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Preface
Archaean Geochemistry 1972 — 1984

The realisation that the continental crust contains well-preserved
relics which date as far back as 4/5 of the Earth’s age has given a
great impetus to the study of early Precambrian terrains. As late
as the mid-sixties the Archaean still constituted the ‘terra-in-
cognita’ of earth science. High metamorphic grades, poor out-
crop, and not least a widely assumed obliteration of early crustal
records by convective recycling and thermal reworking had com-
bined to discourage research in this field. Many excellent local
studies existed, notably around gold mining centres, but remained
unrelated to a broader regional and theoretical understanding.
This situation has changed as the consequence of two inter-related
factors: (1) advances in isotopic methods and their application to
Precambrian rocks, and (2) the recognition that some of the oldest
terrains have retained a wealth of primary igneous and sedi-
mentary textures and even geochemical characteristics.

These advances would not have been possible without the vital
clues furnished first by field geologists. Detailed documentation
of key Archaean terrains such as in West Greenland-Labrador,
Zimbabwe, Transvaal-Swaziland, Ontario-Quebec, southern
India, Western Australia and recently China and Brazil, coin-
cident with NASA’s lunar project dealing with rocks of only
slightly older age, has focussed sophisticated laboratory studies
on early crustal rocks. The outset of IGCP Project 92 “Archaean
Geochemistry” dates back to the period immediately following
the identification of early Archaean gneisses at Goodthaabfjord,
SW Greenland. At the time few geochemical data were available
for Archaean terrains, with the notable exception of the Canadian
shield and Scotland. Furthermore, there existed little faith among
geochemists in the primary significance of element distribution
patterns in metamorphosed rocks, particularly regarding trace ele-
ments. An imbalance was evident between field and laboratory
studies; on the one hand many geochemical and isotopic data were
obtained on rocks collected from widely scattered localities or
little-charted terrains, while on the other hand few analytical data
were available for some of the best exposed and geologically well
documented terrains.

This situation required international collaboration particularly
since key Archaean terrains and geochemical/isotopic research
centres are often in different parts of the world. The International
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Geological Correlation Programme (IGCP) seemed to offer to
facilitate collaboration, and the inception and development of
Project 92 from Australia in the period 1972 — 1975 met with posi-
tive response from the international earth science community.
Subsequent to its acceptance by the IGCP Board in 1975, project-
sponsored meetings and field excursions (Leicester, 1975; Moscow
1976; Hyderabad 1977; Thunder Bay 1978; Perth 1980; Lake
Baikal 1981; Salvador 1982; Beijing 1983) have served as foci for
collaboration, and while it would be incorrect to credit the rapid
advances in Archaean geochemistry during the decade to the
IGCP alone, the project has played an important role in this
development. In a number of instances the IGCP contributed di-
rectly to the acceptance of specific research proposals, for ex-
ample in India and in Western Australia.

We wish to refer to a few examples of new findings in
Archaean geochemical research, not as a comprehensive list, but
reflecting our own bias, and some of these new results are present-
ed in this volume. Some observations of interest were (1) defini-
tion of the komatiite suite, including peridotitic and high-Mg
basaltic components, and detection of compositional gaps be-
tween these components; (2) definition of bimodal basalt-dacite
suites vis-a-vis the comparative scarcity of andesites in many
greenstone sequences; (3) comparisons between major and trace
element data of least-altered komatiites and chondrites, establish-
ing the primary significance of many Archaean rock compositions
with implications to early mantle composition; (4) evidence for
lateral heterogeneity of mafic-ultramafic volcanic suites with
respect to Ti, Ni, Cr and REE; (5) variable eyp values indicated by
Sm-Nd systematics and implying long-term LREE depletion of
mantle sources, reservoir heterogeneity and, in some cases,
contamination of mantle-derived magmas by older continental
crust; (6) the dominantly tonalitic to trondhjemitic chemistry of
the older “grey gneiss” components of Archaean terrains and the
marked HREE depletion shown by many of these rocks,
suggesting residual garnet or amphibole; (7) recognition of the
role of fluids in the generation of some granulite terrains; (8) dis-
covery of crustal components that may be as old as 4.2 Ga; (9)
establishment of exploration guides such as low Pd/Ir ratios in
rocks from which nickel sulfides have been segregated.

Hopefully, the accumulation of new data should serve to place
constraints on conceptual interpretations of early crustal history.
In contrast, the decade has seen a proliferation of models which
fall into a number of categories, including plate tectonic models,
modified plate tectonic models, rift or subsidence models, sialic
basement models, two-stage mantle melting ensimatic models,
etc. While geochemical and isotopic criteria proved successful in
identifying the nature of source materials and fractionation pro-
cesses, outstanding questions remain including, for example: (1)
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was there a magma ocean on Earth as postulated for the early his-
tory of the Moon? (2) do crustal rocks older than 3.8 Ga really ex-
ist and where? (3) was the Earth affected by meteorite bombard-
ment prior to that time and why has no evidence been observed to
date? (4) what was the nature of plate motion and ocean-continent
distribution patterns? (5) which tectonic processes governed the
evolution of granite-greenstone and high-grade gneiss terrains? (6)
what type of tectonic setting facilitated two-stage mantle melting,
i.e. whether subduction or a temporally unique process? (7) what
were the factors underlying the apparent major episodicity of
mafic-ultramafic volcanic activity in the Archaean? (8) what was
the nature of the Archaean lower continental crust, i.e. at the base
of the voluminous granitoid batholiths whose roots are nowhere
observed at the present surface? (9) what did the Archaean ocean
crust look like, and where can we find its remnants?

The existence of such fundamental questions regarding early
crustal origin and evolution hints at yet little understood prin-
ciples. As these questions become progressively better defined,
and the data base against which they can be tested is broadened,
so does the promise for new breakthroughs in our understanding
of the early Earth.

As in all multi-author volumes of this kind there are problems
of standardization of language, style and presentation of data.
The spelling follows the English usage, e.g. Archaean, not
Archean, etc. The expressions “terrain” and “terrane” are used
synonymously. All ages are abbreviated Ma (million years) and
Ga (billion years) respectively, and all ages are quoted on the basis
of the new decay constants. Cross-references were inserted later in
a few instances by the editors and are printed in italics.

The editors express their sincere appreciation to the referees
who have devoted considerable time to improve the manuscripts
submitted.

This volume concludes the activities of IGCP Project No. 92,
and it is hoped that the project and its results will stimulate
further research into the fascinating subject of the evolution of
the early Earth.

Canberra/Toronto/Stony Brook/Mainz . Glikson

AY

A. M. Goodwin
G. N. Hanson
A. K
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Abstract

The chemical composition of the Earth’s primitive mantle (present mantle +
crust) yields important information about the accretion history of the Earth. For
the upper mantle reliable data on its composition have been obtained from the
study of primitive and unaltered ultramafic xenoliths (Jagoutz et al. 1979). Nor-
malized to C 1 and Si the Earth’s mantle is slightly enriched in refractory oxy-
phile elements and in magnesium. It might be that this enrichment is fictitious
and only due to the normalization to Si and that the Earth’s mantle is depleted in
Si, which partly entered the Earth’s core in metallic form. Alternatively, the de-
pletion of Si may only be valid for the upper mantle and is compensated by a Si
enrichment of the lower mantle.

For the elements V, Cr, and Mn the most plausible explanation for their de-
pletion in the Earth’s mantle is their partial removal into the core. Besides the
high concentrations of moderately siderophile elements (Ni, Co, etc.) in the
Earth’s mantle, the similarity of their C 1 abundances with that of moderately
volatile (F, Na, K, Rb, etc.) and partly even with some highly volatile elements
(In) is striking.

We report on new data especially concerning halogens and other volatiles.
The halogens (Cl, Br, 1) are present in the Earth’s mantle in extremely low con-
centrations, but relative to each other they appear in C 1 abundance ratios.

To account for the observed abundances an inhomogeneous accretion from
two components is proposed. According to this model accretion began with the
highly reduced component A, with all Fe and even part of Si as metal and Cr, V,
and Mn in reduced state, but almost devoid of moderately volatiles and volatiles.
The accretion continued with more and more oxidized matter (component B),

1 Max-Planck-Institut fiir Chemie, Saarstrafle 23, 6500 Mainz, FRG

Archaean Geochemistry (ed. by A. Kréner et al.)
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2 H. Winke, G. Dreibus and E. Jagoutz

containing all elements, including moderately and at least some volatile elements
in C 1 abundances. The two component inhomogeneous accretion model is dis-
cussed in light of the abundances of a number of elements which are especially
crucial to the model.

1 Introduction

A number of authors (e.g. Winke et al. 1973; Ganapathy and Anders 1974) have
tried to consider certain groups of elements related to each other by their conden-
sation behaviour as building blocks of the planetary objects. However, only for
the refractory elements do we have well-founded evidence that they appear in C 1
(carbonaceous chondrites type 1) abundance ratios relative to each other in all
objects of the solar system studied so far (Wanke 1981).

Large-scale fractionations of chemical elements governed by volatility prior
to or during the accretion of planets seem to be an undisputable necessity. If not
in the solar nebula, these fractionations may have taken place on early-formed
planetesimals heated by the decay of the now extinct radioisotope A1 (half-life
7 % 10° years) as proposed by Winke et al. (1981). In the model of Ringwood
(1970) these fractionations took place during planetary accretion. For some ele-
ments volatility is a strong function of the oxygen fugacity, and we must there-
fore expect respective changes in the condensation or volatilization behaviour.
Heating experiments with samples of the C 2 meteorite Murchison showed that
elements not volatile under highly oxidizing conditions (In, Zn) can be evaporat-

Table 1. Thermal volatilization studies of Murchison (C 2-chondrite)?

Depletion of volatiles (%)

a) after heating b) after heating
under H,O-steam under N,
C 100 97

Na O 0

S 100 23

Cl 100 41

K 0 0

Zn O 41

As 50 7

Se 100 5

Br 100 27

In 0 10

Re 82 0

Os 70 0

W 34 0

Mo 70 0

2 Temperature: 1000 °C; time 30 min. (Heating under inert atmos-
phere or vacuum leads to reducing conditions due to the carbon
content of the meteorite.)
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ed under more reducing conditions. Other elements show the opposite behaviour
(Table 1).

2 Chemistry of the Earth

The mass of the Earth’s mantle amounts to about two-thirds of the total mass of
our planet. Except for the most incompatible elements for which the contribution
of the crust (0.59% of the mass of the mantle) becomes important, the mantle de-
termines the chemistry of the Earth for all oxyphile elements.

Violent volcanic eruptions of basaltic magmas carry more or less unaltered
solid mantle material to the surface. The nodules of most interest to us are the
spinel-lherzolites which represent upper mantle material from depths up to
70 km. These nodules frequently became severely contaminated by various pro-
cesses before, during, or after their eruption. Therefore, we have to apply
various criteria to distinguish between nodules which represent true mantle mate-
rial and those which contain alteration products. In fact, unaltered or nearly un-
altered samples have so far been found only among the spinel-lherzolites.
Sheared garnet-lherzolites are often regarded as nearly unaltered mantle samples.
However, all those samples studied in our laboratory are considerably contamin-
ated by an interstitial alteration phase (Spettel and Jagoutz 1981).

The eruption process of ultramafic nodules is somehow related to the genesis
of the magmas which carry them to the surface and, hence, it is no surprise that
many of the nodules are depleted in those elements which are enriched in basalts
relative to their mantle abundances.

Fortunately, we have clear cosmochemical constraints to distinguish those
nodules which really represent unaltered and primitive or at least close to primi-
tive mantle material if such material exists at all. We only have to remember that
in the primitive mantle all the refractory oxyphile elements must be present in
their C 1 abundance ratios (Wénke 1981). Here and in the following we will ex-
clusively use data for C 1, compiled by Palme et al. (1981). The refractory ele-
ments Al, Ca, Sc, and Yb are all relatively compatible elements, and of none of
them can we expect more than 10% of the original mantle concentration to have
entered the crust. Hence, nodules with Ca/Al, Al/Sc, or Al/Yb ratios more than
10% of the C 1 value cannot represent primitive mantle material.

Among a great number of spinel-lherzolites studied by Jagoutz et al. (1979),
five nodules were found which have not lost significant amounts of Al or Ca and
can therefore be called “primitive” according to their major element chemistry.
However, only one of them (SC 1) meets the above criteria with respect to trace
element concentrations. Among the refractory oxyphile elements depletions are
observed for Ba, La, and Ce in nodule SC 1 which otherwise has almost chon-
dritic REE (rare earth elements) abundance patterns.

Measurements of Nd isotopes in SC 1 (spinel-lherzolite from San Carlos,
Arizona, USA) proved its primitive, i.e. unfractionated, character with respect to
the Sm/Nd system (Jagoutz et al. 1980). SC 1 clearly resided in a reservoir with
chondritic Sm/Nd ratio from the accretion of the Earth until about 800 Ma ago
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and was only then subjected to a slight depletion of Nd and the LREE (light rare
earth elements). On the other hand, it also became evident from the Nd data that
the depletion of sample KH 1 (Kilbourne Hole, New Mexico, USA) occurred at
the same time. In the case of the refractory elements Ti, La, Ba, U, etc. we can
actually not expect to find relative C 1 abundances in ultramafic nodules, since
for the most incompatible elements the portions that reside in the crust are in the
order of 30% to 50%.

In the meantime it was recognized that the San Carlos nodule SC 1 is in fact
contaminated with small amounts of a weathering residue widely present in the
San Carlos area and generally known as “caliche”. Leaching experiments as well
as analysis of the contaminating phase showed that appreciable amounts of S,
halogens, La and U measured in this nodule are derived from this phase. It also
turned out that the nodule SC 1 is very inhomogeneous. In an aliquot of the
sample used by Jagoutz et al. (1979) the unleachable K amounts to 127 ppm,
while in another sample of SC 1 only 35 ppm K were found (Wianke 1981). It
may be that these differences are due to variations of the modal composition.
Leaching was done with hot water for the samples analysed for Cl and Br and
with diluted HCI in the case of all other elements.

In the approach of Jagoutz et al. (1979) and Winke (1981), the abundances of
highly incompatible elements in the primitive mantle were estimated by the use of
cosmochemical constraints. In this work we have calculated the composition of
the primitive mantle (whole mantle plus crust) from analytical data of primitive
nodules from the upper mantle to which we added the crustal contribution using
data of Wedepohl (1975, 1981) and Hunt (1972). In other words, at least as a first
step we assume that the primitive spinel-lherzolites represent the composition of
the whole mantle. The lower mantle may differ in composition from that of the
upper mantle for a number of elements. (We will return to this point in Arndt
and Nesbitt and Smith et al., this Vol.) However, for major elements as well as
for refractory and compatible trace elements drastic differences between the
upper and lower mantle are unlikely. Any larger fractionation of these elements
would lead to a considerable change in the ratios of compatible elements or in the
ratios of non-mafic to mafic elements (Ca/Sc, Al/YDb, etc.). In SC 1 all these
ratios agree within 10% with the C 1 values.

Furthermore, there are a number of lherzolite nodules from localities all over
the world with very similar concentrations of oxyphile major and compatible re-
fractory trace elements which differ from C 1 abundances only by a Si deficiency.
If the upper mantle would indeed have (C 1 and Si) normalized abundances of Al,
Ca, Yb, etc. of about 2.0 and 2.2, as claimed by Anderson (1982a, 1983), where do
all the nodules come from that are only enriched in these elements by factors
between 1.2 and 1.5 with all the “most primitive” ones falling into this category?

The composition of the primitive Earth’s mantle (mantle + crust) obtained
in this way is listed in Table 2 and illustrated in Fig. 1, together with a recently
published estimate by Anderson (1983). There is also excellent agreement with
the estimates of Sun (1982 and this Vol.) derived from his partial melting model
using MORBs and Archaean komatiites as a data base.

Anderson (1983) used five components: ultramafic rocks 32.6%, crust
0.56%, MORB 6.7%, kimberlites 0.11%, orthopyroxene 59.8%. The propor-
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Table 2. Composition of the primitive mantle

Element mantle Ref.?2  Crust Mantle + crust Portion in
(primitive) % 0.59% crust
(nodules) (This work) (Anderson 1983) %
absol. norm. to C1 + Si
Mg % 22.22 A 0.014 2223 1.18 1.05 <0.1
Al 217 A 0.049 222 135 1.17 2.2
Si 21.31 A 0.166 21.48  1.00 1.00 0.77
Ca 2.50 B 0.029 2.53  1.40 1.17 1.1
Ti 0.132 A 0.0031 0.135 1.53 1.33 2.3
Fe 5.86 A 0.029 5.89  0.16 0.16 0.49
Li ppm 2.07 A 0.081 215  0.74 0.69 3.8
C 24 C 22.2 462  0.66x1073 — 48
F 16.3 A 3.1 19.4  0.18 0.25 16
Na 2745 A 144 2889 0.29 0.19 5.0
P 60 C 4.5 64.5  0.032 0.027 7.0
S* 8 C 5.2 13.2  1.1x107%  3.9x10"* (39)
cl 0.50 C 11.3 11.8  8.7x1073  5.6x1073 9%
K 127 C 104 231 0.22 0.14 45
Sc 16.9 A 0.126 17.0  1.43 1.21 0.74
v 81.3 A 0.79 82.1 0.73 0.66 1.0
Cr 3010 A 0.86 3011 0.56 0.42 <0.1
Mn 1016 A 50 1021 0.28 0.26 0.50
Co 105 B 0.15 105 0.10 0.096 0.14
Ni 2108 B 0.41 2108 0.097 0.087 <0.1
Cu 28.2 A 0.28 28.5 0.3 0.13 1.0
Zn 48 A 0.45 48.5  0.070 0.051 0.93
Ga 3.7 A 0.11 3.8 0.21 0.21 2.9
Ge 1.31 A 0.0078 1.32  0.021 0.017 0.59
As 0.14 F 0.012 0.152 0.041 - 7.9
Se* ppb 12.6 F 0.9 13.5  3.6x107% 5x107* 6.7)
Br 4.6 C 41 45.6 9.0x1073 - 90
Rb 276 A 466 742 0.18 0.090 63
Sr ppm 26.0 C 1.73 277 1.60 0.90 6.3
Ag ppb 2.51 F 0.41 2.92 6.9x1073  6.8x1073 14
cd 25.5 F 0.59 26.1 0.017 0.012 2.3
In 18.1 F 0.41 18.5  0.115 0.060 2.2
Sb 4.5 F 1.20 57 0.022 - 21
Te 19.9 F 0.012 19.9  4.2x1073 - <0.1
I 4.2 D 9.1 13.3  0.012 - 68
Cs 1.44 F 7.7 9.14  0.024 0.05 84
Ba ppm 2.40 C 3.20 560 1.27 1.08 57
La* 0.35 C 0.171 0.52  1.06 1.11 33
Ce 1.41 C 0.32 173 1.35 1.05 18.5
Nd 1.28 C 0.15 143 1.50 1.03 10
Sm* 0.49 C 0.033 0.52 1.68 0.99 6.3
Eu* 0.18 C 0.0083 0.188 1.61 1.07 4.4
Gd* 0.69 C 0.048 0.74 1.80 - 6.5
Tb* 0.12 C 0.0060 0.126 1.69 1.16 4.8
Dy 0.73 C 0.036 0.766 1.50 - 4.7
Ho 0.17 A 0.011 0.181 1.58 - 6.1
Er 0.44 A 0.020 0.46 1.38 - 4.3
Yb 0.47 C 0.020 0.49 1.48 0.92 4.1
Lu 0.071 C 0.0034 0.074 1.47 1.14 4.6
Hf 0.26 A 0.0204 0.28 1.16 1.31 7.3
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Table 2 (continued)

Element mantle Ref.2  Crust Mantle + crust Portion in
(primitive) % 0.59% crust
(nodules) (This work) (Anderson 1983) %
absol. norm. to C1 + Si
Ta ppb 12.6 D 13 256 091 1.36 51
37 C 13 50 1.78 26
w 16.4 A 7.7 241 0.3 - 32
Re 0.23 F 0.0060 0.236 3.2x10"% 1.3x1073 2.5
Os 3.1 F 0.0060 3.106 3.2x10"3%  3.0x107? 0.20
Ir 2.8 F 0.0060 2.81 29x1073  3.0x1073 0.20
Au 0.50 A 0.024 0.524 1.9x10"% 1.7x1073 4.6
U* 22.2 D 7.1 29.3*  1.78 1.16 (24)
@n C 71 (54.1) (3.28)

Data for the crust from Wedepohl (1975, 1981), except in the case of C for which the value of Hunt

(1972) is used.

