula. 
Highly refractory elements are strongly enriched 
in the CAl compared to Cl meteorites, but they 
occur in Cl, or cosmic, ratios. 

Cl 'chondrites' are fine grained, do not con
tain chondrules and are chemically similar, to 
the true chondrites (see Table 3.1). 

As the name suggests, ordinary chondrites are 
more abundant, at least in Earth-crossing orbits, 
than all other types of meteorites. They are chem
ically similar but differ in their contents of iron 
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Table 3.2 I Normative mineralogy of ordi
nary chondrites (Mason, 1962) 

Species High Iron Low Iron 

Olivine 36.2 47.0 
Hypersthene 24.5 22.7 
Diopside 4.0 4.6 
Feldspar 10.0 10.7 
Apatite 0.6 0.6 
Chromite 0.6 0.6 
Ilmen ite 0.2 0.2 
Troilite 5.3 6.1 
Ni-Fe 18.6 7.5 

Mason (1962). 

and other siderophiles, and in the ratio of oxi
dized to metallic iron. As the amount of oxi
dized iron decreases, the amount of reduced iron 
increases. Olivine is the most abundant mineral 
in chondrites, followed by hypersthene, feldspar, 
nickel-iron , troilite and diopside with minor 
apatite, chromite and ilmenite (Table 3.2). The 
composition of the olivine varies widely, from 
0 to 30 mole% Fe2Si04 (Fa). Enstatite chondrites 
are distinguished from ordinary chondrites by 
lower Mg/Si ratios (Table 3.3), giving rise to a min
eralogy dominated by MgSi03 and having little or 
no olivine. They formed in a uniquely reducing 
environment and contain silicon-bearing metal 
and very low FeO silicates . They contain several 
m inerals not found elsewhere (CaS, TiN, Si2 N20). 
In spite of these unusual properties, enstatite 
chondrites are within 20% of solar composition 
for most elements. They are extremely old and 
have not been involved in major planetary pro
cessing. They have been suggested as possible con
stituents of the Earth because of their high free
iron content, their oxidation state and oxygen iso
topic ratios. If Earth is to be made out of a single 
meterorite class, the enstatite chondrites are the 
closest match. 

Achondrites 
The ach ondrites are meteorites of igneous ori
gin that are thought to have been dislodged by 
impact from small bodies in the solar system. 
Some of these may have come from the asteroid 
belt, oth ers are almost certainly from the Moon, 

Table 3.3 I Element ratios (by weight) in four 
subtypes of chondritic meteorites 

Ratio C l H L E6 

AI/Si 0.080 0.063 0.063 0.044 
Mg/Si 0.91 0.80 0.79 0.71 
Cal AI 1.10 1.11 1.08 1.06 
Cr/Mg 0.025 O.Q25 0.026 0.024 

and one subclass (the SNC group) have apparently 
come from Mars . Many of the achondrites crystal
lized between 4.4 and 4.6 billion years ago. They 
range from almost monomineralic olivine and 
pyroxene rocks to objects that resemble lunar 
and terrestrial basalts. Two important subgroups, 
classified as basaltic achondrites, are the eucrites 
and the shergottites. Two groups of meteoritic 
breccias, the howardites and the mesosiderites, 
also contain basaltic material. The eucrites, 
howardites, mesosiderites and diogenites appear 
to be related and may come from different depths 
of a common parent body. They comprise the 
eucritic association. The shergottites , nakhlites and 
chassignites form another association and are 
collectively called the SNC meteorites . 

Eucrites are plagioclase-pyroxene rocks simi
lar to basalts and have textures similar to basalts. 
However, terrestrial basalts have higher abundan
ces of sodium, potassium, rubidium and other 
volatile elements and have more calcium-rich 
pyroxenes. Eucrite plagioclase is richer in cal
cium and poorer in sodium than terrestrial basal
tic feldspar. The presence of free iron in eucrites 
demonstrates that they are more reduced than 
terrestrial basalts. 

