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PREFACE

The leading scientists in the many different fields of geology were invited by the
Organizing Committee to present a paper on a specific problem in present-day
geological science at the 27th International Geological Congress. The published
proceedings of the Congress consist of twenty-three volumes. Each volume is
dedicated to a particular aspect of geology. Together the volumes contain all of
the contributions presented at the Congress.

The Organizing Committee is pleased to acknowledge the efforts of all of the
participating scientists in helping to produce these proceedings.

Professor N. A. BOGDANOV
General-Secretary of the
Organizing Committee
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ACCRETION OF THE EARTH AND THE INNER PLANETS

G. DREIBUS and H. WANKE .
Max-Planck-Institut fiur Chemie, Saarstrasse 23, 65 Maing,
F.R.Germany

ABSTRACT
The chemical composition of the Earth's primitive mantle
(present mantle + crust) yields important information
about the accretion history of the Barth. For the upper
mantle reliable data on its composition have been ob-
tained from the study of unaltered ultramafic xenoliths
(Jagoutz et al. 1979).

Besides the high concentrations of moderately sidero-
phile elements (Ni, Co, etc.) in the Earth's mantle the
similarity of their C 1 normalized abundances with that
of wmoderately volatile (F, Na, K, Rb, etc.) and partly
- even with some highly volatile elements (In!) is strik-
ing. To account for the observed abundances an inhomo-
geneous accretion from two components was proposed. Ac-
cording to this model accretion started with the highly
reduced component A, with all Fe as metal and even Si and
Cr, V and Mn partly in reduced state and almost devoid of
moderately volatiles and volatiles, followed by the ac-
cretion of more and more oxidized matter (component B),
containing all elements including moderately volatile and
‘at least some volatile elements in C 1 abundances.

Recently, it became evident that the SNC meteorites with
almost certainty represent Mars rocks. From the compo-
sition of the SNC meteorites we have estimated the bulk
chemistry of their parent body (SPB = Mars). The data ob-
tained in this way clearly show that the two component
model is also valid for Mars. However, contrary to the
Barth Mars seems to have accreted almost homogeneously.
From the composition of its surface rocks as analysed by
Venera 13 and 14 (Surkov et al. 1983) an inhomogeneous
accretion is proposed for Venus.

Proceedings of the 27th International

Geological Congress, Volume 11, pp. 1-20
GEOCHEMISTRY AND COSMOCHEMISTRY
© 1984 VNU Science Press



CHEMISTRY OF THE EARTH

The mass of the Earth's mantle amounts to about two-
thirds of the total mass of our planct. Except for the
mos8t incompatible elements for which the contribution of
the crust (0.59 % of the mass of the mantle) becomes
important, the mantle determines the chemistry of the
Earth for all lithophile elements. -

Violent volcanic eruptions of basaltic magmas .carry more
or less unaltered so0lid mantle material in form of ultra-
mafic nodules to the surface. These nodules very fre-
quently became severely contaminated by various proces-
ses, before, during, or after their eruption. Jagoutz et
“al. (1979) succeeded to select five nearly uncontaminated
spinel-lherzolite nodules. Trace element as well as iso-
tope studies (Jagoutz et al. 1980) proved the primitive,
i.e. almost unfractionated character of one of these
nodules. From the study of these lherzolite nodules the
following abundance trends have been recognized (Fig.1,
Table 1). The abundances have been obtained by normal-
izing the observed concentrations to Si and C 1 (carbona-
ceous chondrites type 1; data for C 1 compiled by Palme
et al. 1981, are used throughout this paper).