Data for the mantle:

A SC 1 Jagoutz et al. (1979);

average of spinel-lherzolites (Jagoutz et al. 1979);

SC 1* = SC 1 leached, i.e. SC 1 minus contaminating phase; new data, unpublished and

Weckwerth (1983);

FR 1 (Jagoutz et al. 1979);

= SC 1 new data (Nonaka 1982);

= Abundance in primitive nodules may not be representative for the mantle as a whole; see text.
In particular all normalized abundances of refractory elements which grossly deviate from the
mean abundance value of 1.3 are suspicious. The largest deviation is observed in the case of U.
For U we prefer a normalized abundance of 1.3 for mantle + crust, leading to 21 ppb.

([l

I

B
C
D
F
*

tions of these components were calculated with the constraint to yield chondritic
abundance ratios for refractory oxyphile elements. As can be seen from Table 2 the
element pattern of Anderson’s mantle is very similar to that found here which, in
turn, is almost identical to previous estimates published by our group (Jagoutz et
al. 1979, Winke 1981). The high amount of orthopyroxene in Anderson’s model
calculation consequently leads to noticeably lower abundances for elements that
are low in orthopyroxene. His C 1-normalized Yb/Sc ratio, for example, is only
0.76. For the same reason he also finds drastic differences between the upper and
lower mantle. It is interesting to note that the abundance of his MORB component
of 6.7% very well matches the total mass of the oceanic basalts generated and sub-
ducted over 4 Ga, assuming present rates of 20 km>/a (Williams and von Herzen
1974) to be valid during the whole time. An irreversible loss of the subducted
oceanic crust was previously postulated by Ringwood (1971).

3 Discussion on the Overall Elemental Abundances
in the Primitive Mantle

Relative to Si and C 1 all oxyphile refractory elements and Mg — with a few ex-
ceptions that will be discussed below — have abundances between 1.2 and 1.5.
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Fig. 1. Composition of the primitive mantle of the Earth (mantle + crust). This work: upper curve;
Anderson (1983): lower curve. The metal/silicate partition coefficients (D,,,/;), as given in the figure,
are derived from experiments with molten silicates (Rammensee and Winke 1977; Schmitt and
Winke 1984; and unpublished data from our laboratory). In the actual metal segregation (core
formation) process the amount of silicate melt will probably not exceed a value of 20%. Hence, in the
case of incompatible elements with low solid silicate/liquid silicate partition coefficients like W, P,
etc. the actual D,/ will increase drastically (Newsom and Drake 1983). In the case of Ni, which is
readily accepted by olivine (high D,y,), the D/ is lowered. For elements like Ge or Ga with
solid/liquid partition coefficients close to 1 Dy, is independent of the amount of silicate melt. For
the relevant conditions Dy is about 7.4 (Irving 1978), which brings the metal/silicate partition
coefficient from 3100 down to about 750 under mantle conditions at 1300°C and low pressure

The depletion of V, Cr, and Mn first noted by Ringwood (1966) is striking, and
as we shall see this is very informative. Ringwood and Kesson (1977) favoured a
depletion mechanism based on the higher volatility of Cr and Mn compared to Si
as observed in the case of CM, CO, and CV chondrites (Kallemeyn and Wasson
1981). Dreibus and Winke (1979) presented evidence which makes the depletion
of Cr, Mn, and V by volatility less likely. Meteoritic basalts from the eucrite
parent body (EPB), formed under lower oxygen fugacity than terrestrial basalts,
as well as those from the shergotty parent body (SPB), that formed under higher
oxygen fugacity, indicate no 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. In the case of Cr
the volatility argument was never very convincing, and it fails completely in the
case of V, which is in fact a refractory element, and its abundance should be
compared to that of Al or Ca. The most likely explanation for the depletion of
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Mn and that of Cr and V in the Earth’s mantle is their removal into the Earth’s
core, either in reduced form as metals or sulphides or as oxides. In the case of Mn
depletion by volatilization may also have played a minor role. Removal in
reduced form was originally proposed by Ringwood (1966). Segregation into the
core in form of sulphides has been suggested by Hutchison (1974) to explain the
low concentration of Cr and Ti observed in many mantle xenoliths. However,
undepleted nodules contain Ti in C 1 abundance relative to the other refractory
oxyphile elements. Removal as oxides could be expected if the Earth’s core
contains a large amount of dissolved FeO as proposed by Ringwood (1977).

The moderately siderophile elements Ga, Cu, W, Ni, and Co are observed in
C 1 abundance ratios in spite of their different metal/silicate partition coefficients.
The high concentration of Ni in the Earth’s mantle has been the concern of many
scientists for a long time. Assuming a Ni concentration of 10% in the core, we
should expect with a metal/silicate partition coefficient of 750 and under equilibri-
um conditions a Ni concentration in the mantle of 130 ppm. It has been argued
that the partition coefficient is lowered due to high pressure or due to the presence
of sulphur or oxygen. These possibilities cannot be ruled out; however, they seem
unlikely. Because of the very similar (C 1 normalized) abundances of the elements
Ga, Cu, W, Ni, and Co in the mantle we do not only require conditions to lower
the partition coefficient for Ni, but conditions which make the partition coefficient
of these five elements almost equal. We should also note that the moderately vola-
tile elements K, Na, Rb, and F and the highly volatile element In are similar in
abundance to the moderately siderophile elements.

The highly siderophile elements are again highly over abundant compared to
the concentrations expected from their partition coefficients. Although less
abundant than the moderately siderophile elements by more than an order of
magnitude the highly siderophile elements Pd, Ir, Re, and Os appear again in
almost chondritic abundances relative to each other. To summarize, we note the
following trends in the elemental abundances in the mantle of the Earth (normal-
ized to C 1 and Si):

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

2. V, Cr, Mn depleted X (0.25t00.7)
3. Fe and moderately siderophiles (Ga, Cu, W, Co, Ni) de- X (0.1t00.2)
pleted

4. Moderately volatiles (Na, K, Rb, F, Zn) and the highly X (0.1t00.2)
volatile element In depleted

5. Highly siderophiles (Ir, Os, Re, Au, etc.) strongly de- X (0.002)
pleted

6. Highly volatiles (Cd, Ag, I, Br, Cl, Te, Se, C) strongly x (10720 10™%)
depleted

The uniform enrichment of Mg and the refractory oxyphile elements relative to
Si could also be interpreted in terms of a Si deficiency (Ringwood 1958; Winke
1981). It was suggested that the missing Si 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 compen-
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sated by a smaller ratio in the lower mantle (Liu 1979). The slightly higher abun-
dances of Al, Ca, and refractory trace elements (average 1.3) 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). Lithium is variable in the nodules studied
by Jagoutz et al. (1979), and its depletion follows La. Its small depletion in SC 1
(abundance 0.74) may be explained either by its incompatible character, by
volatility or by a combination of both.

4 Accretion Sequence of the Earth

To explain the observed elemental abundance pattern of the Earth’s mantle the
following inhomogeneous two component accretion model has been proposed
(Winke 1981).

Accretion started with highly reduced material free of moderately volatile and
volatile elements but containing all other elements in C 1 abundance ratios. Iron
and all siderophile elements occurred as metals (W), Si partly as metal, Cr, Mn,
and V as metals or sulphides. This is component A. Due to the high temperature
reached during accretion (Safranov 1978; Kaula 1979) segregation of metal, i.e.
core formation, will occur contemporaneously with accretion (Solomon et al.
1981).

After accretion of about two-thirds of the Earth and after core formation
more and more oxidized material (Fe, Co, Ni, W as well as all other siderophile
and oxyphile elements as oxides) was added, containing all elements including
moderately volatile and at least some volatile elements (In, etc.) in C 1 abun-
dances. This is component B.

As accretion proceeded, metal from component A, still present but in de-
creasing amounts, is thought to be responsible for complete extraction of highly
siderophile elements (Ir, Au, etc.) into the core. In fact, an Fe-FeS alloy will be
formed, as this metal will react with the material of component B. Ringwood
(1983) has recently suggested that FeS, on reaction with FeO, will generate a low
melting FeO-FeS eutectic. Noble metals would strongly partition into this FeO-
FeS melt and become extracted from the mantle. Ringwood postulates that up to
5% of such an FeO-FeS melt would not significantly change the abundance of
the moderately siderophile elements Ni, Co, Cu, W, and Ga.

Component B also contained volatile elements such as halogens, S, H,O, and
carbon. The latter occurred mainly in the form of organic compounds as found
in C 1 chondrites which, during impact on the Earth, were transformed into H,O
and CO,. The presence of H,0 as well as of Fe**were responsible that metallic
Fe finally became unstable and that the highly siderophile elements contained in
the last 0.2% of the mass added to the Earth remained in the mantle in chondritic
abundance ratios. However, lack of chemical equilibrium between metallic iron
and silicates must also be considered in this respect. We will return to this point
in Smith et al., this volume.

The moderately volatile elements ‘and volatile elements as well as moderately
siderophile elements observed in the Earth’s mantle are exclusively derived from



10 H. Winke, G. Dreibus and E. Jagoutz

component B. Thus, the similarity of the C 1 normalized abundances of moder-
ately volatile (F, Na, K, Rb, etc.) and moderately 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 it is estimated that, in total, the Earth consists to about
85% of component A and 15% of component B.

Ringwood (1977, 1979) has previously proposed a model to build the inner
planets from a reduced volatile-free and an oxidized volatile-containing compo-
nent. He assumed homogeneous accretion in which both components are added
simultaneously to the growing planet and are equilibrated with each other. In his
homogeneous accretion model the high abundances of moderately siderophile el-
ements in the Earth’s mantle are explained by a decrease in the respective metal-
silicate partition coefficients due to the presence of FeO in the metal phase.
Consequently, Ringwood proposed oxygen to be the principal light element in
the core. He argues and has recently presented experimental evidence (Jackson
and Ringwood 1981; McCammon et al. 1983) that at temperatures above 2500°C
large amounts of FeO dissolve in metallic iron. The key problem in his model is
that melting of the metal phase has to be delayed until the melting point has risen
to at least 2500°C which requires a pressure in the order of 50 GPa. However,
due to the high accretion temperature (Kaula 1979) metal segregation will take
place almost contemporaneously with accretion. Melting of the metal phase will
be facilitated by an admixture of C, Si, P, and S in reduced form. That is why we
prefer a mixture of these elements to have originally entered the core during
accretion. After segregation of the major portion of metallic iron it may well be
that considerable amounts of FeO from the lower mantle were transferred into
the core because of disproportionation of FeO as proposed by Ringwood (1979).
The resulting change of the FeO content of the Earth’s mantle was briefly discus-
sed by Jagoutz and Winke (1982).

The new interpretation of the Hugoniot data for iron by Brown and
McQueen (1982) may significantly reduce the density difference between liquid
iron and that of the Earth’s core. Consequently, the required amount of light ele-
ments admixed to FeNi is reduced. For example, 5 to 10% S would be sufficient
compared to the previous estimate of 9 to 12% S (Ahrens 1979)

As outlined above, the observed chemical composition of the Earth’s mantle
— though under certain circumstances not really in contradiction with homo-
geneous accretion — seems to be explained in a more straightforward way by an
accretion sequence in which the oxidized component is added in larger propor-
tions only after the accretion of about two-thirds of the Earth’s mass and after
segregation of the metal phase. (i.e. after core formation). Ringwood (1983) has
recently proposed a model in which the composition of the accreting matter also
changes somewhat during accretion in the direction from component A to that of
component B.

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

The required change in oxygen fugacity of the accreting material fits into
several models for the solar nebula. It is easy to visualize a scenario in which loss
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of H, from certain regions of the solar nebula is more rapid than that of H,O
which, for example, could be held back in form of ice grains.

The high depletion of all moderately volatile elements such as Na, K, F, Zn,
etc. on Earth and other objects of the inner solar system is a more severe con-
straint. Temperatures in the order of 1000 K are required to fractionate these ele-
ments from the more refractory ones. According to current models it is question-
able that such temperatures had been reached in the region where the Earth
formed (Cameron 1978). Small objects could have lost moderately volatile ele-
ments during or after accretion, but this seems impossible for large objects like
the Earth.

We have previously tried to visualize a solar nebula in which the only frac-
tionation of importance was that of water (Wanke and Rammensee 1981). Water
would only be added in appreciable quantities to planetesimals in regions where it
occurred in the form of ice or hydrates. Carbon seems to be the most abundant
element present in solid form in interstellar matter, either in form of graphite
(Mathis et al. 1977) and/or in form of “refractory” organic compounds (Green-
berg 1982).

Hence, in planetesimals which accreted from interstellar material unaltered
by a hot solar nebula, the abundance of carbon may be comparable to that of sili-
con. Depending on the accretion temperature, planetesimals would or would not
contain H,O. In the absence of water (inner part of the solar nebula) primary ob-
jects heated by the decay energy of 2°Al (Lee et al. 1976) and by chemical energy
(Clayton 1980) become strongly reduced by carbon. Hence, not only FeNi etc.
but also large amounts of Cr, Mn, V as well as a few percent of Si will be convert-
ed into metals or sulphides. However, as pointed out by Ringwood (1983), it may
not be possible to produce a metal with 10% or more Si in this way.

Parallel to reduction, other highly volatiles will be lost from the primary ob-
jects, together with large quantities of CO and CO,, while elements with conden-
sation points >500 K would not be affected. However, collisions of objects and
also explosions of objects due to the build-up of internal gas pressure will fre-
quently lead to total disruption of primary objects. If these objects contain
molten material, many droplets will be produced which loose their volatile and
moderately volatile elements very efficiently (Wanke et al. 1981; Zook 1981). All
that which is required then is a process which separates the devolatilized droplets
from the fine smoke-like volatile-rich matter. Component A could be generated
in this way.

Planetesimals containing large amounts of H,O will only reach considerably
lower temperatures since the heat sources will mainly be used up for the evapora-
tion of H,O and the reaction C + 2H,0 — CO,+ 2H,. Highly oxidized planetesi-
mals which retained most of their volatiles and which are compositionally similar
to C 1 chondrites will result (component B). Thus we might have a scenario which
fulfils the conditions of the accretion history of the Earth and which will result in
an increase in the bulk oxygen content from planet Mercury to Mars.

We would like to underline that the two components as described here should
only be considered as an approximation towards reality. The process responsible
for the creation of component A (reduction accompanied by removal of volatile
and moderately volatile elements) will not always lead to the visualized end pro-
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ducts. However, it seems that the actual situation can be successfully described in
the form of two components which physically should be addressed as end mem-
bers of a fractionation sequence. We expect that many objects have not reached
the reduction stage because of their high H,O content, but were only heated to
moderate temperatures. They will have lost only elements that are volatile under
oxidizing conditions. As seen from Table 1 (left column) these elements include
G, S, Se, Cl, Br, etc. but not In and Zn. The limited temperature will also prevent
loss of elements like Na and K but may affect Cs, Pb, etc. Furthermore, we will
have objects which are mixtures by themselves among the accreting matter.

Sun (1982) has tried to explain the abundance of elements in the Earth’s
mantle by dividing them into two major groups (siderophiles and lithophiles, i.e.
core-mantle differentiation) and by fractionation of the two groups prior and
during accretion by volatility-controlled processes. However, his appealing ap-
proach contains a number of inconsistencies. The siderophile elements Cu and
Ga fall on the fractionation curve of lithophiles. New data by Newsom and
Palme (1984) yield a Si-normalized mantle abundance of only 0.031 for the re-
fractory siderophile element Mo. The fractionation curve for siderophile ele-
ments is based on P, its chemical homologues (As and Sb), and Ge. For the
mantle abundance of these elements we refer to the discussion in Smith et al., this
volume.

5 Consequences of an Inhomogeneous Accretion of the Earth

In the preceding chapter we have tried to summarize the evidence in favour of in-
homogeneous accretion of the Earth as advocated previously by our group.

We will now investigate the consequences of inhomogeneous accretion of the
Earth and will also try to find further evidence for this model. During the first
phase of accretion component A is thought to be dominant, i.e. only small
amounts of moderately volatile and volatile elements are added to the growing
Earth. Water is not stable during this phase as it will react with metallic iron Fe°
+H,0 - FeO + H,. If metallic Si should be present we would have even lower
oxygen fugacities. In any case, the relative abundance of FeO will certainly be
considerably below the present value of the Earth’s mantle. Carbon, if present,
would also be in its elementary form.