Studies of basalts from the Moon and the 
eucrite parent body have several important impli
cations for the early history of the Earth and 
the other terrestrial p lanets . They show that even 
very small bodies can melt and differentiate. The 
energy source must be due to impact, rapid accre
tion, short-lived radioactive isotopes or formation 
in a hot nebula. The widespread occurrence of 
chondrules in chondritic meteorites a lso is evi
dence for high temperatures and melting in the 
early solar system. 

The depletion of volatiles in eucrites and 
lunar material suggests that small planet and 



the early planetesimal stage of planet forma
tion, may be characterized by volatile loss. T11ese 
extraterrestrial basalts also contain evidence that 
free iron was removed from their source region. 
Alternatively, these objects are fragments of giant 
impacts that caused melting and silicate/iron sep
aration. Nevertheless, the process of core forma
tion must start very early and is probably con
temporaneous with accretion. 

Shergottites are remarkably similar to ter
restrial basalts. TI1ey are unusual, among mete
orites, for having very low crystallization ages, 
about 109 years, and, among basalts. for having 
abundant shocked plagioclase. The shergottites 
are so similar to terrestrial basalts that their 
source regions must be similar to the upper 
mantle of the Earth. The similarities extend to 
the trace elements, be they refractory, volatile 
or siderophile, suggesting a similar evolution 
for both bodies. The young crystallization ages 
imply that the shergottites are from a large body, 
one that could maintain igneous processes for 
3 billion years. Cosmic-ray-exposure ages show 
that they were in space for several million years 
after ejection from their parent body. 

Shergottites are slightly richer in iron and 
manganese than terrestrial basalts, and, in this 
respect, they are similar to the eucrites. They con
tain no water and have different oxygen isotopic 
compositions than terrestrial basalts. T11e major
element chemistry is similar to that inferred for 
the martian soil. The rare-gas contents of sher
gottites are similar to the martian atmosphere, 
giving strong circumstantial support to the idea 
that these meteorites may have come from the 
surface of Mars. In any case, these meteorites 
provide evidence that other objects in the solar 
system have similar chemistries and undergo sim
ilar processes as the Earth's upper mantle. 

The growing Earth probably always had basalt 
at the surface and, consequently. was continu
ously zone-refining the incompatible elements 
toward the surface. The corollary is that the deep 
interior of a planet is refractory and depleted 
in volatile and incompatible elements. T11e main 
difference between the Earth and the other ter
restrial planets, including any meteorite parent 
body, is that the Earth can recycle material back 
into the interior. Present-day basalts on Earth 
may be recycled basaltic material that formed 
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during accretion and in early Earth history rather 
than initial melts from a previously unprocessed 
peridotitic parent. Indeed, no terrestrial basalt 
shows evidence, if all the isotopic and geochem
ical properties are taken into account, of being 
from a primitive, undifferentiated reservoir. 

Cosmic abundances 

The Sun and planets probably formed more or 
less contemporaneously from a common mass of 
interstellar dust and gas. There is a close sim
ilarity in the relative abundances of the con
densable elements in the atmosphere of the Sun, 
in chondritic meteorites and in the Earth. To 
a first approximation one can assume that the 
planets incorporated the condensable elements 
in the proportions observed in the Sun and the 
chondrites. On the other hand, the differences 
in the mean densities of the planets, corrected 
for differences in pressure, show that they can
not all be composed of materials having exactly 
the same composition. Variations in iron con
tent and oxidation state of iron can cause large 
density variations among the terrestrial plan
ets. TI1e giant, or Jovian planets. must contain 
much larger proportions of low-atomic-weight 
elements than Mercury, Venus. Earth, Moon and 
Mars. 