1. Refractory oxyphile elements x (1.3 £ 0.15)
(Al, Ca, Ti, Sc and most refractory trace elements)
and Mg enriched

2. 'V, Cr, Mn depleted x (0.25 to 0.7)
3. ‘Fe and moderately sid:arophiles x (0.1 to 0.2)

(Ga, Cu, W, Co, Ni) dspleted

4. Moderately volatiles (Na, K, Rb, F, x (0.1 to 0.2)
Zn) and the highly volatile element In depleted

5. Highly siderophiles ([r, Os, Re, Au) x (0.002)
strongly depleted

6. Highly volatiles (Cd, Ag, I, Br, x (10-2 to 10~4)
. Cl, Te, Se, C) strongly depleted




depletion of Mn on these planetary objects.For both, the
EPB and SPB depletion of moderately volatile elements
like Na or K comparable or higher to that of the Earth is
beyond any doubt. The most likely explanation of the de-
pletion of Mn and fto a lesser extent of Cr and V in the
Earth's mantle is their removal into the BFarth's core,
either in reduced form as metals or sulfides or as ox~
ides. Segregation into the core in form of sulfides had
been suggested by Hutchison (1974), to explain the low
concentration of Cr. Removal as oxides could be expected
if the Barth's core contains a large amount of dissolved
FeO as proposed by kingwood (1977).

The unitorm enrichment of Mg and the refractory l1litho-
phile elements relative to Si could also be interpreted
in terms of a Si deficiency (Ringwood 1958). It was sug-
gested that the missing S1 went into the core in metallic
form, which would indicate gross chemical disequilibrium
between mantle and core. Alternatively, the high Mg/Si
ratio found for the upper mantle might be compensated by
a smaller ratio in the lower mantle. The slightly higher
abundances of AL, Ca and refractory trace elements (aver—
age 1.4) as compared to Mg (1.18) might be real but could
also reflect inhomogeneous distribution (less Al, Ca,
etc. than Mg in the lower mantle).

ACCRETTION SEQUENCE OF THE EARTH

To explain the observed elemental abundance pattern of
the Earth's mantle the following inhomogeneous two com-
ponent accretion model has been set up (Wanke 1981).

Accretion started with highly reduced material free of
moderately volatile and volatile elements but containing
all other elements in C 1 abundance ratios. Fe and all
siderophile elements as metals (W!), Si partly as metal,
Cr, Mn and V as metals or sulfides. Component A.

After accretion of about 2/3 of the earth and after core
formation more and more oxidized material (Fe, Co, Ni, W!
as well as all other siderophile and lithophile elements
as oxides) was added containing all elements including
moderately volatile and at least some volatile elements
(In, etc.) in C 1 abundances. Component B.
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Fig. 1 Composition of the Earth's mantle (+ crust)

normalized to C 1 and Si derived from the analyses of
primitive spinel-lherzolites (Jagoutz et al. 1979; Winke
1981, and unpublished data of the Mainz laboratory).

Relative to Si and C 1 all oxyphile refractory elements
and Mg have abundances between 1.2 and 1.5. The depletion
of V, Cr and Mn first noted by Ringwood (1966) is strik-
ing and as we shall see very informative. Ringwood and
Kesson (1977) favored a depletion mechanism based on the
higher volatility of Cr and Mn when compared with Si.
Dreibus and Wdnke (1979) presented evidence which makes
the depletion of Cr, Mn and V by volatility highly un~
probable. Meteoritic basalts from the eucrite parent body
(EPB), formed under lower oxygen fugacity than terres-
trial basalts as well as those from shergotty parent body
(SPB), formed under higher oxygen fugacity, indicate no



Table 1:

Bulk composition of Earth and Mars

EARTH M A ]
Morgan Ring-~

Wanke this Anderson a. Anders wood

(1981) work (1972) (1979) __ (1981)
Mantle + crust:
Mg0 % 38.0 30.2 27.4 29.8 29.9
Alp03 4.14 3.02 3.1 6.4 3.1
5i0p 45 .1 44.4 40.0 41.6 36.8
Ca0 3.54 2.45 2.5 5.2 2.4
Ti0o 0.22 0.14 0.1 0.3 0.2
Fe0 7.82 17.9 24.3 15.8 26.8
Nas0 0.36 0.50 0.8 0.1 0.2
Po0sg 0.017 0.16 - - -
Crp0% 0.45 0.76 0.6 0.6 0.4
MnO 0413 0.46 0.2 0.15 0.1
K ppm 185 315 573 59 218
Rb 0.77 1.12 - - -
Cs - 0.07 - - -
F 24 32 - - -
Co 104 68 - - -
Ni 2080 480" - - -
Cu 28 2.6 - - -
Zn 50 T4 - - -
Ga 3.2 6.6 - - -
¥ ppb 16 105 - - -
Th - 56 T7 113 60
U 21 16 17 33 17
Core
Fe & 80.27 77.8 T2 88.1 63.7
Ni 5.46 7.6 9.3 8.0 8.2
Co 0.27 0.36 - - -
s - 14.24 18.6 3.5 9.3
0 - - - - 18.7
Si,Mn,Cr 14.00 - - - -
core mass $ 33.5 21.7 11.9 19.0 18.2




Small amounts »f metal from component A still present
but in decreasing amounts as accretion proceeded are
thought to bYe responsible for complete extraction of
highly siderophile elements (Ir, Au, etec.) into the core.
Component B also contained volatile elements such as
halogens, Hp0 aird carbon. Presence of Hp0 as well as of
Fed* were respcnsible that metallic Fe finally became
unstable and the highly siderophile elements contained in
the last 0.2 % cf the mass added to the Earth remained in
the mantle in chondritic abundance ratios.

The moderately volatile elements and some volatile el-
ements as well as the siderophile elements observed in
the Barth's mantle are exclusively derived from component
B. Thus the similariiy of the C 1 normalized abundances
of moderately volatile (¥, Na, K, Rb, etc.) and moderate-
ly siderophile elements (Ni, Co, Cu, Ga, W, etc.) in the
Earth's mantle is readily explained. Assuming a C 1 com-
position for component B, the Barth would consist of 80 %
of component A end 20 % of component B.

Ringwood (1977 and 1979) has previously proposed a model
to build the inaer planets from a reduced volatile-free

" and an oxidized volatiles containing component. He as-

suimed homogeneous accretion in which both components are
added to the growing planet simultaneously and equili-
brated with eacih other. As outlined above, the observed .
chemical compos .tion of the Barth's mantle - though not
really 1in contradiction with homogeneous accretion -
seems fto be expiained in a more straightforward way by an
accretion sequeace in which the oxidized component is
added only after the accretion of about 2/3 of the
Barth's mass and after segregation of the metal phase
(i.e., after co-e formation).

Anders (1965) :xtended a two component model originally
formulated for meteorites (Anders 1964) to also explain
the abundance pitterns of planets but did not pursue this
model in later sublications (Ganapathy and Anders 1974).



CHEMISTRY OF MARS AS DERIVED FRCM SNC-METEQRITES

Besides Earth and Moon there are a number of planetary
objects from which we have samples in form of meteorites
for thorough laboratory investigations. Tvo of these ob-
jects gained exceptional interest ©because among the
meteorites derived from them, there are rocks of igneous
and basaltic composition. .

The first of these objects, the eucrite parent body
(EPB), has been studied since several years and estimates
on its bulk composition and evolutionary history have
been published by various authors (Hertogen et al. 1977;
Consoimagno and Drake 1977; Morgan et al. 1978; Dreibus
and Wanke 1980). It turned out that the eucrites have
altogether crystalliization ages close to 4.5 b.y. (Birk
and Allégre 1978) and, hence, represent the oldest ba-
salts known. The eucrites and other classes of meteorites
which are chemically and according to their oxygen iso-
topes related to them come from a small object. The
asteroid Vesta has been proposed as possible parent body
as its reflectance spectra resemble those of eucrites
(Chapman 1976), respectively howardites, which are mech-
anical mixtures of eucrites and diogenites.