Due to the energy of accretion, the Earth is heated to temperatures above the
solidus of the silicates (Kaula 1979). As the temperature will be highest in regions
close to the surface of the growing Earth, melting will begin from the outside.
However, segregation of metal — starting already at low degrees of partial
melting — will generate additional energy at greater depth. It is expected that
from a time when the Earth has reached about 10% of its final mass, metal
segregation and core formation will occur almost simultaneously with accretion.

After the Earth has reached about two-thirds of its present mass the mixing
ratio component B/component A increases considerably. Together with the
abundance of moderately volatile elements and metal oxides the abundance of
H,0 and CO, also increases. The high temperatures reached during the accretion
process (Kaula 1979) will result in an almost complete outgassing of the accreting
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matter, already severely devolatilized by the impact itself (Lange and Ahrens
1982, 1983), and only trace amounts of H,O and CO, will remain inside the
growing planet. However, it can be expected that carbon was present in reduced
form in component A and, hence, the lower mantle may contain some carbon.

A thick atmosphere — H,O being the main constituent — will develop and its
thermal blanketing effect will lead to a magma ocean with a depth of the order of
10% km. Solubility of the atmospheric gases in this magma ocean governs the at-
mospheric pressure which, in turn, controls the depth of the magma ocean by its
blanketing effect (Hayashi et al. 1979; Mizuno et al. 1980; Matsui and Abe 1984).
Volatiles (Cl, Br, I, Tl, Pb, etc.) and incompatible elements will become enriched
in the magma ocean relative to the solid mantle which will be very dry and devoid
of volatiles. Afterwards the mantle will act as a sink rather than a source of
volatiles (Arrhenius 1981). Until the Earth reaches about 50% of its present mass
the mantle is low in FeO, which is later added by component B. A considerable
fraction of FeO is possibly formed by the reaction of H,O from component B
with metal from component A, generating large amounts of H, which, on escape,
might take heavier volatile species with it (see Srikantappa et al., this Vol.).

The energy of accretion retained in the whole Earth is about 1.8 - 103!J (Kaula
1979), the energy release during core formation is 1.5 - 10*!J (Flasar and Birch
1973), while the energy produced during 4.55 Ga by the decay of K, Th, and U is
0.6 - 10°1J. Hence, about 85% of the total energy of the Earth were released dur-
ing accretion. As the estimates for the accretion time are in the 1% range of the
age of the Earth (Wetherill 1978), the energy output during accretion was about
500 times the mean energy output by the decay of the radioactive elements.
Today the turnover time of the Earth’s mantle by convection is in the order of
some 10% years. Therefore, we estimate the turnover time of the Earth’s mantle
during accretion to be less than 10° years, a value small relative to the accretion
time of about 4 - 107 years (Wetherill 1978). Component B was apparently added
to a vigorously convecting mantle, the outer layer of which was molten.

The highly convective mantle led to a nearly perfect homogenization of the
silicate portion of component A with component B, except for those elements
which, as a result of their incompatible character or their volatility, will concen-
trate in the magma ocean. The solid and the molten portion of the mantle
convect independently because of the large difference in viscosity. As accretion
progresses the solid/liquid boundary will continuously move upwards due to
crystal settling at the bottom of the magma ocean. Hence all compatible elements
of component B are readily mixed into the solid portion of the mantle. The
enrichment of incompatible elements in the magma ocean must be compensated
by only minor depletion of the solid mantle. Otherwise it is difficult to under-
stand the existence of almost primitive mantle reservoirs as evidenced by primi-
tive xenoliths. This may be accomplished by keeping the amount of melt small
but also, and perhaps more likely, by incorporation of melt into the solid as trap-
ped liquid. In this respect we disagree with the model proposed by Anderson
(1982b), in which the composition of the solid portion is governed by a large
degree of melting (>15%).

When its final mass is reached we have an Earth which is already inhomo-
geneous for a number of elements. Volatile elements like the halogens, Pb, TI,
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etc. will be strongly concentrated in the magma ocean. The reservoir of the
magma ocean as a whole will also be enriched in incompatible elements. The
enrichment may be somewhat higher for the moderately volatile elements which
are supplied by component B towards the end of accretion. On crystallization the
material of the original magma ocean was subjected to various additional frac-
tionation processes. Some portions of it probably ended up in the crust, others
were subducted and may in part be linked to ancient eclogites (Jagoutz et al.
1984).

From the moment at which plate tectonics and plate subduction start both re-
fractory and volatile incompatible elements will be returned into the mantle via
the oceanic crust but in part also from the continental crust in form of sediments
that overlie the oceanic basalts (Armstrong 1968, 1981).

Subducting solid material will always loose most of its volatiles and also a
considerable part of its incompatible elements. Thus, the mantle will always
remain highly depleted in all volatile elements.

6 The Abundances of some Crucial Elements

According to the two component inhomogeneous accretion model described
above, all moderately volatile and moderately siderophile elements should have
equal abundances (concentrations normalized to C 1) in the Earth’s mantle.
However, the abundances of elements ranging between moderately and highly
siderophile or having, under certain circumstances, high effective metal-silicate
or sulphide-silicate partition coefficients may be influenced by equilibration with
small amounts of metal, respectively sulphide. In the case of elements which are
distributed inhomogeneously within the Earth’s mantle our estimates might be
considerably in error as we assumed the regions of the upper mantle sampled by
the spinel-lherzolites to be representative for the whole mantle. Within this frame
we will now discuss the abundances of some crucial elements.

Zinc. The estimated normalized abundance of 0.07 for Zn is considerably lower
than that of other moderately volatile elements (like K, F, Cu). Zinc is a highly
compatible element; it easily enters olivine and orthopyroxene. Hence, one can
expect that Zn is evenly distributed over the whole mantle. In our approach to es-
timate the elemental abundances in the primitive mantle we have assumed that
the concentrations observed in the upper mantle hold for the whole mantle. If the
less compatible elements (Na, Cu, F, K, etc.) are slightly concentrated in the up-
per regions of the mantle, it is quite natural that we find lower abundances for
compatible elements which distribute more easily over the whole mantle.

K, Rb, Cs. It seems that more than 50% of the total inventory of all highly in-
compatible elements (K, Rb, Cs, Ba) reside in the crust. Hence, the accuracy of
the estimated abundances for the primitive mantle depends on the accuracy of
the crustal estimates. Furthermore, the question of homogeneous or inhomo-
geneous distribution of these elements in the mantle is of consequence to their
abundances in the crust-mantle system. From the amount of “°Ar in the Earth’s
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Table 3. Concentrations of highly incompatible elements in spinel-lherzolite nodules?®
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KH 1 PO 1 Ka 168 Fri sc1 Carb.
chondr.
type 1
K ppm 6.5) (33) 10 8.1 138 517
1.9% 127°
Rb ppm 0.018 0.13 0.075 0.048 0.276 2.06
Cs ppb 0.51 0.86 1.53 1.75 1.44 190
Sr ppm 5.62 7.51 9.25 14.8 26.7 8.6
5.0° 26.0°
Ba ppm 2.38) (4.10) 2.05 1.91 2.60 2.2
0.70° 2.40"
La ppm 0.051 0.081 0.18 0.36 0.51 0.245
0.042° 0.35°
U ppb @®.1 (14.8) 9.1 22.2 59.7 8.2
3.8% 47%
Cl ppm 0.5 1.4 1.93 1.4 0.95 678
0.50°
Br ppb 5.1 7.0 22.0 12.0 8.0 2.53
4.6°
I ppb <2 - <6 4.2 (40.5) 0.56
C ppm 73 98 - 103 55 35000
56° 210 37b 24b
S ppm 20 13 - <2 13 58000
14 8 <2b 8b
H,O ppm  (660) (740) - (1300) (840) -
K/Rb 361 254 133 165 500 251
K/U 550° (2230) 1100 368 2700° 63000
Rb/Sr 0.0032 0.017 0.0081 0.0032 0.012 0.24
Rb/Cs 35 151 49 28 191 10.8
Ba/U 184 277 225 86 51b 268
Cl/Br 98 200 88 117 119 268
Br/1 >2.6 - >3.7 2.9 - 4.5

@ Data from Jagoutz et al. (1979), Nonaka (1982), and this work; C 1 data: Palme et al. (1981).
Values in parentheses for cases in which large surface contaminations are suspected.
b Denotes leached samples, see text.

atmosphere an absolute lower limit of an average concentration of K is found
that would correspond to a K concentration of 117 ppm. Except for SC 1 (and SC
1*) all nodules recognized by Jagoutz et al. (1979) to be unaltered and represent-
ing primitive mantle material with respect to major and compatible trace ele-
ments contain surprisingly small amounts of K. Part of the K content of these
nodules is, in fact, the result of contamination at the surface (see the leached
sample KH 1* in Table 3), and the indigenous concentrations are even lower.
Hence, our approach using the least depleted nodule to monitor todays’ mantle
abundances may lead to an overestimation of the primitive mantle abundances in
the case of K but also in the case of other highly incompatible elements.

Ba. Contrary to the variation of La by about a factor of 8 between the least and
most depleted spinel-lherzolites of Jagoutz et al. (1979), the concentration of
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Ba, one of the most incompatible elements, are surprisingly constant (Table 3),
even taking into account the lower concentration in the acid leached sample KH
1*. This might point towards metasomatic alterations and equilibration within
large mantle volumes, caused by mobile fluid phases highly enriched in Ba and
other incompatibles. The concentrations of Cs, Rb, K, and possibly U may be in-
fluenced in a similar way.

REE. The abundance of La (about 1.1) is significantly lower that that of the
more compatible heavy REE (Yb = 1.48). This may point towards the existence
of a reservoir in which La has smaller depletions than in the reservoir sampled by
the most primitive spinel-lherzolites. As the majority of ultramafic xenoliths are
considerably lower in La as FR 1 and SC 1, there must be huge reservoirs con-
siderably depleted in the upper mantle, thus making the deficit in the LREE even
larger. Anderson (1983) has tried to account for this apparent discrepancy by
postulating the existence of a highly enriched reservoir (kimberlite composition),
residing in the upper mantle and amounting in mass to one-fifth of the crust. The
LILE (large ion lithophile elements) enriched liquids responsible for metasomatic
alterations exhibited by many mantle xenoliths may in fact be related to this
reservoir.

The REE patterns of the most primitive spinel-lherzolites studied by Jagoutz
et al. (1979), i.e. SC 1, SC 1* and FR 1, show a flat maximum in the region be-
tween the elements Nd and Dy relative to the light REE and the heavy REE. For
mantle + crust we find an overabundance of these elements. Again we have to
remember that we have used samples from the upper mantle to represent the
whole mantle. As discussed above me have to expect a migration of incompatible
refractory elements from the lower into the upper mantle. Kimberlitic liquids
may be responsible for this transport. In any case, addition of elements from the
lower mantle will be highest for the LREE and only modest for elements heavier
that Nd. However, the latter elements have been concentrated in the crust to a
small degree only, thus their overabundance in the upper mantle may be explain-
able.

U. Taking the U concentrations measured in SC 1* and FR 1 at face value, we
obtain abundances (above 1.8) higher than those of any other element. Assuming
a C 1-normalized uranium abundance equal to that of other refractory elements
and Mg (= 1.3), a mean U concentration of 21 ppb is obtained. This value comes
close to the U content of FR 1 and would indicate that there are mantle regions
that are almost devoid of K and considerably depleted in Ba and La, but that
kept all their uranium. To avoid this unacceptable solution, we propose that the
large concentration of U found in the least depleted reservoirs of the upper
mantle are due to a transport of U from the lower into the upper mantle, thus
overcompensating the extraction of U from the upper mantle into the crust. In
this respect it is important to mention that the Pb isotopes in spinel-lherzolites
(including one of the San Carlos area) plot in the MORB field, indicating high U
concentrations in the upper mantle on a time-integrated basis (Zartman and Tera
1973).

U/Pb and Rb/Sr System. Compared to their variation in meteorites, the varia-
tions of Sr and PDb isotopes in the terrestrial mantle are very small. In meteorites
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the chemical abundances are mainly determined by volatility, hence the Rb/Sr
and U/Pb ratios are anticorrelated. In consequence, the Sr and Pb isotopes are
highly variable and are also anticorrelated at first order. In the terrestrial mantle
anomalous radiogenic 2°°Pb is observed. This anomalous Pb is an important con-
straint in all models for the evolution of the Earth. Volmer (1977) and Dupré and
Allégre (1980) explained the variation in the Pb isotopes by continuous segrega-
tion of Pb with the sulphides to the core. Vidal and Dosso (1978) suggested that
Rb might also be chalcophile and follow Pb into the core.

Segregation of a pure sulphide phase as observed in the case of Mars (Sher-
gotty parent body; Burghele et al. 1983) seems highly unlikely for the Earth. As
pointed out by Newsom and Palme (1984), it would strongly affect the abun-
dance of other chalcophile elements like Mo in the terrestrial mantle, which is not
observed. Hofmann and White (1982) suggested that some U from the upper
continental crust may be transported back into the mantle by the river influx to
the oceans, subsequent uptake by the oceanic crust and its subduction. In
contrast, Ringwood (1982) suggested that U is retained in certain mantle minerals
(e.g. garnet).

In our model of an inhomogeneous accretion the early Earth would start with
a nearly homogeneous distribution of U over the whole mantle, only slightly af-
fected by its enrichment in the material of the original magma ocean.

Lead is supplied by component B towards the end of accretion. As a volatile
element it is concentrated in the magma ocean. Later Pb was gradually mixed
into the mantle. Hence, the U/Pb ratio in the outer regions of the mantle is ex-
pected to have increased with time. In addition, U from the lower part of the
mantle is transported upwards. Depending on the changes of the terrestrial con-
vection system a continuous or episodic increase of the U/Pb-ratio could be ex-
plained by this scenario (Cumming and Richards 1975; Stacey and Kramers
1975). Transport of U from the deeper part to its source region could explain the
anomalous 2%Pb/?™Pb ratio observed in MORB-basalts. For highly volatile ele-
ments it may be difficult to reach the lower mantle, hence the lead in the lower
mantle possibly always has been, and still is, very radiogenic.

The Rb/Sr ratios of the spinel-lherzolites studied by Jagoutz et al. (1979)
show only a relatively small range of variation (Table 3). The absolute values of
these ratios are, however, between 3 to 10 times below the estimated value of the
bulk Earth of about 0.029 (DePaolo and Wasserburg 1976; Hofmann and White
1983), indicating a strong Rb depletion even in the least depleted nodules. Part of
the Rb measured in the nodules may be from surface contamination, thus mak-
ing the actual depletion even larger. At least for the reservoir sampled by SC 1
most of the Rb depletion probably occurred at the time when the originally chon-
dritic Sm/Nd ratio was disturbed, i.e. 800 Ma ago (Jagoutz et al. 1980).

Because of Rb concentration in the crust, the Rb abundance as well as the
Rb/Sr ratio of upper and lower mantle are considerably below the values for the
bulk Earth. In contrast, the upper mantle is not depleted in U and Th, having an
overall higher and variable U/Pb ratio compared to the single stage Pb evolution
of the Earth. Nonradiogenic Sr and highly radiogenic Pb observed in MORB and
OIB (ocean island basalts) is in line with such a distribution of Rb and U relative
to Sr, respectively Pb (Zindler et al. 1982). It is also possible that the concentra-
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tions of the most incompatible elements observed in MORB do not necessarily
reflect their abundance in the MORB source regions, but may be influenced by
interaction with fluid phases rich in highly incompatible elements.

FeO. Archaean basalts contain more FeO than modern basalts (Glikson 1979;
Jagoutz and Winke 1982). The FeO content of the mantle may have been
lowered due to transfer of FeO from the lower mantle into the core. As discussed
by Ringwood (1979) disproportionation of FeO may be the responsible process.
Nickel and Co may be similarly affected.

Ge. The abundance of Ge (= 0.021), almost a factor of 5 below that of Ni, seems
to argue strongly against an inhomogeneous accretion of the Earth. Germanium
is only moderately volatile, but in the Earth’s mantle it is less abundant than Zn
or Cu. :

We have explained the even higher depletion of Ir and other highly sidero-
philes by the presence of small amounts of metal. Segregation of this metal
lowered the abundance of Ir etc. drastically, but left the moderately siderophiles
(Ni and Co) almost unaffected. Recent determinations of metal/silicate partition
coefficients showed that the partition coefficient of Ge indeed falls between those
of Ni and Ir. Schmitt and Winke (1984) found that D(Ge) = 2500 for Ig fO, =
—12.7 and 1300°C. In addition to the partition coefficient it is a kinetic effect
which allows the more volatile Ge to equilibrate faster and, hence, more com-
plete with a metal phase than Ni or Ir. Rambaldi et al. (1978) and Rambaldi and
Cendales (1979) observed the following metal/silicate concentration ratios in the
equilibrated bronzite chondrite Pultusk: Ir = 48, Au = 128, Ni = 218, Ge =
1200. Hence, the concentration ratios do no follow the actual partition coeffi-
cients but merely reflect the volatility, i.e. the mobility of the elements.

Au. In connection with the kinetic effect discussed for Ge, it is worthwhile to
note that the Au/Ir ratio in nodules analysed by Jagoutz et al. (1979) have a
mean value of 0.13+0.1 compared to the C1 Au/Ir ratio of 0.29. The nodules
studied by Morgan et al. (1981) also show Au/Ir ratios considerably below the
C1 ratio. Both Ir and Au are highly siderophile elements; however, Au is much
more volatile than Ir, though not quite as volatile as Ge. We interpret the ap-
parent depletion of Au relative to Ir as an indication that the more mobile Au
found its way to equilibrate more effectively with metallic iron that Ir. In the case
of Ge this effect should even be larger. In fact, Au is also more chalcophile than
Ir. However, a trend towards depletion of chalcophile elements like that found
for Mars (SPB, Burghele et al. 1983) is not observed for the Earth’s mantle.

P. The abundances of P and its chemical homologues As and Sb are considerably
below the abundances expected according to the inhomogeneous accretion
model. Phosphorus has siderophile tendencies which are even larger if the metal
is in liquid phase. As shown by Newsom and Drake (1983) the liquid-metal/lig-
uid-silicate partition coefficient of P is 160 (for lunar conditions) which is in the
range of that of Co. Phosphorus, contrary to Co, behaves as an incompatible ele-
ment and will concentrate in partial melts. As pointed out by Newsom and Drake
(1983), the actual extraction of an element by a metal phase is greatly enhanced in
such cases, in which the element is concentrated in a partial melt or residual
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liquid of small degree. We must therefore expect a considerable depletion of P by
even small amounts of metal.