With the exception of a few elements such 
as Li, Be and B, the composition of the solar 
atmosphere is essentially equal to the composi
tion of the material out of which the solar system 
formed. T11e planets are assumed to accrete from 
material that condensed from a cooling prim
itive solar nebula. Various attempts have been 
made to compile tables of 'cosmic' abundances. 
The Sun contains most of the mass of the solar 
system; therefore , when we speak of the elemen
tal abundances in the solar system, we really 
refer to those in the Sun. The spectroscopic anal
yses of elemental abundances in the solar photo
sphere do not have as great an accuracy as chem
ical analyses of solid materials . Carbonaceous 
chondrite meteorites. which appear to be the 
most representative samples of the relatively 
nonvolatile constituents of the solar system, are 
used for compilations of the abundances of most 
of the elements (Tables 3.4 to 3.6). For the very 
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Table 3.4 \ Cosmic abundances of the elements (Atoms/106 Si) 

I H 2.72 X I 0 10 24 Cr 1.34 X I 04 48 Cd 1.69 72 Hf 0.176 
2 He 2. 18 X I 09 25 Mn 95 10 49 In 0.184 73 Ta 0.0226 
3 Li 59.7 26 Fe 9.00 X 105 50 Sn 3.82 74 w 0. 137 
4 Be 0.78 27 Co 2250 51 Sb 0.352 75 Re 0.0507 
5 B 24 28 N i 4.93 X 104 52 Te 4.91 76 O s 0.717 
6 c 1.2 1 X 107 29 Cu 514 
7 N 2.48 X I 06 30 Zn 1260 
8 0 2.01 X 107 31 Ga 37.8 
9 F 843 32 Ge 11 8 

10 Ne 3.76 X 106 33 A s 6.79 
II Na 5.70 X I 04 34 Se 62.1 
12 Mg 1.075 X 106 35 Br 11 .8 
13 AI 8.49 X I 04 36 Kr 45.3 
14 Si I.QQ X 106 37 Rb 7.09 
IS p 1.04 X 104 38 Sr 23.8 
16 s 5.15 X 105 39 y 4.64 
17 Cl 5240 40 Zr 10.7 
18 Ar 1.04 X 105 41 Nb 0.7 1 

19 K 3770 42 Mo 2.52 
20 Ca 6.11 X 104 44 Ru 1.86 
2 1 Sc 33.8 45 Rh 0.344 
22 Ti 2400 46 Pd 1.39 
23 v 295 47 AG 0.529 

Anders and Ebihara (1982) . 

abundant volatile elements, solar abundance 
values are used. 

The very light and volatile elements (H, He, 
C, N) are extremely depleted in the Earth rel
ative to the Sun or carbonaceous chondrites. 
Moderately volatile elements (such as K, Na, Rb, 
Cs and S) are moderately depleted in the Earth. 
Refractory elements (such as Ca, AI , Sr, Ti, Ba, 
U and Th) are generally assumed to be retained 
by the planets in their cosmic ratios. It is also 
likely that magnesium and silicon occur in a 
planet in chondritic or cosmic ratios with the 
more refractory elements. The Mg/Si ratio , how
ever, varies somewhat among meteorite classes. 
Sometimes it is assumed that magnesium, iron 
and silicon may be fractionated by accretional 
or pre-accretional processes, but these effects, if 
they exist, are slight. 

The upper mantle of the Earth is olivine-rich 
and has a high Mg/Si ratio compared with the 
cosmic ratio (Figures 3.1 to 3.3). If the Earth is 

53 I 0.90 77 lr 0.660 
54 Xe 4.35 78 Pt 1.37 
55 Cs 0.372 79 Au 0.186 
56 Ba 4.36 80 HG 0.52 
57 La 0.448 8 1 Tl 0.184 
58 Ce 1.16 82 Pb 3.15 
59 Pr 0.174 83 Bi 0.144 
60 Nd 0.836 90 Th 0.0335 
62 Sm 0.26 1 92 u 0.0090 
63 Eu 0.0972 
64 Gd 0.33 1 
65 Tb 0.0589 
66 Dy 0.398 
67 Ho 0.0875 
68 Er 0.253 
69 Tm 0.0386 
70 Yb 0.243 
71 Lu 0.0369 

chondritic in major-element chemistry, then the 
deeper mantle must be rich in pyroxene and 
garnet and their high-pressure phases. Figure 3.3 
is a schematic illustration of how the original 
accreting silicate material of a planet (primitive 
mantle) may fractionate into a melt (magma ocean) 
and dense refractory crystals . Crystallization of 
the magma ocean creates the m aterials that we 
sample from the upper mantle . In a large planet, 
the original differentiation may be irreversible 
because of the effects of pressure on material 
properties, such as the thermal expansion 
coefficient. 