Lately meteoritic basslts known as sherzottites became
famous. There are only four examples known, two of them
were recently found in Antarctica. One of the Antarctic
shergottites consists of two very differant lithologies
80 that we have in fact five shergottites. It was found
that shergottites have crystallization ages of not more
than about 1.36 b.y. (references given in Wood and Ashwal
1981). Similar low ages were also founc in two other
types of rare meteorites, i.e. nakhlites (three meteor-
ites), and in Chassigny. Geochemical studies (Dreibus et
al. 1982; Burghele et al. 1983) as well as oxygen isotope
measurements (Clayton and Mayeda 1983) tell us that sher-
gottites, nakhlites and chassignites (3NC-meteorites)
come from one and the same parent body. Because of the
low crystallization ages an object considerably larger
than asteroids seems to be required and that it is why
Mars was suggested as shergotty parent body (SPB), (see
Wood and Ashwal 1981). Bogard and Johnson (1983) found in
a shergottite a trapped rare gas component with element
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and isotope ratios different to those observed in other
meteorite classes but almost exactly matching the rare
gases in the Mary' atmosphere. Finally, Becker and Pepin
(unpublished presentation at the XIVth Lunar and Planet-
ary Science Conference, Houston, 1983) found that the
same shergottite (EETA 79001) contains trapped nitrogen
with the very characteristic isotope ratio of the Mars'
atmosphere. Summing up there seems to be no doubt that
SNC-meteorites represent Mars rocks.

In the following we will show how rough but reliable
estimates of the bulk composition of a differentiated ob-
ject can be obtained by using the compositional data of
basalts and other rocks from this object. We use the com-
position of the SNC-meteorites (Dreibus et al. 1982;
Burghele et al. 1983) to estimate the bulk composition of
their parent body. We assume that Mg, Si and all oxyphiie
refractory elements are present in strictly C 1 abundance
ratios in the mantle of the SPB. On Earth and Moon the
deviations from the C 1 values are less than 30 %.

FeO and MnO: Under normal planetary conditions (ol +
opx + cpx, being the major FeO and MnO bearing phases),
the liquid-solid partition coefficients for Fe0 and MnO
are only slightly above 1. The absolute concentrations of
Mn0 in SNC-meteorites vary between 0.45 and 0.55%. As
shown below, 0.45 % MnO correspond to a C 1 abundance in
the SPB mantle.Hence Llike on the EPB, Mn 1is present in
C 1 abundance in the SPB, too. The Fe0/Mn0 ratio of all
shergottites and Nakhla (nakhlites) is 3%9.1 % 1.5. Com-
pared to the C 1 FeO/MnO ratio of 100.6, we find with a
Mn abundance of 1.00 an abundance of 0.39 for Fe0 in the
SPB mantle. '

K, Rb and Cs: iike for the Moon, the EPB, and to a les-
ser extent also for thé Earth (Wanke 1981), we find an
excellent correlation of K vs. La in all SNC meteorites
yielding a K/La ratio of 655 (Fig. 2), compared to the
C t X/La ratio of 2110. Assuming a La abundance of 1.00,
we find 0.31 to be the abundance of. K. Shergottites have
a K/Rb ratio of 282 * 39 and a Rb/Cs ratio of 15.2 % 0.8
compared with the C 1 values of this ratio (251, resp.
10.8) and the K abundance we find abundances for Rb =
0.28 and Cs = 0.20.

3
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Fig. 2 Correlation of the moderately volatile element

K and the moderately siderophile refractory element W
with the refractory element La in all SNC meteorites.

W: An excellent correlation of La vs. W is observed in
shergottites (Fig. 2). The W/La ratio yields a W abun-
dance of 0.60, egual to 105 ppbdb.

P: For P the best correlation is found with the heavy
rare earth elements yielding an abundance P = 0.35 (Weck-
werth, 1983).

F: For F the best though weak correlation is found with
Li, yielding a very rough estimate of the F abundance of
0.31, assuming a Li abundance of 1.00.

Na, Ga: The three elements Na, Ga, and Al correlate well
with each other in all shergottites (Fig. 3). The mean
ratio of the two moderately volatile elements Na/Ga of
525 comes very close to the C 1 ratio of 551.Again assum-