7 Distribution of Volatiles in Earth’s Mantle and Crust

Previous measurements of Cl and Br (Jagoutz et al. 1979) yielded very low con-
centrations of these elements in unaltered spinel-lherzolites (Cl1 = 0.4 —2 ppm,
Br = 5—13 ppb). Recently we found similarly low concentrations of iodine in
these samples (I = 2—4 ppb) (Table 3). However, the ClI/Br and Br/I ratios
match the corresponding C 1 values almost exactly. Hence, the assumption of C1
ratios for Cl, Br, and I being valid for the whole Earth seems well justified as
these ratios are also found in garnet-lherzolites and in crustal rock composites.

The water and carbon contents in spinel-lherzolites are in the range of
0.066 — 0.13% and 21 — 103 ppm, respectively. Extremely low concentrations of
S were found in these samples (8 —20 ppm). We have listed all data on water in
parentheses in Table 3 as considerable takeup of water by the olivine-rich nodules
is to be expected at the surface. Hence, the data probably do not reflect the true
abundance of water in the upper mantle.

Partial loss of sulphur, halogens and other volatiles during eruption of the ul-
tramafic nodules as observed for subaerial basalts (Unni and Schilling 1978;
Moore and Fabbi 1971; Sakai et al. 1982) cannot be excluded. In particular the S
and Se abundances in Table 2, based on the observed concentrations in SC 1,
may have been lowered considerably by such a process.

In order to investigate such a partial loss in the case of the halogens, we com-
pare, in Table 4, the concentrations of incompatible volatile and some non-vola-
tile incompatible elements in the spinel-lherzolite PA 15 A with the concentra-
tions of these elements in the basanite Pa 53 B. It was shown by Zindler and
Jagoutz (unpubl. data) that the spinel-lherzolite is in isotopic equilibrium, for Nd
and Sr, with the basanite PA 53 B. As can be seen from Table 4 the basalt/
lherzolite ratio for Cl is 234, i.e. between that of Sr and La. For the elements F,
Sr, La, Ba the enrichment factors found for basanite PA 53 B almost match re-
spective values obtained by Schilling et al. (1980) who compared basalts from dif-
ferent sections of the mid-atlantic ridge. In the case of Cl Schilling et al. (1980)
found an enrichment factor equal to that of the most incompatible elements Ba,
Rb, Cs. We suspect that the Cl concentration measured in PA 15 A may still be

Table 4. Comparison of various incompatible elements in spinel-lherzolite PA 15 A and its host
basanite PA 53 B from San Carlos (Both samples were kindly supplied by M. Prinz, see also Frey and
Prinz 1978)

F Sr La K Ba Cl
Basanite PA 53 B ppm 652 856 40.4 20150 380 234
Spinel-lherzolite PA 15 A ppm 5.5 6.27 0.11 28.8 0.54 1.0

RatioPa53B/PA15 A 119 137 355 699 703 234
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too high because of incomplete removal of the surface contamination. The un-
treated sample contained 2.6 ppm Cl, but leaching with hot water lowered the Cl
concentration to 1.0 ppm. The conclusion that most of the total inventory of
halogens reside in the Earth’s crust seems well justified. Certainly one cannot ex-
pect that an element like Cl is concentrated in the crust to a smaller degree as, for
example, Ba or K.

The abundances of a number of volatile species in the Earth are considerably
below those which would be introduced by the homogeneous or inhomogeneous
two component accretion models, assuming C1 abundances for these volatile ele-
ments in the component containing oxidized volatiles.

Loss of an early atmosphere has been discussed by several authors (Walker
1982; Sekiya et al. 1980) who suggested depletion factors in the order of 10°. It
might well be that component B was depleted for the most volatile elements rela-
tive to C1 prior to accretion. Neglecting such a depletion, we can estimate upper
limits for the abundance of volatile elements before their hypothetical loss. Tak-
ing the SC 1 concentration at face value, we find more than 90% of the Earth’s
total inventory of halogens to reside in the crust. In the case of K and Ba the
crustal contribution is in the order of 50%. For the equally incompatible but
volatile elements Cl, Br, and I the crustal portion must be at least equal or more
likely higher. A C 1 abundance in component B would yield 102 ppm CI for the
whole Earth compared to 8 ppm Cl as derived from Table 2. Hence, for the
halogens a depletion factor due to escape after accretion in the order of 10 is ob-
tained. A H,O concentration of 7.2% in C 1 chondrites (for the 15% of compo-
nent B) yields an abundance of 1.1% H,O for the Earth. This amount exceeds the
crustal H,O abundance by about a factor of 30. However, H,O could have been
used up by the reaction Fe + H,0 —» FeO + H, (Ringwood 1979), raising the
FeO content from 3.5% (15% component B) to 7.8%, a value not unreasonable
for the early Earth (Jagoutz and Winke 1982). The large amounts of H, will be
lost in a hydrodynamic escape process, which also removed heavier volatile
species very efficiently (Hayashi et al. 1979; Walker 1982). The loss of volatiles
must have been mass independent as Cl, Br, and I are present on the Earth in C 1
abundance ratios (Table 2).

Arrhenius (1981) assumed that the Earth’s mantle was completely devoid of
volatiles after accretion and acted as a sink rather than a source of volatiles. Ac-
cording to his model the oceans and the Earth’s atmosphere observed today orig-
inated from outgassing of the solid matter during accretion. The volatiles were
reintroduced into the mantle after core formation by the subduction of oceanic
plates.

Acknowledgements. We would like to express our thanks to I. Kiefer and B. Spettel for their devoted
help in this investigation. All neutron activation analyses were carried out in the TRIGA-research
reactor of the Institut fiir Anorganische Chemie und Kernchemie der Universitdt Mainz. We wish to
thank the staff of the TRIGA-reactor. We are indebted to A. E. Ringwood, S.-S. Sun, and G.
Wetherill for their constructive reviews which improved the paper considerably. This work was car-
ried out within the Forschergruppe Mainz supported by the Deutsche Forschungsgemeinschaft.



Mantle Chemistry and Accretion History of the Earth 21

References

Ahrens TJ (1979) Equation of state of iron sulfides and constraints on the sulfur content of the Earth.
J Geophys Res 84:985 — 998

Anders E (1964) Origin, age and composition of meteorites. Space Sci Rev 3:583 —714

Anders E (1965) Chemical fractionations in meteorites. NASA Contract Rep CR-299

Anderson DL (1982a) Isotopic evolution of the mantle: A model. Earth Planet Res Lett 57:13 —24

Anderson DL (1982b) Chemical composition and evolution of the mantle. In: Akimoto S,
Manghnani MH (eds) High-pressure research in geophysics, advances in Earth and planetary
sciences, Vol 12, Japan, pp 301 - 318

Anderson DL (1983) Chemistry of the primitive mantle. Lunar und Planetary Science-XIV, pp 56,
Lunar and Planetary Institute, Houston

Armstrong RL (1968) A model for the evolution of strontium and lead isotopes in a dynamic Earth.
Rev Geophys 6:175—-199

Armstrong RL (1981) Radiogenic isotopes: the case for crustal recycling on a near-steady-state no-
continental-growth Earth. Philos Trans R Soc Lond A 301:443 —472

Arrhenius G (1981) In: Stiller H, Sagdeev RZ (eds) Advances in space research (planetary interiors)
1:37-48

Brown JM, McQueen RG (1982) The equation of state for iron and the Earth’s core. In: Akimoto S,
Manghnani MH (eds) High-pressure research in geophysics, advances in Earth and planetary
sciences, Vol 12, Japan, pp 611 —623

Burghele A, Dreibus G, Palme H, Rammensee W, Spettel B, Weckwerth G, Winke H (1983) Chemis-
try of shergottites and the shergotty parent body (SPB): Further evidence for the two component
model of planet formation. Lunar and Planetary Science-XIV, pp 80— 81, Lunar and Planetary
Institute, Houston

Cameron AGW (1978) Physics of the primitive solar accretion disk. Moon Planets 18:5—40

Clayton DD (1980) Chemical energy of cold-cloud aggregates: The origin of meteoritic chondrules.
Astrophys J 239:1.37 - L41

Cumming GL, Richards JR (1975) Ore lead isotope ratios in a continuously changing Earth. Earth
Planet Sci Lett 28:155-171

DePaolo DJ, Wasserburg GJ (1976) Inferences about magma sources and mantle structure from vari-
ations of 13Nd/!**Nd. Geophys Res Lett 3:743 — 746

Dreibus G, Winke H (1979) On the chemical composition of the Moon and the eucrite parent body
and a comparison with the composition of the Earth. Lunar and Planetary Science-X, pp
315317, Lunar and Planetary Institute, Houston

Dupré B, Allégre CJ (1980) Pb-Sr-Nd isotopic correlation and the chemistry of the North Atlantic
mantle. Nature 286:17 —22

Flasar FM, Birch F (1973) Energetics of Core formation: A correction. J Geophys Res 78:6101 — 6103

Frey F, Prinz M (1978) Ultramafic inclusions form San Carlos, Arizona: Petrologic and geochemical
data bearing on their petrogenesis. Earth Planet Sci Lett 38:129—-179

Ganapathy R, Anders E (1974) Bulk compositions of the Moon and Earth, estimated from meteor-
ites. Proc 5th Lunar Sci Conf, Geochim Cosmochim Acta, Suppl 5:1181 — 1206

Glikson AY (1979) Siderophile and lithophile trace-element evolution of the Archaean mantle. BMR
J Aust Geol Geophys 4:253 — 279

Greenberg JM (1982) What are comets made of? A model based on interstellar dust. In: Wilkening
LL (ed) Comets, University of Arizona Press, Tucson, Arizona, pp 131 -163

Hayashi C, Nakazawa K, Mizundo H (1979) Earth’s melting due to the blanketing effect of the pri-
mordial dense atmosphere. Earth Planet Sci Lett 43:22—28

Hofmann AW, White WM (1982) Mantle plumes from ancient oceanic crust. Earth Planet Sci Lett
57:421-436

Hofmann AW, White WM (1983) Ba, Rb and Cs in the Earth’s mantle. Z Naturforsch 38a:256 — 266

Hunt JM (1972) Distribution of carbon in crust of Earth. Bull Am Assoc Petrol Geol 56:2273 — 2277

Hutchison R (1974) The formation of the Earth. Nature 250:556 — 558

Irving AJ (1978) A review of experimental studies of crystal/liquid trace element partitioning. Geo-
chim Cosmochim Acta 42:743 — 770

Jackson I, Ringwood AE (1981) High-pressure polymorphism of the iron oxides. Geophys J R Astr
Soc 64:767 — 783



22 H. Winke, G. Dreibus and E. Jagoutz

Jagoutz E, Palme H, Baddenhausen H, Blum K, Cendales M, Dreibus G, Spettel B, Lorentz V,
Winke H (1979) The abundances of major, minor and trace elements in the Earth’s mantle as
derived from primitive ultramafic nodules. Proc 10th Lunar Planet Sci Conf, Geochim Cosmo-
chim Acta, Suppl 11:2031 — 2050

Jagoutz E, Carlson RW, Lugmair GW (1980) Equilibrated Nd-unequilibrated Sr isotopes in mantle
xenoliths. Nature 286:708 — 710

Jagoutz E, Winke H (1982) Has the Earth’s core grown over geologic times? Lunar and Planetary
Science-XIII, pp 358 — 359, Lunar and Planetary Science Institute, Houston

Jagoutz E, Dawson JB, Hoernes S, Spettel B, Winke H (1984) Anorthositic oceanic crust in the
Archaean Earth. Lunar and Planetary Science-XV, pp 395 — 396, Lunar and Planetary Institute,
Houston

Kallemeyn GW, Wasson JT (1981) The compositional classification of chondrites — I. The carbona-
ceous chondrite groups. Geochim Cosmochim Acta 45:1217 — 1230

Kaula WM (1979) Thermal evolution of Earth and Moon growing by planetesimal impacts. J Geo-
phys Res 84:999 — 1008

Lange ML, Ahrens T (1982) The evolution of an impact-generated atmosphere. Icarus 51:96—120

Lange ML, Ahrens T (1983) Shock-induced CO,-production from carbonates and a proto-CO,-at-
mosphere on the Earth. Lunar and Planetary Science XIV, pp 419 — 420, Lunar and Planetary In-
stitute, Houston

Lee T, Papanastassiou DA, Wasserburg GJ (1976) Demonstration of 2Mg excess in Allende and
evidence for 2°Al. Geophys Res Lett 3:41 —44

Liu L-G (1979) On the 650-km discontinuity. Earth Planet Sci Lett 42:202 — 208

Mathis JS, Rumpl W, Nordsieck KN (1977) The size distribution of interstellar grains. Astrophys J
217:425-433

Matsui T, Abe Y (1984) The formation of an impact-generated H,O atmosphere and its implication
for the early thermal history of the Earth. Lunar and Planetary Science-XV, pp 517 — 518, Lunar
and Planetary Institute, Houston

McCammon CA, Ringwood AR, Jackson I (1983) Thermodynamics of the system Fe-FeO-MgO at
high pressure and temperature and a model for formation of the Earth’s core. Geophys J R Astr
Soc 72:577 - 595

Mizuno H, Nakazawa K, Hayashi C (1980) Dissolution of the primordial rare gases into the molten
Earth’s material. Earth Planet Sci Lett 50:202 — 210

Moore JG, Fabbi BP (1971) An estimate of the juvenile sulfur content of basalt. Contrib Mineral
Petrol 33:118 - 127

Morgan JW, Wandless GA, Petrie RK, Irving AJ (1981) Composition of the Earth’s upper mantle —
1. Siderophile trace elements in ultramafic nodules. Tectonics 75:47 — 67

Newsom HE, Drake MJ (1983) Experimental investigation of the partitioning of phosphorus between
metal and silicate phases: Implication for the Earth, Moon, and eucrite parent body. Geochim
Cosmochim Acta 47:93 — 100

Newsom HE, Palme H (1984) The depletion of siderophile elements in the Earth’s mantle: New evi-
dence from molybdenum and tungsten. Lunar and Planetary Science-XV, pp 607 — 608, Lunar and
Planetary Institute, Houston

Nonaka J (1982) Uber die Haufigkeit von bisher wenig untersuchten Elementen im Erdmantel.
Thesis, Universtitdt Mainz

Palme H, Suess HE, Zeh HD (1981) Abundances of the elements in the solar system. In: Schaifers K,
Voigt HH (eds) Landoldt-Bornstein Vol 2, (Astronomy and astrophysics), Springer, Berlin
Heidelberg New York pp 257 —273

Rambaldi ER, Cendales M, Thacker R (1978) Trace element distribution between magnetic and non-
magnetic portions of ordinary chondrites. Earth Planet Sci Lett 40:175 — 186

Rambaldi ER, Cendales M (1979) Moderately volatile siderophiles in ordinary chondrites. Earth
Planet Sci Lett 44:397 — 408

Rammensee W, Winke H (1977) On the partition coefficient of tungsten between metal and silicate
and its bearing on the origin of the moon. Proc Lunar Sci Conf 8th, Geochim Cosmochim Acta,
Suppl 8:399 — 409

Ringwood AE (1958) The constitution of the mantle — III; Consequences of the olivine-spinel transi-
tion. Geochim Cosmochim Acta 15:195 — 212

Ringwood AE (1966) Mineralogy of the Mantle. In: Hurley P (ed) Advances in Earth science, MIT
Press, Boston, pp 357 —398



Mantle Chemistry and Accretion History of the Earth 23

Ringwood AE (1970) Origin of the Moon: The precipitation hypothesis. Earth Planet Sci Lett
8:131-140

Ringwood AE (1971) Core-mantle equilibrium: Comment on a paper by R Brett. Geochim
Cosmochim Acta 35:223 -230

Ringwood AE (1977) Composition of the core and implications for origin of the Earth. Geochem J
11:111-135

Ringwood AE, Kesson SE (1977) Basaltic magmatism and the bulk composition of the Moon II.
Siderophile and volatile elements in Moon, Earth and chondrites. Implications for lunar origin.
Moon 16:425 — 464

Ringwood AE (1979) Origin of the Earth and Moon. Springer, Berlin Heidelberg New York

Ringwood AE (1982) Phase transformations and differentiation in subducted lithosphere: Implica-
tions for mantle dynamics, basalt petrogenesis, and crustal evolution. J. Geol. 90:611 — 643

Ringwood AE (1983) Geochemical relationships between the Earth’s core and mantle. Lunar and
Planetary Science-XIV, pp 646 — 647, Lunar and Planetary Institute, Houston

Safranov VS (1978) The heating of the Earth during its formation. Icarus 33:3-12

Sakai H, Casadevall TJ, Moore JG (1982) Chemistry and isotope ratios of sulfur in basalts and vol-
canic gases at Kilauea Volcano, Hawaii. Geochim Cosmochim Acta 46:729 — 738

Schilling J-G, Bergeron MB, Evans R (1980) Volatiles in the mantle beneath the North Atlantic.
Philos Trans R Soc Lond A 297:147-178

Schmitt W, Winke H (1984) Experimental determination of metal/silicate-partition coefficients of P,
Ga, Ge, and W as function of oxygen fugacity. Lunar and Planetary Science-XV, pp 724 — 725,
Lunar and Planetary Institute, Houston

Sekiya M, Nakazawa K, Hayashi C (1980) Dissipation of the rare gases contained in the primordial
Earth’s atmosphere. Earth Planet Sci Lett 50:197 — 201

Solomon SC, Ahrens TJ, Cassen PM, Hsui AT, Minear JW, Reynolds RT, Sleep NH, Strangway
DW, Turcotte DL (1981) Chapter 9: Thermal histories of the terrestial planets. In: Basaltic
volcanism on the terrestrial planets, pp 1129 — 1234, Pergamon, New York

Stacey JS, Kramers JD (1975) Approximation of terrestrial lead isotope evolution by a two-stage
model. Earth Planet Sci Lett 26:207 — 221

Spettel B, Jagoutz E (1981) Granatlherzolite und Mantelzusammensetzung. Fortschr Miner
59:259 — 260