Composition of the terrestrial 
planets 

The mean uncompressed densities of the ter
restrial planets decreases in the order Mercury, 
Earth, Venus, Mars, Moon (Figure 3.4). Some 
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Table 3.5 I Solar and cosmic abundances in 
atoms/1000 Si atoms 

Corona Photosphere 'Cosmic' 
z Element (I) ( I) (2) 

6 c 2350 6490 12100 
7 N 700 2775 2480 
8 0 5680 22900 20100 
9 F 0.28 1.1 0.843 

10 Ne 783 3140 3760 
II Na 67.0 67.0 57.0 
12 Mg 1089 1089 1075 
13 AI 83.7 83.7 84.9 
14 Si 1000 1000 1000 
15 p 4.89 9.24 I 0.4 
16 s 242 460 515 
17 Cl 2.38 9.6 5.24 
18 Ar 24.1 102 104 
19 K 3.9 3.9 3.77 
20 Ca 82 82 6 1.1 
21 Sc 0.31 0.3 1 0.034 
22 Ti 4.9 4.9 2.4 
23 v 0.48 0.48 0.295 
24 Cr 18.3 18.3 13.4 
25 Mn 6.8 6.8 9.51 
26 Fe 1270 1270 900 
27 Co <18. 1 <18.1 2.25 
28 Ni 46.5 46.5 49.3 
29 Cu 0.57 0.57 0.514 
30 Zn 1.61 1.61 1.26 

(1) Breneman and Stone (1985). 
(2) Anders and Ebihara (1982). 

typical compos1t10ns of possible components of 
the terrestrial planets are listed in Table 3.7. 
There are some constraints on the amounts or 
ratios of a number of key elements in a planet. 
For example, the mean density of a planet, or 
the size of the core , constrains the iron con
tent. Using cosmic ratios of elements of simi
lar geochemical properties (say Co, Ni, refractory 
siderophiles), a whole group of elements can be 
constrained. The uranium and thorium content 
are constrained by the heat flow and thermal his
tory calculations. The K/U ratio, roughly constant 
in terrestrial magmas, is a common constraint 
in this kind of modeling. The Pb/U ratio can be 

Table 3.6 I Short table of cosmic abundances 
(Atoms/Si) 

Cameron Anders and Ebihara 
Element ( 1982) ( 1982) 

0 18.4 20.1 
Na 0.06 0.057 
Mg 1.06 1.07 
AI 0.085 0.0849 
Si 1.00 1.00 
K 0.0035 0.003 77 
Ca 0.0625 0.06 11 
Ti 0.0024 0.0024 
Fe 0.90 0.90 
Ni 0.0478 0.0493 

estimated from lead isotope data. The amount 
of argon-40 in the atmosphere provides a lower 
bound on the amount of potassium in the crust 
and mantle. Most of these are very weak con
straints, but they do allow rough estimates to be 
made of the refractory, siderophile, volatile and 
other contents of the Earth and terrestrial plan
ets. The elements that are correlated in magmatic 
processes have very similar patterns of geochem
ical behavior, even though they may be strongly 
fractionated during nebular condensation. Thus, 
some abundance patterns established during con
densation tend not to be disturbed by subsequent 
planetary melting and igneous fractionation. On 
the other hand, some elements are so strongly 
fractionated from one another by magmatic 
and core formation processes that discovering a 
' cosmic' or 'chondritic' pattern can constrain the 
nature of these processes. 