Sun S-S (1982) Chemical composition and the origin on the Earth’s primitive mantle. Geochim Cos-
mochim Acta 46:179 — 192

Sun S-S (1984) Geochemical characteristics of Archaen ultramafic and mafic volcanic rocks: Implica-
tions for mantle composition and evolution. This Vol. 25 —-46

Unni CK, Schilling J-G (1978) Cl and Br degassing by volcanism along the Reykjanes Ridge and
Iceland. Nature 272:5648 — 5652

Vidal P, Dosso L (1978) Core formation: catastrophic or continuous? Sr and Pb isotope geochemistry
constraints. Geophys Res Lett 5:169 — 172

Volmer R (1977) Terrestrial lead isotopic evolution and formation time of the Earth’s core. Nature
270:144 - 147

Walker JCG (1982) The earliest atmosphere of the Earth. Precambrian Res 17:147 —171

Winke H, Baddenhausen H, Dreibus G, Jagoutz E, Kruse H, Palme H, Spettel B, Teschke F (1973)
Multielement analyses of Apollo 15, 16, and 17 samples and the bulk composition of the Moon.
Proc 4th Lunar Sci Conf, Geochim Cosmochim Acta, Suppl 4:1461 — 1481

Wiénke H (1981) Constitution of terrestrial planets. Philos Trans R Soc Lond A 303:287 — 302

Winke H, Dreibus G, Jagoutz E, Palme H, Rammensee W (1981) Chemistry of the Earth and the sig-
nificance of planets and meteorite parent bodies. Lunar and Planetary Science-XII, pp
1139 - 1140, Lunar and Planetary Institute, Houston

Winke H, Rammensee W (1981) Primary and secondary objects: A new concept of the early days of
the solar nebula. Meteoritics 16:397 — 398

Weckwerth G (1983) Anwendung der instrumentellen B-Strektrometrie im Bereich der Kosmochemie,
insbesondere zur Messung von Phosphorgehalten. Thesis, Universitit Mainz

Wedepohl KH (1975) The contribution of chemical data to assumptions about the origin of magmas
from the mantle. Fortschr Miner 52:141 —172

Wedepohl KH (1981) Der priméire Erdmantel (Mp) und die durch die Krustenbildung verarmte Man-
telzusammensetzung (Md). Fortschr Miner 59:203 — 205 ’



24 H. Winke, G. Dreibus and E. Jagoutz: Mantle Chemistry and Accretion of the Earth

Wetherill GW (1978) Accumulation of the terrestrial planets. In: Gehrels T (ed) Protostars and
planets, University Arizona Press, Tucson, Arizona, p 565

Williams DL, Von Herzen RP (1974) Heat loss from the Earth: New estimate. Geology (Boulder)
2:327-328

Zartman RE, Tera F (1973) Lead concentration and isotopic composition in five peridotite inclusions
of probable mantle origin. Earth Planet Sci Lett 20:54 — 66

Zindler A, Jagoutz E, Goldstein S (1982) Nd, Sr and Pb isotopic systematics in a three-component
mantle: A new perspective. Nature 298:519 — 523

Zook HA (1981) On a new model for the generation of chondrites. Lunar and Planetary Science-XII,
pp 1242 — 1244, Lunar and Planetary Institute, Houston



Geochemical Characteristics of Archaean Ultramafic
and Mafic Volcanic Rocks:
Implications for Mantle Composition and Evolution

S.-S. SuN!
Contents
BID §919'd 7o L1 (o5 7o) o PR 26
2 Chemical Composition of the Earth’s Primitive Mantle ............................. 27
2.1 Effect of the Mantle-Core Differentiation Process ............. ... ..o, 30
2.2 Effect of Meteorite Bombardment after Mantle-Core Differentiation ................. 32
2.3 Possible Secular Variation of Total FeO Abundance in the “Primitive Mantle” ......... 33
3 Chemical and Isotopic Heterogeneities in the ArchaecanMantle ...................... 34
3.1 Isotopic HEterogeneity .. ... oottt 34
3.2 REE HeEterogeneity .. ..o ovvure ettt et eee e 35
3.3 Major Element Heterogeneity .............c..uiuuiiiiiiiiiinrienennnnn. 36
4  Geochemical Characteristics of Archaean Mafic and Ultramafic Volcanic Rocks

and Their Tectonic Implications ...........ccoii ittt 36
5 Effect of Archaean Volcanic Activity on the Chemistry of the Continental Lithosphere

and Archaean UpperMantle .......... ... i 40
6 Effect of the Archaean Tectonism and Magmatism on Mantle Evolution .............. 41
205 4= 1oL T 42
Abstract

A constant TiO,/P,Os ratio of 10, estimated for the primitive mantle from
3.8 Ga to the present, suggests that the mantle-core fractionation process, at
least for the upper mantle, was completed before 3.8 Ga ago. Moreover, a
significant degree of mantle-crust and/or intra-mantle differentiation in the pre-
Archaean (>3.8 Ga) is indicated by Nd and Sr isotopic data.

Chondritic ratios for refractory lithophile elements (e.g. Al, Ti, Zr, Y, REE)
are commonly observed among non-Barberton type (Al-undepleted) Archaean
komatiites and high magnesian basalts with chondritic REE patterns. Barberton
type (Al-depleted) peridotitic komatiites and differentiates (in contrast to con-
temporary tholeiitic rocks and non-Barberton type komatiites) commonly found
in 3.5 — 3.8 Ga terrains have Al/Ti values only half the chondritic ratio and are
depleted in heavy REE and Sc. This difference might be due to different magma
generation processes (preferred) or chemical and mineralogical stratification in
the early Archaean mantle. Available Hf isotope data do not support the view
that such heterogeneity in the mantle is related to core-mantle differentiation oc-
curring ~ 4.5 Ga ago.

Comparatively small-scale heterogeneities in major and trace element abun-
dances and isotopic ratios inferred for the sources of Archaean mafic and ultra-

1 Division of Petrology and Geochemistry, Bureau of Mineral Resources, Geology and Geophysics,
PO Box 378, Canberra ACT 2601, Australia
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mafic volcanic rocks are similar in degree to those estimated from Recent mantle-
derived volcanic rocks. Many of the Archaean mafic and ultramafic volcanic
rocks exhibit geochemical characteristics similar to typical modern MORB (light
REE depleted) showing coherency between major and trace element abundances.
However, some high magnesian basalts are characterized by light REE enrich-
ment and a decoupling of major and some commonly incompatible elements
such as Ti, Zr, Nb, REE, and P, suggestive of a mantle enrichment process
related to eclogite melting. The occurrence of eclogite may be related to either
subduction in the Archaean or sinking of underplated mafic to ultramafic igne-
ous rocks from beneath the continental crust.

Underplating by residual peridotite beneath the Archaean continental crust
and subsequent mantle metasomatism could significantly modify the trace ele-
ment and isotopic compositions of the sub-continental upper mantle. Reactiva-
tion of this material could provide a major source for Proterozoic to Recent con-
tinental basalts.

Because chemical and isotopic heterogeneities are such ancient features with-
in the mantle, a deeper understanding of the present-day mantle requires a more
detailed knowledge of pre-Archaean and Archaean mantle processes.

1 Introduction

Chemical and isotopic studies of Archaean mafic and ultramafic volcanic rocks
are relevant to a number of important questions including:

1. the composition of the bulk Earth, core and the primitive mantle;

2. the chemical effect of core-mantle differentiation;

3. the early history of the actively evolving mantle-crust system;

4. the chemical effect of meteorite bombardment events in the early history of
the Earth;

5. chemical and isotopic heterogeneities in the Archaean mantle;

6. boundary conditions for mantle evolution models.

They also offer an insight into magma generation processes and possible tectonic
environments in which the Archaean volcanic rocks were emplaced.

The early history of the Earth’s mantle was complicated by several processes
such as heterogeneous accretion of the Earth from meteoritic material, mantle-
core differentiation, extensive partial melting, intra-mantle mineralogical and
chemical differentiation, formation of the protocrust, recycling of crustal mate-
rial back into the mantle and continuous influx of meteoritic material before and
after core formation. These processes are likely to have produced considerable
long term and short term mineralogical and chemical heterogeneities in the pre-
Archaean mantle. To counter-balance these processes, vigorous mantle convec-
tion at that time offers a potential homogenization mechanism.

Conceptionally it would be very useful if a unique primitive mantle composi-
tion after core formation could be estimated. Such a composition could then of-
fer important boundary conditions for a discussion of cosmochemistry of the
Earth and to evaluate the geochemical effect of core-mantle differentiation.
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Modification of such primitive mantle composition could involve processes
such as extraction and addition of melts, recycling of crustal material, mantle
mixing and mantle metasomatism under different tectonic environments. With
reasonable assumptions on mantle mineralogy, melting conditions and mineral-
melt distribution coefficients during partial melting, estimates for the geochemi-
cal consequences of these processes could be made.

Physical conditions in the Archaean mantle could have been considerably dif-
ferent from the present in many aspects, and magma generation processes could
also have been more complicated (e.g. Nisbet and Walker 1982). There might
have been more than one tectonic environment where ultramafic and mafic mag-
mas were generated. Geochemical characteristics of these magmas could offer
useful information of the enrichment-depletion processes in the mantle, residual
mineralogy and possible tectonic environments.

Chemical and isotopic heterogeneities observed in the Archaean mantle could
be the results of both long term and short term processes. The long term proces-
ses include those mentioned earlier for the pre-Archaean period and their con-
tinuation into Archaean time, whereas the short term processes could include in-
tra-mantle (such as in the Low Velocity Zone) differentiation, mantle crust inter-
action and dynamic melting (Langmuir et al. 1977) which took place shortly be-
fore or during magma generation. As a result of Archaean tectonic activities and
related magmatism, the chemistry of the lithosphere underneath the continental
crust could be extensively modified by underplating of mantle material and inter-
action of the Archaean magmas with the lithosphere (e.g. Weaver and Tarney
1981). Further melting of these parts of the upper mantle at a later time could
produce mafic and ultramafic magmas bearing geochemical and isotopic finger
prints of such processes.

Physical and chemical processes that operated in the Archaean mantle also
had a decisive effect on the subsequent chemical and isotopic evolution of the
convective mantle regions which later served as magma sources for younger vol-
canics.

In this paper, data and ideas relevant to the above mentioned concepts will be
critically evaluated. New approaches that might lead to a better understanding of
mantle chemistry and evolution will be proposed. Such understanding will also
help to improve our knowledge concerning the origin and evolution of the
continental crust. Throughout this paper, emphasis will be made on necessity of
high quality data on well selected samples. Only when this condition is fulfilled
will significant progress become possible.

2 Chemical Composition of the Earth’s Primitive Mantle

On the basis of the chemistry of Archaean and modern mafic and ultramafic vol-
canic rocks (e.g. Nesbitt and Sun 1976; Sun and Nesbitt 1977; Sun et al. 1979),
modern ultramafic mantle nodules (e.g. Jagoutz et al. 1979), alpine peridotites
and ultramafic tectonites of ophiolite complexes Sun (1982) has recently made an
estimate for the composition of the Earth’s primitive mantle (= unfractionated
mantle material after core formation). It was suggested that chemical composi-
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Fig. 1. Elemental depletion factors versus solar condensation temperature for the Earth’s primitive
mantle. Depletion factor= abundance of element in the primitive mantle/Cl chondrite relative to
Mg. B = siderophile, ® = lithophile, + = chalcophile during solar condensation. Stars used for
some elements represent possible upper limits. Modified after Fig. 3 of Sun (1982). New V value of 57
ppm for Cl chondrite (Anders and Ebihara 1982) is used to replace 42 ppm used in Sun (1982). New
W and Mo values are from Newsom and Palme (1984)

tion of the inferred primitive mantle has essentially not changed since 3.8. Ga
ago to the present, although there is a suggestion that the Archaean magma
sources in the mantle might have had a somewhat higher 2 FeO content than the
modern upper mantle (e.g. Glikson 1971, 1979; Sun and Nesbitt 1977; Jagoutz
and Winke 1982; see also Wiinke et al., this Vol., eds.).

As shown in Fig. 1 on a carbonaceous chondrite normalized plot with con-
densation temperature >700°K, the element abundances for the primitive man-
tle appear to show two roughly parallel trends which are defined by the lithophile
and siderophile elements, respectively. The lithophile element trend might repre-
sent a volatility controlled pattern for the Earth before core formation, whereas
the siderophile trend represents the effect of core formation. Available Ti/Ga
and Ti/P data would suggest that these two trends probably have not changed
since the early Archaean. A constant Ti/P ratio observed among mafic and ultra-
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Fig. 2. TiO, versus P,0; plot to estimate the TiO,/P,05 ratio for the primitive mantle. Measured
(P,05),, value for each sample was corrected by a chondrite-normalized Eu*/Nd ratio of that sample
to account for deviation of its REE pattern and TiO,/P,Oj5 ratio from the primitive mantle with
chondritic REE abundances (see Fig. 2 of Sun 1982). Data source: Nesbitt and Sun (1976), Nesbitt et
al. (1979), Sun and Nesbitt (1978, and unpubl. data), Sun et al. (1979), Jahn et al. (1980, 1982),
Schwarz and Fujiwara (1977), Gansser et al. (1979) and other literature data

mafic rocks since 3.8 Ga ago to the present (Fig. 2) would also argue for comple-
tion of core formation before 3.8 Ga ago.

Data presented in Fig. 1 are, however, open to alternative interpretations. It
is possible that the lithophile and siderophile element trends are results of a fortu-
itous combination of processes occurring before and after core formation. For
example, the lithophile element trend from Mg through Si, Cr, Li to Mn might
have resulted from core formation but not from the volatility effect, i.e. these
elements might have had C1 chondrite relative abundances before core forma-
tion. Large amounts of V, Cr, and Mn could have been taken into the core along
with FeO (e.g. Dreibus and Wianke 1979), whereas Si was taken into the lower
mantle (e.g. Liu 1982). If this interpretation is correct, then Li depletion in the
primitive mantle (Fig. 1) has to be explained by the same mechanism. Li appears
to behave as a chalcophile element in enstatite chondrite under very reducing
conditions (e.g. Shima and Honda 1967). Concentration of sulphide into the
Earth’s core could explain this Li depletion. A possible scenario for earth-form-
ing processes involves three stages of inhomogeneous accretion of the Earth and
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core formation (e.g. Morgan et al. 1981; Winke 1981; Newsom and Palme 1984;
see also Wiinke et al., this Vol., eds.):

1. 85—-90% of the Earth accreted from reduced chondritic components. Winke
(1981) suggested that these components were refractory and did not contain
volatile elements. Simultaneous iron core formation depleted basically all si-
derophile elements but with some retention of FeO in the silicate mantle.

2. Addition of 10— 15% more oxidized chondritic components took place after
core formation was completed. These components account for abundances of
siderophile elements (e.g. Ni, Co, W, Mo, Cu, Ga, P, Ag, Sb, Ge) and volatile
elements in the mantle. Extraction of a very small amount (< 1%) of metal
into the core from the partially molten mantle could severely deplete highly si-
derophile elements (e.g. Ir, Pd, Au, Pt), whereas moderately siderophile ele-
ments such as W, Mo, P, Ag, Ge would be depleted to different extents. Ni,
Co, Cu, and Ga remained in the silicate mantle.

3. A final accretion of ~1% of chondritic material brought in highly siderophile
elements. Retention of a small amount of metals in the mantle during the sec-
ond stage process could also contribute partly to siderophile element abun-
dances in the mantle.

The systematic patterns observed in Fig. 1 could serve as firm boundary con-
ditions for any model concerning the cosmochemical origin and geochemical evo-
lution of the Earth. For example, on the basis of the lithophile element trend in
Fig. 1 one could confidently conclude that K and Rb are not abundant and S is
not the major light element in the core (e.g. Ringwood 1977). The data could also
be used for a comparison of the chemical composition of the Earth and other
planetary bodies in the solar system.

2.1 Effect of the Mantle-Core Differentiation Process

During the very early history of the Earth, and probably within the first 100 Ma,
the bulk of the Earth’s core was formed through segregation of iron from a mix-
ture of silicates, oxides and iron (e.g. Ringwood 1977). Through this process a
large quantity of siderophile elements and practically all noble metals were con-
centrated into the core. Dreibus and Winke (1979) suggested that some Mn, Cr,
and V (lithophile elements) were also incorporated into the core along with some
FeO. Considerable variation in ratios between lithophile and siderophile
elements such as Ti/P, Al/Ga, Si/Ge, and U/Pb could be generated through het-
erogeneous accretion and core formation, if subsequent mixing through mantle
convection was not effective. Depending on the density contrast and the thermal
conditions in the mantle during core formation, Liu (1979, 1982) proposed that,
as a result of density contrasts among mantle minerals under high pressure and
temperature conditions, mineralogical and chemical stratification in the mantle
could be generated during core formation. The lower mantle will be enriched in
minerals with perovskite structure and be richer in Si and Al than the upper man-
tle. This process could explain the depletion of Si ( ~15%) relative to the refrac-
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tory elements such as Mg in the estimated “primitive mantle” (Fig. 1), although
the relatively volatile character of Si might also be responsible for this depletion.
On the other hand, Nisbett and Walker (1982) suggest that a melt layer of
ultramafic composition could have existed within the Archaean upper mantle
and acted as the source for peridotitic komatiites. Solidification of this melt layer
might result in chemical and mineralogical stratification in the upper mantle (e.g.
Anderson 1980). To counter-balance these processes, vigorous mantle convection
associated with core formation and during the early history of the Earth offers a
homogenization mechanism.

The net result of these competing processes could be evaluated quantitatively
by a detailed study of spatial and secular variation of elemental ratios such as
Ti/Zr, Ti/P, Al/Ga, Si/Ge, and U/Pb in mafic and ultramafic volcanic rocks
erupted since the early Archaean to the present. Available data on Ti/Zr, Ti/P,
Al/Ga, and U/Pb (based on Pb isotopic data) for inferred primitive mantle fail
to indicate any obvious large scale secular variation (e.g. Sun 1982). Unless the
lower mantle has never been directly involved in volcanism on the Earth’s sur-
face, the apparent constant ratios observed would favour the idea of a grossly
homogeneous (upper?) mantle.

It is important to note, however, that early Archaean komatiites of Barberton
type commonly have Al,0;/TiO, ratios only half that of chondrites (Fig. 3), and
on a chondritic normalized plot they show heavy REE and Sc depletion relative
to the middle REE and Ti (e.g. Sun and Nesbitt 1978a; Jahn et al. 1982). Never-
theless, basaltic and komatiitic samples with close to chondritic Al;0,/TiO,
ratios are common in the early Archaean (e.g. Smith and Erlank 1982). In
contrast, komatiites with low Al,03/TiO, ratios are rarely found in the late
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Fig. 3. AL,O; versus TiO, plot for Archaean komatiites and high magnesian basalts. Barberton-type
komatiites have Al,0;/TiO, ratios close to 10, whereas other samples have values close to chondrite
(~20). Data source and symbols are the same as in Fig. 2
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Archaean greenstone belts (e.g. Sun and Nesbitt 1978a; Schulz 1982). They gen-
erally have ratios close to chondrites. Such contrast could be caused by long term
mineralogical and chemical stratification of the mantle (as discussed earlier) or
magma generation processes involving garnet separation (Green 1975; Sun and
Nesbitt 1978a; Ohtani 1984). On the basis of high pressure experimental work,
Ohtani (1984) suggested that komatiites derived from a partially molten mantle
diapir originating at great depth (200 —400 km) with density controlled garnet
settling at = 200 km will be Al-poor (Barberton type); whereas Al-undepleted
komatiites were probably derived from a diapir originating at shallower depth
(=< 200 km) without garnet separation. To distinguish between the two alterna-
tives, it is necessary to apply isotope studies. Available Nd isotope data for Ar-
chaean mafic and ultramafic volcanics do not offer a solution to this problem, as
no distinction has been reconized between Barberton and non-Barberton type ko-
matiites. The Lu-Hf decay scheme could be useful to test the possibility of long
term fractionation of heavy REE (Lu) from middle REE (may be represented by
Hf) associated with Barberton type komatiites. Inferences could be derived from
76 £/17"Hf data for early Archaean felsic volcanic rocks reported by Patchett et
al. (1981) and Patchett (1982). These data give no indication of long term and
large scale fractionation of Lu/Hf from a chondritic ratio in their source regions
which were ultimately derived from the mantle.

2.2 Effect of Meteorite Bombardment after Mantle-Core Differentiation

There is general consensus that, during core formation, practically all noble metals
in the mantle at that time were incorporated into the core, and their presence in the
mantle is due to later falling of meteorites. About 1% (as compared to 0.4% for
the present day crust) of meteorite input after the time of core formation (~
4.4 Ga?) till about 3.8. Ga (major lunar cratering period) could account for the
noble metal abundances now observed in mantle samples (e.g. Chou 1978).
Heterogeneous distribution of these meteorite showers could cause considerable
mantle chemical heterogeneity in volatile, chalcophile and siderophile elements,
especially in noble metals. It might also affect the Pb isotope evolution in different
parts of the Earth, especially in the continental crust and upper mantle.

Available Pb isotope data in the literature (e.g., Richards et al. 1981; Tilton
1983; Chauvel et al. 1983), although subject to model-dependent interpretation,
suggest that only a limited degree of long term integrated U/PDb ratio heterogene-
ity (< 8%7?) has existed in the Archaean mantle. The limited amount of noble
metal data reported in the literature for 2.7 Ga old greenstone samples and mod-
ern ultramafic nodules as summarized in Sun (1982) also fail to indicate a large
scale of heterogeneity in the Earth’s mantle.

A detailed study of Ti/Re ratios in mantle-derived ultramafic and mafic melts
of different ages could help greatly to better evaluate the question concerning
heterogeneous distribution of noble metals in the Earth’s mantle. During large
degrees of mantle melting, Re apparently behaves like an incompatible lithophile
element similar to Ti, and therefore, the measured Ti/Re ratios could offer a
good indication of noble metal abundances in the magma sources.
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2.3 Possible Secular Variation of Total FeO Abundance in the
“Primitive Mantle”

In Fig. 2 it was shown that the TiO,/P,Os ratio (10 1) in the primitive mantle
apparently has not changed since the early Archaean. This constancy implies that
core formation had the same effect on mantle sources of these analyzed samples,
consequently no secular variation in the total FeO content in the primitive mantle
of different ages is expected. In contrast to this conclusion, 2 FeO estimates for
modern upper mantle based on fertile ultramafic xenoliths, alpine peridotites and
ultramafic tectonites associated with ophiolite complexes consistently suggest a
value of 8.3+0.2% (e.g. Ringwood 1975; Jagoutz et al. 1979; Sun 1982; Ernst
and Piccardo 1979), whereas model-dependent estimates for the Archaean upper
mantle based on komatiite chemistry generally give higher X FeO values of 9.0 to
9.3% (e.g. Bickle et al. 1977; Sun and Nesbitt 1977). A plot of MgO vs FeO for
komatiites and high magnesian basalts from the early Archaean to the present
(Fig. 4) also suggests that the Archaean magma sources might have had a consid-
erably higher X FeO content than modern mantle domains which produce mid-
ocean ridge basalts (MORB) with both light REE enriched and depleted patterns
(see also Wiinke et al., this Vol., eds.).

The paradox between the constant Ti/P ratio and a seemingly secular variable
X FeO abundance in the primitive mantle could be due to a deficiency in our
models of magma generation processes and/or due to a mechanism which could
decouple FeO from Ti, P, (W and Mo?) and other lithophile elements such as
REE in the mantle. A mechanism such as transfer of FeO from the lower mantle
to the core (e.g. Jagoutz and Winke 1982) might not affect the Ti/P ratio. How-
ever, if this mechanism was responsible, available geochemical data discussed
earlier would require that mantle-wide convection took place during the Ar-
chaean and that growth of Earth’s iron core by this mechanism had no effect on
chondritic relative abundances of the highly siderophile elements observed in the
primitive mantle (unlikely?). Other possible processes, which may account for

Fig. 4. Total FeO versus MgO plot for
komatiites and high magnesian basalts of
various ages and modern mid-oceanic
ridge basalts (MORB). Komatiites
include samples from Archaean (A4)
05 greenstone belts, the Proterozoic (1.8
S 12®E 5 Ga)Cape Smith belt, Canada, and early
11e  Tertiary Gorgona Island. High magne-
sian basalts include samples from
Archaean greenstone belts and early
Tertiary (E) picrites from the Baffin Bay
area. TiO, abundances in these samples
are also shown as references for degree
of partial melting. Effects of addition of
olivine Fo 92 and Fo 87 to MORB are
indicated by arrows. Data source:
Glikson (1979), Arndt and Nesbitt
(1982), Echeverria (1980), Clarke (1970)
! 1 L 1 1 ] plus references for Fig. 2
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differences of 2 FeO in Archaean and modern mantle include heterogeneous dis-
tribution of subducted oceanic crust (FeO rich) and residual lithosphere (FeO
poor) back into (Archaean and modern) mantle, and variations in Mg/Fe distri-
bution coefficients between melt and residual minerals under different P-T melt-
ing conditions. Further research is needed to resolve this paradox.

3 Chemical and Isotopic Heterogeneities in the Archaean Mantle

On the basis of ¥’Sr/%Sr initial ratios observed in Archaean basalts and anortho-
sites, Jahn and Nyquist (1976) suggested that a long term regional heterogeneity
of the Rb/Sr ratio has existed in the Archaean mantle. Similarly, Sun and Nesbitt
(1977) used REE data for Archaean mafic and ultramafic volcanic rocks to sug-
gest that large scale trace element heterogeneities similar to those observed in the
modern mantle existed in the Archaean. On the basis of major element data,
Glikson (1971, 1979) suggested that the Archaean mantle was richer in FeO than
the modern upper mantle. Chemical and isotopic heterogeneities in the mantle
could be produced by long term and short term processes such as mantle-core-
crust differentiation, mantle-crust interaction, subduction of oceanic crust and
intra-mantle differentiation under different tectonic environments.

It is important to point out that some observed variations might also be pro-
duced by post-magmatic alteration. For example, negative Eu anomalies are
commonly found in Archaean ultramafic and mafic volcanic rocks. Sun and Nes-
bitt (1978a) suggested that they are most likely due to Eu?* (behaves like mobile
element Sr) removal under reducing crustal environment. A possible alternative
explanation is that the negative Eu anomalies reflect the real mantle source char-
acter and are related to the formation of an anorthositic Earth’s protocrust simi-
lar to the situation on the Moon. This explanation is not favoured. In addition to
lack of consistent Eu anomalies in Archaean mafic to ultramafic volcanics
pointed out by Sun and Nesbitt (1978a), Taylor and McLennan (1981) also
showed that REE data for the earliest Archaean sediments are not consistent with
an anorthositic protocrust.

3.1 Isotopic Heterogeneity

Accurate Sr and Nd isotope data now available in the literature (e.g. Jahn and
Nyquist 1976; Fletcher and Rosman 1982; McCulloch and Compston 1981;
Chauvel et al. 1984) firmly indicate that long term chemical heterogeneities exist-
ed in the Archaean mantle. ¥Sr/%Sr initial ratios for 2.7 Ga old greenstone
rocks, anorthosites and clinopyroxene separates of worldwide distribution range
from 0.7005 to 0.7015. Although the cause of this variation is not well defined,
corresponding variations in 3Nd/'Nd initial ratios have been observed. For
example, greenstone samples from Vermillion (Minnesota) and Kambalda (W.
Australia) have low initial ¥’Sr/%Sr ratios of 0.7005 to 0.7007. They have &yq of
about +4 (McCulloch and Compston 1981; Jahn and Nyquist 1976; Ashwal et
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al. 1981; Chauvel et al. 1984). In contrast, samples from Zimbabwe and Abitibi
(Canada) have higher initial 8’Sr/%Sr ratios of 0.7010 to 0.7012 (Jahn and Ny-
quist 1976; Zindler et al. 1978; Machado et al. 1983; Chauvel et al. 1983), and
lower &ng values (0 to 2.5). If these heterogeneities were allowed to exist since 4.5
Ga ago and developed to the present, Jahn and Nyquist (1976) and McCulloch
and Compston (1981) showed that they could explain the variations observed
among modern oceanic basalts from mid-ocean ridges and oceanic islands.

Recently, Cattell et al. (to be published) and Chauvel et al. (1984) reported
large variations in **Nd/**Nd initial ratios for different late Archaean mafic to
ultramafic metavolcanics from Newton Township, Canada (eng = 4.2t0 +1.6)
and Kambalda, W. Australia (enqg = —2.4 to +4.4). These data strongly suggest
mantle source isotopic heterogeneities and/or contamination by sialic crust with-
in a single greenstone belt.

Assuming that the primitive Earth’s mantle had exactly the same average
Sm/Nd ratio as average chondrites (Jacobsen and Wasserburg 1980), the
3Nd/1%Nd data (enq +1 to +2) for metavolcanics from the 3.5 Ga old Pilbara
(Western Australia) and Barberton (South Africa) and the 3.8 Ga old Isua (West
Greenland, see McCulloch and Compston 1981) greenstone belts would suggest
that their mantle sources had a long term light REE depleted history which could
have resulted from melt extraction, intra-mantle differentiation or formation of
the protocrust long before 3.5 Ga ago.

Lead isotopic heterogeneities in the Archaean mantle have also been estab-
lished through several recent detailed studies of greenstone metavolcanics (e.g.
Tilton 1983; Chauvel et al. 1983, 1984). A variation of integrated u; values of
about 8% (u, = 7.8 to 8.4) from 4.6 Ga to the late Archaean (~2.7 Ga) is indi-
cated by available data. However, no correlation between x4 and &g values has
yet been established. It is important to point out that, as in the case of Sr and Nd
isotope studies, crustal contamination may also be responsible for some of the
Pb isotope variation especially those observed in layered intrusive mafic-ultra-
mafic complexes.

3.2 REE Heterogeneity

It is now well established that the range of variation of La/Sm ratios existing in
the mantle sources of Archaean volcanics is similar to that estimated for the
modern mantle (e.g. Sun and Nesbitt 1977; Jahn et al. 1980). Similar to the mod-
ern basalts, such variation could be due to either short term or long term frac-
tionation processes operating in the Archaean mantle. For example, REE pat-
terns of mafic and ultramafic volcanic rocks from Kambalda, Western Australia
and Newton Township, Canada show a large range of variation from severely
light REE depleted to light REE enriched (Arth et al. 1977; Sun and Nesbitt
1978a; McCulloch and Compston 1981). Since these volcanic rocks were pro-
duced by large degrees of partial melting, their REE patterns would reflect the
mantle source character (e.g. Sun and Nesbitt 1977). Detailed Nd isotope studies
on these two areas (e.g. Cattell et al. to be published; Chauvel et al. 1984) indicat-
ed quite different initial '*Nd/*Nd ratios for different rock types. Conse-
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quently, such variation could be due to long term differences of Sm/Nd ratios in
their source regions. However, Chauvel et al. (1984) pointed out that such varia-
tion could also be generated by involvement of ancient crustal material through
lithosphere subduction or crustal contamination.

Variations in abundance of other incompatible elements such as Ti, Zr, Y,
Nb, Rb, Sr, Th, U, P, and Ba are expected to be associated with the REE hetero-
geneity. A detailed and systematic study of Archaean mafic and ultramafic vol-
canics such as in the case of Munro Township komatiites and tholeiites (Arndt
and Nesbitt 1982) is required to accurately assess the covariant abundance rela-
tionship among these elements including REE.

3.3 Major Element Heterogeneity

It is difficult to accurately evaluate the extent of major element heterogeneity in
the Archaean mantle using chemical composition of Archaean mafic and ultra-
mafic volcanics, because the melt composition is controlled by melting processes
and the residual mineralogy as well as source composition. For example, varia-
tion in TiO, abundances in komatiites of similar MgO content (Fig. 1, in Sun
1982) could be due to Ti abundance variation in the source regions (favoured by
the author) but could also be due to different degrees of partial melting under
different P, T conditions. Nevertheless, on the basis of present knowledge about
Archaean mantle conditions, such as active thermal and magmatic activities, it is
logical to expect some degree of heterogeneity in the mantle at that time.

As discussed earlier (Sec. 2.1) the cause of large variations in the Al abun-
dance of Archaean komatiites with similar MgO and Ti contents has been a ma-
jor issue in the study of komatiites (e.g. Sun and Nesbitt 1978a; Jahn et al. 1982).
This has possible implications for the long term chemical and mineralogical
stratification in the early Archaean mantle.

On a smaller scale, the inferred major and trace element heterogeneity in the
Archaean mantle appears to have been documented in some well studied areas
such as Pilbara, Western Australia (Glikson 1979; Glikson and Hickman 1981),
dand Barberton, South Africa (e.g. Viljoen and Viljoen 1969; Jahn et al. 1982).
The well pronounced nature of such variation is likely to be related to short term
mantle processes in a vigorously dynamic Archaean mantle. These could involve
processes such as dynamic melting (Langmuir et al. 1977), mixing of partial melt-
ing products (e.g. eclogite) and residues (e.g. refractory harzburgite) back into
the mantle melting domains, and second stage melting of refractory mantle mate-
rial.

4 Geochemical Characteristics of Archaean Mafic and Ultramafic
Volcanic Rocks and Their Tectonic Implications

There is a general consensus that basalts occurring in different modern tectonic en-
vironments commonly have distinctive geochemical characteristics (Figs. 5 and 6),



200

100

w
o

Values

Normalized

100

50

Values
=

Normalized

2

Geochemical Characteristics of Archaean Ultramafic and Mafic Volcanic Rocks

MORB from

2 Average ‘typical’ MORB

1

‘plume” ridge segment

1

Alkali

1

basalt

Pb

(Cl)

Ta

1 1 1  —— 1 1 i A
Cs Rb Ba Th U Nb K La Ce

(Br)

Sr

1
Nd
p

(F) Zr

Ti

1 1 i
Sm Eu Gd

Dy

Y

Er

1 i
Yb Lu

37

Fig. 5. Normalized abundance patterns for moderately to highly incompatible elements in basalts
from mid-oceanic ridges and alkali basalts from ocean islands (after Fig. 18a of Sun 1980). For re-
fractory lithophile elements such as Ti, Zr, REE, U, Th, Nb, Sr, and Ba ordinary chondrite values are
used for normalization. For moderately volatile elements such as K, Rb, and P values estimated for
the primitive mantle (Sun 1982) are used

high Al basalt
calc - alkali basalt
alkali” basalt

e}

© Tholeiite

gv are for Pb, Sr, Zr, Ti and Y

i Il ! 1 | i 1 ! 1 1 1 1 ! 1 Il i L

Cs Rb Ba Th U Nb K La Ce Nd Sm Eu Gd Dy Er
Pb Ta Sr P Zr Ti Y

Fig. 6. Normalized abundance patterns for moderately to highly incompatible elements in basalts
from island arcs (after Fig. 18b of Sun 1980)

Yb



values

Normalized

38 S.-S. Sun

although disagreement exists with regard to the interpretation of these variations.
Factors most likely to be responsible for such differences include the effect of
oceanic lithosphere subduction under island arcs, different mechanisms for
chemical enrichment or depletion taking place under different tectonic environ-
ments, and different partial melting processes (e.g. Ringwood 1975; Sun 1980).
In island arc environments dehydration and partial melting of the subducted
oceanic crust are considered responsible for the relative overabundance of Rb,
Sr, Ba, K, Cs, and Pb and depletion of Nb, Ta, and Ti in the basalts (Fig. 6). Hy-
drous melting conditions under the island arc has also been suggested to be re-
sponsible for depletion of Ni in arc basalts (e.g. Hart and Davis 1978).

Archaean komatiites and high magnesian basalts are believed to be generated
by large degrees of partial melting of a pyrolite-type source with a residue con-
sisting of olivine with or without some orthopyroxene (e.g. Green 1981). Under
these conditions, practically all the incompatible elements (e.g. REE, Ti, Zr, Y,
Nb, Ta, P) and major elements such as Al and Ca will be concentrated in the
melt. Consequently, the incompatible element ratios of the melt reflect the source
character.

There are two basic patterns observed among Archaean mafic volcanic rocks
(Fig. 7). Samples of the first type show coherence of major and trace elements.
On a chondritic normalized plot they have flat or light REE depleted, heavy REE
flat patterns and TiO,/P,Os ratios close to 10. Chondritic ratios are commonly
observed among refractory lithophile elements such as Ti/Zr, Ti/Y, Ti/heavy
REE, Al/Ti, and Ca/Ti. This regularity is basically the same as that observed in
modern ‘typical’ MORB (Fig. 5). Elements which are mobile during alteration
and metamorphism (e.g. Rb, U, Ba, K) are not considered here, although avail-
able data on least altered samples do not indicate much deviation from Fig. 5.
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Fig. 7. Two distinct normalized abundance patterns for “immobile” moderately to highly incompati-
ble elements in Archaean komatiites and high magnesian basalts. See text for data source
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Samples with the above characteristics are very common in most Archaean green-
stone belts (e.g. Nesbitt and Sun 1976; Nesbitt et al. 1979; Jahn et al. 1980; Arndt
and Nesbitt 1982).