The outer planets and satellites are much 
more volatile-rich than the inner planets. Mete
orites also vary substantially in composition and 
volatile content. The above considerations sug
gest that there may be an element of inhomo
geneity in the accretion of the planets , perhaps 
caused by temperature and pressure gradients 
in the early solar nebula. Early forming plan
etesimals would have been refractory- and iron
rich and the later forming planetesimals more 
volatile-rich. If planetary accretion was occurring 
simultaneously with cooling and condensation, 



28 TH E BUILDING BLO CKS OF PLANETS 

,g +1.0 
·u; 
0 a. 
E 
0 
u 

"0 
Q) 

-~ 
Cii 
E 
0 z 

', ;;--

' /''' ,~ ~eridotite 
Pyrolite 

Major oxide 

Bulk chemistry of ultramafic rocks (peridotite) and 

basic, or basaltic, rocks (oceanic crust, picrite, eclogite) 

normalized to average mantle composition based on 

cosmochemical considerations and an assumption about the 

FeO content of the mantle. Pyrolite is a hypothetical upper 

rock but it has been proposed to be representative of the 

whole mantle. If so, the Mg/Si ratio of the mantle will not be 

chondri tic. A composition equivalent to 80% peridotite and 

20% eclogite (or basalt), shown by triangles, is a mix that 

reconciles petrological and cosmochemical major-element 

data. Allowance for trace-element data and a possible 

MgSi03-rich lower mantle reduces the allowable basaltic 

component to IS weight% or less. 

then the planets would have formed inhomoge
nously. As a planet grows, the gravitational 
energy of accretion increases, and impact vapor
ization becomes more important for the larger 
planets and for the later stages of accretion. The 
assumption that Earth has cosmic abundances 
of the elements is therefore only a first approx
imation but is likely to be fairly accurate for 
the involatile elements. There is little dispersion 
of the refractory elements among the various 
stony meteorite classes , suggesting that these ele
ments are not appreciably fractionated by pre
accretional processes. Fortunately, the bulk of a 
terrestrial planet is iron. magnesium, silicon, cal
cium, and aluminum and their oxides. The bulk 

composition of a terrestrial planet can therefore 
be discussed with some confidence. 

The composition of the Sun, meteorites, 
comets, interplanetary dust particles and other 
planets provide information that may be use
ful in deducing the overall composition of our 
planet, most of which is inaccessible to direct 
observation. Compilations of solar and cosmic 
abundances agree fairly closely for the more sig
nificant rock-forming elements. From these data 
simple models can be made (Tables 3.8, 3.9) of 
the Earth's bulk chemical composition and min
eralogy, assuming that the mantle is completely 
oxidized. The composition in the first column of 
Table 3.9 is based on cosmic abundances. This is 
converted to weight fractions via the molecular 
weight and renormalization. 

The Fe2 0 requires some comment. Based 
on cosmic abundances, it is plausible that the 
Earth's core is mainly iron; however, from seis
mic data and from the total mass and moment 
of inertia of the Earth, there must be a light alloy
ing element in the core. Of the candidates that 
have been proposed (0, S, Si, N, H, He and C). only 
oxygen and silicon are likely to be brought into 
a planet in refractory solid particles - the others 
are very volatile elements and will tend to be con
centrated near the surface or in the atmosphere 
or lost to space. The hypothetical high-pressure 
phase Fe20 has about the right density to match 
core values. If most of the iron is in the core, in 
Fe2 0 proportions. then the mass of the core will 
be 30-34 weight% of the planet. The actual mass 
of the core is 33%. There may also be some sulfur, 
carbon, and so on in the core, but little or none 
seems necessary. 

Since most of the volume of a terrestrial 
planet is oxygen, the oxygen isotopes of candi
date materials play a key role in deciding what 
to assemble a planet from. Oxygen isotopes imply 
that the Earth is made of enstatite meteorites 
or a mixture of meteorites that bracket the iso
topic composition of the Earth and these mete
orites. The bulk oxygen-isotopic composition of 
the Earth precludes more than a few percent 
of carbonaceous chondri tic material accreting to 
the Earth. 