Samples of the second type show light REE enrichment and decoupling of
major and incompatible trace elements. This kind of sample is best illustrated by
the high magnesian spinifex-textured basalts (STB) from the ~ 2.7 Ga old Negri
volcanics in Pilbara, Western Australia (Sun and Nesbitt 1978a; Nesbitt and Sun
1980). They have a flat heavy REE pattern and lower chondrite normalized Ti
and Zr values than the middle REE. There is a distinct Nb depletion relative to
light REE. This type of sample is silica-rich and generally has a Al,04/TiO, ratio
considerably higher and Ti/Zr ratio considerably lower than the chondrite ratios
of ~21 and 110, respectively. These geochemical characteristics are similar to
modern boninites (e.g. Sun and Nesbitt 1978b). Enrichment of Rb, Ba, and K are
commonly observed but not well defined due to secondary mobility problems.
The occurrences in several localities in Yilgarn and Pilbara, Western Australia
(Sun and Nesbitt 1978b) and in Barberton, South Africa (Jahn et al. 1982),
would suggest that this type of volcanic rock is common in the Archaean.

Other examples of major/trace elemental decoupling are tholeiites from
Theo’s flow in Munro Township, Canada (Arndt and Nesbitt 1982). One picrite
sample from this flow shows continuous enrichment from heavy REE to light
REE. Abundances of Nb, Ti, Zr, and P are coherently similar to the light REE
depleted samples occurring in the same sequence. However, their abundances are
only <1/2 of those expected from their REE concentration (Arth et al. 1977;
Arndt and Nesbitt 1982). These samples have Al,0;/TiO, ratios considerably
lower than chondrites. In this regard (and on account of heavy REE depletion)
they are similar to the Barberton type komatiites.

A third type of pattern, which is rarely observed among Archaean samples,
was proposed by Jahn et al. (1982). It is similar to the second type discussed
above except that it has a chondrite normalized Gd/YDb ratio of less than one and
a very high Al,0,/TiO, ratio (=40?). It also shares geochemical characteristics
of modern boninites.

A literature survey indicates that the degree of elemental decoupling in Ar-
chaean basalts depends on the extent of light REE enrichment. The extreme cases
are found in some light REE highly enriched basalts from Finland (Jahn et al.
1980), Minnesota (Schulz et al. 1979) and northern China (Wang 1982).

The main geochemical features of these light REE enriched Archaean high
magnesian basalts are similar to those of modern island arc basalts (Fig. 6). How-
ever, a distinct difference seems to be in the Sr abundance. Unlike island arc ba-
salts, ‘fresh’ Archaean basalts of this type do not show an obvious Sr overabun-
dance. Source enrichment processes of these Archaean high magnesian basalts
are very likely to be related to melting of eclogite. Addition of the melting pro-
duct to a pyrolite-type source could generate the observed elemental pattern. In
this connection it is noted that eclogite melting processes have been considered to
be important in the generation of Archaean calc-alkaline basalts with severe de-
pletion in heavy REE, Ta, and Nb (e.g. Condie 1976).

The tectonic implications of eclogite melting in the Archaean mantle should
be evaluated within the context of other geological constraints. On the basis of
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REE data, Arth and Hanson (1975) suggested that Archaean tonalites and trond-
jemites with severe heavy REE depleted patterns were generated by partial melt-
ing of eclogite. Geophysical and geological models for Archaean terrains general-
ly indicate that there may not be enough mafic and ultramafic material in the
lower crust to account for the observed quantity of felsic igneous rocks (e.g.
Drummond et al. 1981; Schulz 1980). A mechanism capable of removing the
residue after eclogite partial melting is therefore required. A lithosphere subduc-
tion type process for generation of these felsic rocks is favoured by some authors
(e.g. Tarney and Windley 1981). However, thermal condition in the Archaean
are believed to have been quite different from those of today, since radiogenic
heat production in the Archaean was two to four times that of the present
(Basaltic Volcanism Study Project 1981). Mantle convection and volcanic activi-
ty must also have been more intense at that time. Green (1975, 1981) suggested
that ocean crust subduction probably did not take place in the Archaean for lack
of the gabbro to eclogite transformation, believed to provide the gravity pull
required for modern subduction. In contrast to this opinion, Sleep and Windley
(1982) suggested that the Archaean oceanic crust was considerably thicker than
its modern counterpart and lithosphere subduction was operative in the
Archaean. An independent mechanism for eclogite formation could be related to
extensive underplating of komatiitic magmas in the Archaean due to their density
contrast with the continental crust (e.g. Fyfe 1978). Conversion of this under-
plated material to eclogite could cause delamination and sinking back into the
mantle. Melts produced from this material will have chemical characteristics of
eclogite melting. This process could also modify parts of the neighbouring
mantle domains which might serve as magma sources at a later time.

Although available geochemical data seem to suggest that basalts of Ar-
chaean greenstone belts were not formed in island arc environments, it remains
an unsolved problem whether or not lithosphere subduction existed in the Ar-
chaean. Tarney et al. (e.g. 1976, 1981) have proposed a subduction model to ac-
count for the evolution of Archaean greenstone-gneiss terrains. In this model the
greenstone belts were formed in back arc environments, whereas gneiss terrains
represent the root zones of island arcs or a cordillera. To fully evaluate this
model, more integrated geological studies would be necessary in addition to de-
tailed geochemical work on mafic and ultramafic rocks in the gneiss terrains.

5 Effect of Archaean Volcanic Activity on the Chemistry of the
Continental Lithosphere and the Archaean Upper Mantle

If crustal underplating by ultramafic to mafic magmas and mantle residual peri-
dotite was indeed an important mechanism for the growth of the Archaean crust
and lithosphere (e.g. Brooks et al. 1976; Jordan 1981; Fyfe 1978), we would ex-
pect to observe a variety of mafic and ultramafic rock types in the subcrustal
lithosphere and in the lower crust. Furthermore, the chemistry of the continental
lithosphere could be strongly modified by continuous magmatic processes and
mantle metasomatism (e.g. Bailey 1982). This concept could be evaluated by de-
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tailed chemical and isotopic studies of ultramafic and eclogitic mantle nodules
brought up to the surface in kimberlite pipes (e.g. Kramers 1977; Allégre et al.
1982) and post-Archaean continental basalts generated by reactivation of the
continental lithosphere (e.g. Brooks et al. 1976; Menzies et al. 1982).

Archaean magma generation processes such as eclogite melting could also
modify the chemistry of magma source domains in the convective upper mantle.
Some geological observations seem to support such a mechanism. For example,
Weaver and Tarney (1981) showed that late Archaean and early Proterozoic maf-
ic dykes in the continental interior and related to crustal tension are commonly
enriched in light REE, Rb, Ba, Th, K, and Rb but do not show equivalent enrich-
ment in other incompatible high field strength ions such as Nb, Ta, and P. In this
respect they resemble subduction zone arc basalts. However, in similarity with
Archaean mafic volcanics such as spinifex-textured basalts, they do not have an
obvious Sr overabundance. These chemical characteristics suggest that they were
derived from mantle sources which have previously been affected by Archaean
mantle enrichment processes related to eclogite melting. It is necessary to point
out, however, that the possibility of a metasomatic enrichment process operating
under the subcontinental lithosphere (without subduction) and different from
that operating under the oceanic lithosphere has not yet been critically evaluated.

Reactivation of parts of the sub-continental lithosphere formed in the Ar-
chaean could be responsible for magmatic activity at later times. Sheraton and
Black (1981) suggested that 2.4 and 1.2 Ga old Proterozoic tholeiite dykes in east
Antarctica are likely to have been generated in this way. Similarly, many other
Proterozoic tholeiites such as those from Keweenawan (~ 1.1 Ga) also show Nb
depletion relative to other incompatible elements (Basaltic Volcanism Study
Project 1981). Pb, Sr, and Nd isotope studies on these basalts (Leeman 1977;
Dosso and Rama Murthy 1982) suggest that they were generated from re-
activated sub-continental mantle formed in the Archaean. Recent isotope studies
(e.g. Doe et al. 1982; Menzies et al. 1982) also suggest that reactivation of ancient
sub-continental lithosphere, triggered by lithosphere subduction or continental
rifting, could be a major mechanism for generation of much of the modern
continental basalts.

6 Effect of Archaean Tectonism and Magmatism
on Mantle Evolution

On the basis of the discussions presented above, it is expected that Archaean and
pre-Archaean magmatic and mantle-crust interaction processes have extensively
modified the chemical composition of the primitive mantle and have caused long-
lasting effects on the chemical and isotopic composition of the Earth’s upper
mantle.

If an extensive mafic to ultramafic protocrust existed in the early Archaean
and if the generation of abundant Archaean tonalite and trondjemite required
partial melting of a mafic source (e.g. Glikson 1970; Arth and Hanson 1975) vast
volumes of mafic and ultramafic rocks, far exceeding the volume of green-
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stones in Archaean terrains, must have returned to the mantle through a yet
undefined process. This recycled material could have modified the chemical
composition of the convecting mantle through partial melting and mechanical
mixing, resulting in chemical and mineralogical heterogeneity in the upper
mantle. On the basis of chemical and mineralogical variations observed in alpine
peridotites, ultramafic tectonites of ophiolite complexes and peridotites
occurring on the ocean floor, Frey (1984) concluded that upper mantle lherzolites
have heavy REE contents ranging from 1.5 to 3.0 (commonly 2.0) times ordinary
chondrites. However, the extent and scale of such heterogeneity have not been
defined. Ringwood (1982) suggested that much of the returned mafic material
might eventually sink into the lower mantle and create chemical and
mineralogical heterogeneities between the upper and lower mantle. Recycling of
continental material back into the mantle has also been proposed by Armstrong
(1981). Seawater-rock interaction in the Archaean is expected to have been more
extensive than at present (e.g. Fyfe 1978). Lithosphere subduction, if it existed in
the Archaean, would have had a profound impact on the chemical and isotopic
evolution of the Earth’s mantle. Armstrong (1981) suggested that a steady state
relationship between continental crust and upper mantle has been established
since late Archaean times. Whether or not some parts of the primitive mantle
have survived to the present day is yet to be demonstrated. One possible
candidate is the source for Koolau Series tholeiites of Oahu Island, Hawaii. In
addition to primitive *He/*He ratios found in the Hawaiian basalts, these
tholeiites also have Pb, Sr, Nd, and Hf isotopic compositions close to those
expected for ‘primitive’ mantle (e.g. Stille et al. 1983; Sun 1984).

Several mantle evolution models have been proposed recently to account for
the observed Pb, Sr, and Nd isotopic variations in modern volcanic rocks (e.g.
O’Nions et al. 1979; Armstrong 1981; Allégre et al. 1980; De Paolo 1980; Zindler
et al. 1982; Hofmann and White 1982). Whether or not these models are relevant
to the geological history and could properly describe the evolution of the Earth’s
mantle require further evaluation. In addition to other geological constraints, in-
tegrated isotopic and chemical studies of volcanic rocks from Archaean terrains
are indispensible and might prove to be critical for a refinement of present man-
tle evolution models.
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Abstract

The composition of post-Archaean terrigenous clastic sedimentary rocks is very
uniform for several insoluble trace elements (e.g. REE, Th, Sc) and is thought to
reflect the composition of the exposed upper continental crust. In contrast, Ar-
chaean sedimentary rocks display highly variable trace element abundances, but
on average have lower levels of incompatible elements (Th, LREE), lower La/Yb
ratios and lack the Eu depletion characteristic of post-Archaean sedimentary
rocks. Early Archaean terrigenous sedimentary rocks also have high abundances
of Cr and Ni. An examination of tectonic, sedimentological and trace element ev-
idence indicates that all of the abundant Archaean igneous lithologies play a role
in the provenance of Archaean sedimentary rocks. It is concluded that, although
caution is warranted, information about the nature of the Archaean upper crust
can be obtained from the sedimentary data. Systematic variations of trace ele-
ment patterns (e.g. REE, La/Sc, Co/Th) in Archaean sedimentary rocks provide
persuasive evidence for a dominant origin from the common Archaean bi-
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modal mafic-felsic igneous suite. On average, a 1:1 mix is indicated for the Ar-
chaean upper crust. Such a model results in a considerably less differentiated
composition compared to the present day upper crust. The general lack of Eu de-
pletion in Archaean sedimentary rocks and evidence for garnet fractionation dur-
ing the formation of the felsic end member indicates that formation of both basic
and felsic components of the Archaean crust occurred at mantle depths
(>40 km). In contrast, the formation of the latest Archaean and post-Archaean
upper crusts took place by intra-crustal melting, forming K-granites and granodi-
orites with Eu depletion.

1 Sedimentary Rocks and Crustal Composition

The problem of establishing the composition of the present upper continental
crust is greatly simplified by the fact that sedimentary processes provide a natural
sampling mechanism of the exposed crust. Elements which are relatively insolu-
ble in natural waters and have very short residence times are transferred virtually
quantitatively into clastic sedimentary sequences. Those insoluble elements
which are strongly fractionated among clastic sediments, such as Zr (due to
heavy mineral concentrations in sandstones), are of limited value in estimating
crustal composition. Elements which are less fractionated during sedimentary
processes, including the rare earth elements (REE), Th and Sc, are very useful for
such estimates. Thus, the remarkable uniformity of REE patterns in post-Ar-
chaean terrigenous sedimentary rocks (e.g. Nance and Taylor 1976) contrasts
strongly with the considerable variability observed in igneous source rocks and
attests to the efficiency of mixing during transportation and sedimentation.

It is beyond the scope of this paper to discuss the effects of weathering, sedi-
mentation and metamorphism on the chemical composition of sedimentary
rocks; a complete discussion is given in Taylor and McLennan (1984). Processes
of diagenesis and most types of metamorphism generally do not affect REE pat-
terns (e.g. Chaudhuri and Cullers 1979; Muecke et al. 1979). Some fractionation
of the REE does occur during sedimentation, primarily due to heavy mineral sep-
aration, but these effects are minor for shales, and the fine-grained portion of
sedimentary rocks is found consistently to reflect their provenance (e.g. Cullers
et al. 1979). The processes of weathering also fractionate the REE, but this frac-
tionation occurs within the weathering profile and is mineralogically controlled;
the ultimate transport of the REE is primarily a mechanical process (e.g. Nesbitt
1979).

The REE patterns for terrigenous clastic sedimentary rocks are similar in
Australia (PAAS), Europe (ES) and North America (NASC), and this world-
wide similarity is reinforced by the observation that comparable patterns are
found in glacially-derived loess (Taylor et al. 1983a) of Pleistocene age from
North America, China, Europe and New Zealand (Fig. 1). Accordingly, it may
be safely concluded that the average REE pattern in sedimentary rocks is typical
of the exposed upper continental crust. In this laboratory, we have adopted the
values for post-Archaean average Australian shale (PAAS) which are reduced by
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Fig. 1. Chondrite-normalized REE diagram of various estimates of average shale: ES European Shale
Composite (Haskin and Haskin 1966); NASC North American Shale Composite (Haskin and Haskin
1966); PAAS Post-Archaean Average Australian Shale (Nance and Taylor 1976). Also shown is an
average of ten Pleistocene loess samples from USA, China and New Zealand (Taylor et al. 1983a). It
is concluded that such patterns are typical of post-Archaean clastic sedimentary rocks and are taken
to be parallel to the average REE pattern of the upper continental crust. The upper crust values
adopted in this paper are derived by lowering PAAS values by 20% (Taylor and McLennan 1981).
The Eu-depletion seen in the upper crust indicates that intracrustal partial melting was the dominant
process in its formation

20% (Fig. 1) to account for sedimentary rocks with lower REE abundances, such
as sandstones and carbonates (see Taylor and McLennan 1981).

Exceptions to the general REE patterns shown in Fig. 1 do exist in the post-
Archaean clastic sedimentary record. Presently available studies indicate that
such exceptions are restricted to first-cycle volcanogenic sedimentary rocks depo-
sited at island arcs (Condie and Snansieng 1971; Nance and Taylor 1977; Bhatia
1981). In these cases, the REE patterns simply reflect the immediate source, typi-
cally calc-alkaline andesite, as would be expected. We shall return to this point
below.

The regularities in upper crustal composition seen in sedimentary REE pat-
terns extend back to the early Proterozoic but are not typically observed in Ar-
chaean sedimentary rocks. Archaean sedimentary rocks are characterized by low-
er REE abundances, lower La/Yb and most importantly no Eu-anomaly (see be-
low). If Archaean sedimentary REE are representative of the exposed crust, then
such differences have many implications for the composition and nature of the
Archaean crust and place severe constraints on the mechanisms and timing of
crustal growth and differentiation (McLennan et al. 1980; Taylor and McLennan
1981; McLennan and Taylor 1982). In this paper, we address the problem of re-
lating the chemical composition of Archaean sedimentary rocks to the composi-
tion and nature of the Archaean crust and remark on some of the implications
for crustal evolution.

1.1 Origin and Significance of Eu-Anomalies in Sedimentary Rocks
Understanding the origin of the Eu depletion relative to the other chondrite-nor-

malized REE in post-Archaean terrigenous clastic sedimentary rocks (Fig. 1) is
crucial to any interpretations of crustal composition and evolution. The most sig-
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nificant observation in this regard is that all major post-Archaean sediment types
(sandstones, mudstones, carbonates) are characterized by Eu depletion of ap-
proximately comparable magnitude (McLennan 1981). The only important sedi-
mentary rock types which do not have Eu depletion are some of the volcanogenic
sediments deposited in island-arc environments (Nance and Taylor 1977; Bhatia
1981). No common sedimentary rock is characterized by Eu enrichment. Similar-
ly, river and seawater also show Eu depletion (e. g. Martin et al. 1976; Elderfield
and Greaves 1982). This is very strong evidence that the upper continental crust
must be similarly depleted in Eu. Any non-crustal hydrothermal additions to the
hydrosphere or sedimentary record would be expected to be enriched in Eu (Graf
1977; Courtois and Treuil 1977; Kerrich and Fryer 1979).