When the mantle is referred to as having the 
composition ofCI chondrites, or 'chondritic,' it is 
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shergottites and martian samples. (Drake & Righter, 2002). 

usually only the refractory parts that are meant. 
The exception is the so-called standard model 
of noble gas geochemistry; in this model 
the high 3 Hej4 He ratios of some ocean island 
basalts is assumed to imply a He-rich reservoir, 
deep in the mantle, with abundances of helium 
similar to undegassed carbonaceous chondrites. 

Javoy (1995) presented a model in which the 
Earth is built from essentially pure EH (high-iron 
enstatite achondrites) materiaL This is justified 
by the fact that most elements in these mete
orites exist in very refractory phases , more so 
than in most other types of meteorites. Such a 
model implies a chemically stratified m antle, lay
ered convection, and limitations on the chemical 
interchanges between lower and upper mantle. 
Formation of Earth from EH material involves a 
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Representation of mantle components in terms of 

olivine and orthopyroxene (the high-melting-point minerals) 

and basalt (the most easi ly fusible component) . Primitive 

mantle is based on cosmic abundances. Melting of chondritic 

material at high temperature gives an MgO-rich melt 

(basalt + olivine) and a dense refractory residual (olivine + 

orthopyroxene). Crystallization of a magma ocean separates 

clinopyroxene and garnet from olivine. Melting during 

accretion tends to separate components according to density 

and melting temperature, giving a chemically zoned planet. If 

melting and melt-crystal separation occur primarily at low 

pressure, the upper mantle will be enriched in basalt, olivine 

and the incompatible elements relative to the lower mantle 

and relative to the chondritic starting material. 
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Table 3.7 1 Compositions of possible compo-
nents of the terrestrial planets (% or ppm) 

Species Cl EC HTC 

Si02 30.9 39. 1 20.2 
Ti02 0. 11 0 .06 1.9 

AI20 3 2.4 1.9 36.5 
Cr20 3 0.38 035 
MgO 20.8 2 1.3 7. 1 
FeO 32.5 1.7 
MnO 0.25 0 .1 4 
CaO 2.0 1.6 34.1 

Na20 1.0 1.0 
K (ppm) 800 920 
U (ppm) 0.0 13 0.009 0. 19 
Th (ppm) 0.059 0 .034 0.90 
Fe 0 26.7 
N IJ 1.7 
s 8.3 4.5 

Cl: Average Cl carbonaceous chondrite, on 
a C-, H2 0-free basis (Wood , 1962). 
EC : Average enstatite chondrite (Wood, 1962). 
HTC: High-temperature condensate (Gross-
man, 1972). 
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Earth and Venus have similar bulk chemistries while Mars and 

Moon are clearly deficient in iron. Mercury is enriched in 

iro n. Earth and Venus might be considered average terrestrial 

planets. 

two-step redox process, and a very late accretion 
of 0.8% of CI type material. Formation of the core 
and mantle from fully oxidized chondritic mate
rial is even more complex since little free iron is 
present. 

The accessible and sampled parts of Earth 
are clearly deficient in elements more volatile 
than Li and Si, and this includes Rb, Na and K. 
However, in geochem.ical models based on noble 
gases , these missing elements are assumed to be 
sequestered in the lower mantle or core rather 
than being deficient in the Earth as a whole. 

Although there is no inconsistency - from 
a major element and refractory element point 
of view - in building the planets from known 
meteorite classes, or from estimates of cosmic 
abundances, part of the Earth may have accreted 
from hydrous materials that are not represented 
in meteorite collections; that is, they are no 
longer extant in the inner Solar System, at least 
as meteorite-size objects . This is not surprising. 
Comet dust and interplanetary dust particles 
(IDP) may be important for certain elements or 
isotopes . The isotopic compositions of at least the 
lighter rare gases are similar to those in IDPs 
falling on the Earth today. 

Minerals in mantles 

Several cosmochemical estimates of mineralogy 
of Earth's mantle are given in Table 3.8. These 
tend to be less rich in olivine than estimates of 
the composition of the upper mantle (column 4) 
and some estimates of the whole mantle, which 
in turn are based on the assumption of a homoge
nous mantle. The mineralogy changes with depth 
because of solid-solid phase and compositional 
changes. 

Although Al2 0 3 , CaO and Na20 are minor con
stituents of the average mantle, their presence 
changes the mineralogy, and this in turn affects 
the physical properties . The effect on density can 
result in chemical stratification of the mantle 
and concentration of these, and related, elements 
into certain layers . They also influence the melt
ing point and tend to be concentrated in melts. 

Olivine is an essential component in most 
groups of meteorites except the irons. Pallasites 



Table 3.8 / Mineralogy of Earth's mantle 

Whole- Mantle Models Upper 
Mantle 

Species (I) (2) (3) (4) 

Olivine 47.2 36.5 37.8 5 1.4 
Orthopyroxene 28.3 33.7 332 25.6 
Clinopyroxene 12.7 14.6 11.8 11.0 
Jadeite 9.8 2.2 1.8 0.65 
Ilmenite 0.2 0.5 0.24 0.57 
Garnet 1.53 11.6 14.2 9.6 
Chromite 0.0 1.6 0.94 0.44 

(1) Equilibrium condensation (BVP, 1980). 
(2) Cosmochemical model (Ganapathy and 
Anders 1974). 
(3) Cosmochemical model (Morgan and 
Anders, 1980). 
(4) Pyrolite (Ringwood, 1977). 

Table 3.9 / Simple Earth model based on cos-
mic abundances 

Molecular Weight 
Oxides Molecules W eight Grarns Fraction 

MgO 1.06 40 42.4 0.250 
Si02 1.00 60 60.0 0.354 
AI20 3 0.0425 102 4.35 0.026 
CaO 0.0625 56 3.5 O.Q21 
Na20 O.Q3 62 1.84 0.011 
Fe20 0.45 128 57.6 0.339 

Total 169.7 1.001 

are composed of nickel-iron and olivine. Olivine 
is a major constituent in all the chondrites except 
the enstatite chondrites and some of the car
bonaceous chondrites , and it is present in some 
achondrites. For these reasons- and ignoring the 
enstatite chondrites - olivine is usually consid
ered to be the major constituent of the mantle. 
The olivines in meteorites, however, are generally 
much richer in FeO than mantle olivines. The 
olivine compositions in chondrites generally lie 
in the range 19 to 24 mole% fayalite . Removal 
of iron fi·om meteoritic olivine, either as Fe or 
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FeO, would decrease the olivine content of the 
mantle. 

Earth models based on cosmic abundances, 
with Mg/Si approximately 1 (molar), give rela
tively low total olivine contents. Since the upper 
mantle appears to be olivine-rich, this results 
in an even more olivine-poor transition region 
and lower mantle. It is usually assumed, how
ever, that the basaltic fraction of the Earth is still 
mostly dispersed throughout the mantle. TI1is is 
the assumption behind the pyrolite model and 
most geochemical models of the m antle. Basalts 
were probably liberated during accretion of the 
Earth and concentrated in the upper mantle. 
Efficient remixing or rehomogenization can be 
ruled out. 

Samples of the Earth's upper mantle are dis
tinct in composition from that of any kind of 
extant meteorite. A hypothetical so-called prim
itive upper mantle (PUM) - a mixture of conti
nental crust and ultramafic upper mantle rocks 
also differs from meteorites in significant ways . 
Pyrolite - a hypothetical rock constructed from 
basalts and peridotites from the upper mantle -
also does not have the same ratios of major ele
ments as do meteorites. Several suggestions have 
been made to explain the elevated Mg/Si and 
Al/Si ratios in the Earth's shallowest mantle rela
tive to undifferentiated meteorites . These include 
sequestering Si in the core of the Earth, raising 
the Mg/Si and Al/Si ratios in the silicate mantle, 
or appealing to the possibility that the mantle 
is chemically stratified with the lower mantle -
which is the bulk of the Earth - having a dif
ferent composition from the upper mantle. TI1e 
latter is the most plausible suggestion. 

TI1ere is no particular reason why the Earth 
should have accreted olivine in preference to 
pyroxene. There is no compelling evidence that 
Si is or can be extracted into the core and the 
idea is also inconsistent with the upper man
tle abundances of V, Cr and Mn; they should be 
depleted far below observed abundances if con
ditions were sufficiently reducing to allow Si to 
dissolve in molten iron. 

Estimates of the Earth 's upper mantle com
position are distinct from any known type of 
meteorite, but there are numerous petrological 
reasons why the Earth's mantle should not have 
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survived in a homogenous state. Some workers 
argue that it is more reasonable that the Earth 
accreted from material with major-element com
positions that were distinct from any meteorite 
type than to accept chemical stratification and 
petrological differentiation of the mantle. 

Late veneer 

Most of the volatiles in the Earth may have been 
brought in as a late veneer, or late veneers . The 
late veneer material is mixed into the upper man
tle, and the term does not imply a thin surface 
coating. The heterogenous accretion hypothesis 
makes dynamical sense in that the feeding zone 
of the Earth must have extended further out 
from the Sun as the growth of planets increased 
the relative velocities and the eccentricities of 
the accreting material. Earth probably developed 
magma oceans throughout the accretion pro
cess. including late in its accretion, effectively 
processing and fractionating incoming material. 
Magma oceans and extensive melting are some
times viewed as homogenizers rather than frac
tionators or filters. 

Free water in the Earth and the trace 
siderophiles in the upper mantle. and possibly 
the lighter rare gases, may all have been deliv
ered to the Earth's surface long after the bulk 
of the Earth had formed and the core was in 
place, and the bulk of the mantle had cooled, 
differentiated and solidified. Comets may have 
delivered some fraction of the water. Solar wind 
and lOP have helium and neon isotopic charac
teristics suitable to be an end member in some 
basalts. The similarity of Os-isotope ratios in the 
mantle and ordinary chondrites and oxygen iso
topic composition with the enstatite meteorites 
is evidence for the existence of Earth-building 
materials sharing some properties with various 
meteorites. 

No meteorite or other ET material has all of 
the properties of Earth material. at least without 

processing by accretional or petrological pro
cesses. This is not unexpected since they cannot 
avoid processing by accretional or petrological 
processes. Both the bulk of the Earth, and the 
late veneer probably have multiple sources and 
it is too much to expect that all the chemical 
characteristics of the Earth must be found in 
one kind of extraterrestrial object or its frag
ments which themselves have a history of pro
cessing. The alternatives are that all the distinctly 
Earth-forming material is either contained in 
the Earth and Moon or was ejected from the 
inner Solar System. during giant impacts, mak
ing the Earth-Moon system unique in the Solar 
System. 

There are two views about the source of 
volatiles on Earth. One view holds that temper
atures were too high at 1 AU for hydrous and 
volatile-rich phases to exist in the accretion disk, 
so that the bulk of the Earth accreted ' dry.' Water, 
and noble gases, were delivered from sources 
such as comets or meteorites after the bulk of the 
Earth had formed. An alternative view holds that 
th e Earth accreted 'wet' and gas-rich, with anhy
drous and hydrous silicate phases among the 
material accreted to the growing planet through
out the accretionary history. In this view, Earth's 
water, and other volati les such as the noble gases, 
have an indigenous origin. This implies a cold ori
gin and early history and reaction of water with 
Fe. The late veneer of the Earth may have come 
from more than one source. The noble metals , 
noble gases and water may have been brought in 
by different components and at different times. 
The Os-isotopic compositions of the crust and 
upper mantle of the Earth, are inconsistent with 
water-bearing carbonaceous chondrites, but are 
consistent with anhydrous ordinary chondrites. 
Various components have also been recognized in 
the noble gas inventory of the Earth. These may 
have been in large accreting objects, or in dust 
particles affected by Solar radiation. They may, in 
part, be due to cosmic radiation at the surface of 
early Earth. 