Common igneous rocks derived from the mantle (e.g. MORB, island arc ba-
salts and andesites) are not characterized by Eu-anomalies (Bence et al. 1980; Ba-
saltic Volcanism 1981), and Eu-anomalies which have been noted usually can be
readily attributed to late stage addition or removal of feldspar or hydrothermal
alteration (Sun and Nesbitt 1978). Accordingly, if the continental crust is derived
from the mantle, then it follows that the bulk continental crust is not anomalous
with respect to Eu. Thus, any suggestion that Eu-anomalies seen in post-Ar-
chaean clastic sedimentary rocks are due to oxidation-reduction processes during
weathering or the breakdown of feldspar are unfounded since there is no signifi-
cant upper crustal reservoir with the complementary Eu enrichment. The most
reasonable explanation is that the Eu depletion in sedimentary rocks, and hence
that of the upper continental crust, is due to chemical fractionation within the
continental crust, related to partial melting and production of granitic rocks. The
residual material in the lower continental crust would thus contain the comple-
mentary Eu enrichment, the magnitude of which would depend on the relative
proportions of the upper and lower crust (Taylor and McLennan 1981, Taylor et
al. 1983b). Eu released during weathering will be oxidized to Eu®* and hence be-
have like the other trivalent REE. The presence of an Eu anomaly is thus the sig-
nature of earlier events in a more reducing igneous environment.

2 Trace Elements in Archaean Sedimentary Rocks

The trace-element geochemistry of Archaean sedimentary rocks is less well un-
derstood than post-Archaean sedimentary rocks, but available data indicate sev-
eral important differences, particularly in REE characteristics. Such differences
may have implications for the composition of the Earth’s early crust. For the
past several years this laboratory has been accumulating geochemical data on Ar-
chaean sedimentary rocks, primarily shales, from Australia, Greenland and
South Africa in order to evaluate these differences (Nance and Taylor 1977; Ba-
vinton and Taylor 1980; McLennan et al. 1983a, b, 1984).

In Fig. 2 the chemical composition of the average post-Archaean shale (on a
carbonate-free basis) is compared to the average Archaean shale. In terms of ma-
jor elements, Archaean shales are enriched in Na, Ca, Mg, Fe, and depleted in Si,
K. This is consistent with the findings of McLennan (1982) who examined the
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Fig. 2. Comparison diagram
of average post-Archaean
shale and average Archaean
shale. Both compositions are
on a carbonate-free Dbasis.
Solid block field encompasses
REE. Diagonal lines repre-
sent equal composition. Note
that the Archaean composi-
tion is depleted in most in-
compatible elements and en-
riched in most ferromag-
nesian elements, particularly
Cr and Ni

bulk compositions of all clastic sedimentary rocks through time. In terms of trace
elements Archaean shales are generally enriched in the ferromagnesian trace ele-
ments, particularly Cr and Ni. The REE and other large ion lithophile (LIL) ele-
ments are depleted in Archaean shales.

2.1 Rare Earth Elements

Two features stand out in the REE patterns of Archaean sedimentary rocks.
Firstly, REE patterns are highly variable from nearly flat with REE depletion
(Lapn/Yby<1) to very steep with Lay/Yby>25. Secondly, although local excep-
tions exist, Archaean shales do not possess Eu anomalies. In Fig. 3 some typical
REE patterns of Archaean sedimentary rocks are shown. By far the most com-
mon types of patterns are those shown in Fig. 3a, with intermediate Layn/Yby
and no Eu-anomalies. Such patterns are found in the Yilgarn and Pilbara Blocks
of Western Australia (Nance and Taylor 1977; Bavinton and Taylor 1980; Mc-
Lennan 1981; McLennan et al. 1983a), the Fig Tree and Moodies Groups of
South Africa (Wildeman and Condie 1973; McLennan et al. 1983b) and in West
Greenland (McLennan et al. 1984). Of the common terrestrial igneous rocks,
such patterns are most similar to calc-alkaline andesites, but Archaean andesites
with such REE patterns are relatively rare (e.g. Jahn and Sun 1979). The data are
equally consistent with sedimentary rocks being derived from a mixture of the
well documented Archaean bimodal igneous suite of mafic volcanics and tonal-
ites, trondhjemites, dacites (Barker and Peterman 1974; Barker and Arth 1976;

Barker et al. 1981).
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Fig. 3a—c. Chondrite-normalized
REE diagram showing some typical
Archaean sedimentary rocks; a most
typical Archaean sedimentary REE
pattern showing intermediate La/Yb
ratios and no Eu-depletion. Such pat-
terns would be consistent with a source
of calc-alkaline andesites or a mixture
of mafic and felsic igneous rocks; b
patterns with very high La/Yb ratios
and no Eu-anomalies. Such patterns
are considerably less common than
those shown in a and are probably
derived almost exclusively from Na-
rich  granitic rocks (tonalites,
trondhjemites) or felsic volcanics; ¢ flat
REE patterns with slight LREE
enrichment or depletion. Such patterns
are uncommon and are probably
derived almost exclusively from mafic
volcanics. Data sources include Wilde-
man and Condie (1973), Nance and
Taylor (1977), Bavinton and Taylor
(1980), Jenner et al. (1981), McLennan
et al. (1983a, b, 1984)

Less common are REE patterns with very high or very low La/Yb. Steep pat-
terns such as those shown in Fig 3b are found in the Yilgarn and Pilbara Blocks
(Nance and Taylor 1977; McLennan et al. 1983a), West Greenland (McLennan et
al. 1984) and the Slave Province of Canada (Jenner et al. 1981). Such patterns are
similar to felsic volcanics (mainly dacites) and Na-rich granitic-rocks (tonalites,
trondhjemites) commonly found in Archaean terrains (e.g. O’Nions and Pank-
hurst 1978; Jahn and Sun 1979). Patterns such as those shown in Fig. 3¢, with
low La/Yb ratios, are least abundant and are very similar to typical Archaean
mafic volcanics (e.g. Sun and Nesbitt 1978).

Rarely, Archaean sedimentary rocks display positive or negative Eu-anoma-
lies. Positive anomalies are generally restricted to plagioclase-rich samples
(Nance and Taylor 1977) or can be ascribed to hydrothermal activity (Bavinton
and Taylor 1980). Boak et al. (1982) recently described a suite of metamorphosed
Archaean sedimentary rocks from West Greenland with significant negative Eu-
anomalies (see also McLennan et al. 1984). It was suggested that these were
volcanogenic sedimentary rocks derived from felsic volcanics with comparable
REE patterns (Boak et al. 1982).
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2.2 La-Th Systematics

The geochemical coherence between Th and the light rare earth elements (LREE)
in sedimentary rocks was documented by McLennan et al. (1980). This correla-
tion, considered to be due to the incompatible nature of these elements and to
their similar behaviour during sedimentary processes, was used successfully to es-
timate Archaean and post-Archaean upper crustal abundances for Th and several
other elements. The most recent estimate of the average La/Th ratio in Archaean
sedimentary rocks is 3.5 = 0.3 (at 95% confidence) which is indistinguishable
from an earlier quoted value of 3.6 + 0.4 (McLennan et al. 1980). This is higher
than post-Archaean sedimentary La/Th ratios (2.7 + 0.2) and consistent with a
more mafic Archaean upper crust (McLennan et al. 1980).

2.3 Th-U

The abundances of both Th and U in Archaean shales (Th = 6.3 + 1.4 ppm;
U = 1.6 + 0.4 ppm) are much lower than post-Archaean shales (Th = 14.6 +1.2;
U = 3.1 + 0.4; McLennan and Taylor 1980). Th/U ratios in Archaean shales are
quite variable but average 3.9 + 0.5, which is lower than in post-Archaean shales
(Th/U = 4.5-5.5;, McLennan and Taylor 1980) and is indistinguishable from
typical igneous ratios. The Archaean values for Th, U and Th/U quoted here are
all higher than those found in the preliminary study of McLennan and Taylor
(1980) which did not include data from the Pilbara or South Africa.

2.4 Ferromagnesian Trace Elements

Danchin (1967) first noted the extreme levels or Cr and Ni in Fig Tree shales (av-
erage Cr = 860 ppm; Ni = 500 ppm). Our data confirm these high levels and al-
so find consistently high Cr and Ni values in shales of the Moodies Group, South
Africa, and Gorge Creek Group, Pilbara Block. On the other hand, many other
sequences, such as at Kalgoorlie, Yilgarn Block (Taylor 1977) and in the Canadi-
an Shield (Cameron and Garrels 1980) are only slightly enriched in Cr and Ni.
Thus, it appears that the high levels or Cr and Ni may be restricted to early Ar-
chaean sequences. The level of enrichment for Cr and Ni seen in these Archaean
sedimentary sequences does not extend to the other ferromagnesian trace ele-
ments V, Co or Sc (see Fig. 2), resulting in anomalously high Cr/V and Ni/Co ra-
tios. Taylor (1977) suggested that high Cr and Ni in Archaean sedimentary rocks
would be evidence for a bimodal origin, rather than an island-arc origin, since
young island-arc volcanics generally have undergone olivine and spinel fractiona-
tion, drastically reducing Cr and Ni abundances. Some caution is warranted,
however, since in some areas it can be shown that the Cr and Ni abundances in
Archaean shales are too high for any realistic source composition (either basic or
ultramafic) and that some enrichment process during weathering or sedimenta-
tion has probably occurred (e.g. McLennan et al. 1983a).
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2.5 Boron

The abundance of B in Archaean shales is highly variable, ranging from <5 ppm
to in excess of 300 ppm. In some cases high B content can be related to the pre-
sence of metamorphic tourmaline (e.g. West Greenland; McLennan et al. 1984),
but in most instances this is not the case. Archaean sedimentary sequences with
average B in excess of 75 ppm include the Gorge Creek Group (McLennan et al.
1983a), Fig Tree Group (McLennan et al. 1983b) and the Kalgoorlie sequence
(McLennan 1981).

The use of B as a palaeosalinity indicator is not infallible (e.g. Shaw and
Bugry 1966) and must be approached with considerable caution, especially for
Archaean sedimentary rocks. For example, in modern marine environments B
uptake in sedimentary rocks is greatly influenced by the presence of illite, which
may absorb twice as much B as montmorillonite or chlorite (Degens 1965). Thus,
in the Archaean where illite is rare in shales (see McLennan et al. 1983a for excep-
tion), low B contents may not reflect a non-marine environment. Keeping these
caveats in mind it has commonly been observed that a B content in argillaceous
sedimentary rocks in excess of 80— 100 ppm is associated with marine environ-
ments. Igneous rocks seldom have more than 15 —20 ppm B. Whether the high B
seen in many Archaean shales indicates a marine environment, similar to that
found today, for the deposition of some Archaean sedimentary rocks must be
considered uncertain. However, many of the processes of B enrichment in sedi-
mentary rocks, possibly including salinity effects, must have occurred.

3 Provenance of Archaean Sedimentary Rocks

The average Archaean sedimentary REE pattern mimics that of modern calc-al-
kaline volcanic rocks, both in slope and in the absence of a europium anomaly.
Similarly, many Archaean sedimentary REE patterns are similar to Phanerozoic
first-cycle volcanogenic sediments deposited in fore-arc basins. However, in the
previous sections it has been suggested that the REE data could also be explained
through a mixture of a bimodal mafic-felsic source. An important question thus
arises as to the precise nature of the provenance of these and other Archaean
clastic sedimentary rocks and how it relates to the composition of the upper Ar-
chaean crust. In this section we address this question by examining Archaean tec-
tonic models and well documented Archaean sedimentary rock sequences in
which provenance can be established with some certainty.

3.1 Tectonic Models

Some understanding of the origin of Archaean sedimentary rocks can be gained
through examining the tectonic models of Archaean greenstone belt develop-
ment. These have been reviewed by Condie (1981a). Some workers have attempt-
ed to give generalized models to explain the common features of all greenstone
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belts (e.g. Fyfe 1974; Hargraves 1976, 1981; Tarney et al. 1976; Condie 1980;
Goodwin 1981; Tarney and Windley 1981). A prime example of this approach is
the ‘back-arc basin’ model of Tarney et al. (1976). Perhaps the most successful
models are those which approach each greenstone belt separately using detailed
field and sedimentological data (e.g. Walker and Pettijohn 1971; Eriksson 1980a,
1982a, b; Dimroth et al. 1982, 1983a, b). If there is any insight at all to be gained
from modern sediments, it is that no single tectonic environment will explain the
nature of all Archaean sedimentary rocks.

Models of intracratonic rifting or warping with greenstone belts being depo-
sited between sialic continental blocks have been proposed for the Yellowknife
Supergroup (Henderson 1981) and greenstone belts of the Yilgarn Block (Gee et
al. 1981). In contrast, Dimroth and co-workers (Dimroth et al. 1982, 1983a, b)
have suggested an evolving fore-arc basin setting for parts of the Abitibi Belt.
Eriksson (1977, 1978, 1979, 1980a, b, 1981, 1982a, b) has made detailed exami-
nations of the Fig Tree, Moodies and Gorge Creek Groups of South Africa and
the Pilbara Block. These sedimentary rocks appear to be synorogenic (Eriksson
pers. comm.) and were deposited at an evolving continental margin. In the case
of the Fig Tree and Moodies Groups there is no evidence for sediment contribu-
tion from an island arc (Eriksson 1980a). In the Archaean of West Greenland the
development of tectonic models is hampered by high metamorphic grade and
limited exposure. At Isua there is some evidence that most of the sedimentary
rocks were deposited at a site remote from sialic crust (Nutman et al. 1984). On
the other hand, at least some of the Malene supracrustals lie on Amitsoq Gneiss
basement and were in part derived from it (Nutman and Bridgwater 1983).

Recently, it has been suggested that there may be some fundamental differ-
ences in the tectonic settings of early (> 3.3 Ga) and late (2.8 — 2.6 Ga) Archaean
greenstone belts. Lowe (1982) has noted that sedimentary rocks deposited in the
lower, volcanic sequences of early Archaean greenstone belts (e.g. Warrawoona
Group, Pilbara; Onverwacht Group, Barberton Mountain Land) lack a terrige-
nous component and suggested there is no evidence for a sialic basement. Others
(e.g. Kroner 1982, 1984) maintain the existence of a sialic basement for these
greenstone belts. For the most part the interpretation of geochronological data
from early Archaean greenstone belt volcanics and associated granite-granite
gneiss bodies is equivocal (e.g. Kroner 1982; Bickle et al.1983), but recent dating
in the Barberton Mountain Land suggests that the Ancient Gneiss Complex may
be younger than the Onverwacht Group (Carlson et al. 1983). In any case, it is
clear that the provenance of the upper, sedimentary sequences of early Archaean
greenstone belts (e.g. Gorge Creek Group, Pilbara; Fig Tree and Moodies
Groups, Barberton Mountain Land) were strongly influenced by granite-granite
gneiss debris (Eriksson 1980b, 1981, 1982a, b).

In contrast, Lowe (1982) has suggested that late Archaean greenstone belts
were underlain by, or in close proximity to, sialic basement (see also Baragar and
McGlynn 1976). Sediments deposited in the volcanic sequences of late Archaean
greenstone belts were derived dominantly from felsic volcanics with a minor ter-
rigenous component (Lowe 1982), whereas sedimentary rocks found in the thick
sedimentary sequences commonly contain a significant granite-granite gneiss
component (see Lowe 1980 for review).
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3.2 Petrological Evidence

Traditionally, the method of studying the provenance of clastic sedimentary
rocks has been to examine the petrography of sandstones (Pettijohn 1975; Petti-
john et al. 1973). Rock and mineral fragments provide the least equivocal evi-
dence of source rock lithology. In Table 1 some typical petrographic analyses of
Archaean sandstones are listed. The rock fragment data must be considered of
limited value since in most cases they comprise less than 15% of the rock. It is un-
likely that much of the matrix is primary but rather results from diagenesis,
mainly involving the alteration of lithic fragments (e.g. Whetten and Hawkins
1970; Pettijohn et al. 1973).

Table 1. Petrography of some Archaean sandstones

12 2 3 4 5 6 7 8 9
Quartz 8.5 13.8 204 249 24.6 26 29.5 45.2 63.5
Plagioclase 24.7 18.9 7.2 12.6 4.1 3 16.2 3.7 7.7
K-feldspar 0.6 - 0.3 - - 10 0.3 24.4 21
Rock fragments 1.4)¢ 2.9)¢
Felsic volcanic 40.2 6.2 - 7.7 28.0 0.9 14.2 - -
(including porphyry)
Intermediate-mafic 2.0 tr. - 3.5 - 0.6 tr. - -
volcanic
Granite-granite 1.4 tr. - 1.3 - 0.3 tr. - -
gneiss
Sedimentary and — tr. - 6.0 - 13 - 11.0 -
metamorphic
(including chert)
Matrix (including 12.2 591 71.2 37.0 34.6 36 37.2 12.8 22.1
recrystallized
matrix)
Other 104 2.1 1.0 7.0 7.2 10 1.3 - 4.7
Framework components:
Q 11.0 35.5 73.1 445 42.3 48.3  49.0 51.8 86.6
F 32.7 48.6 26.9 22.5 7.1 243 274 32.2 13.4
R 56.3 15.9 - 33.0 50.6 27.5 23.6 15.9 -
Provenance® FI FM(G) SG FMG F(+M) GFM G(SFM) G(FM) GorS

2 1) Average of 10 greywackes from Vermilion District, Minnesota (Ojakangas 1972). 2) Average of
14 greywackes from Gamitagama Lake, Superior Province (Ayres 1983). 3) Average of 23 grey-
wackes from Wyoming (Condie 1967a). Recalculated to exclude undifferentiated quartz and feld-
spar. 4) Average of 9 greywackes from Burwash Fm., Slave Province (Henderson 1975). 5) Average
of 5 lithic arenites from Jackson Lake Fm., Slave Province (Henderson 1975). 6) Average of 21
greywackes from Fig Tree Group, South Africa (Condie et al. 1970). 7) Average of 6 greywackes
from Minnitaki Basin, Superior Province (Walker and Pettijohn 1971). 8) Average of 15 sandstones
from Moodies Group, South Africa (Eriksson 1980b). Sedimentary rock fragments are all chert;
other rock fragments are undifferentiated. 9) Average of 7 greywackes from North Spirit Lake,
Canada (Donaldson and Jackson 1965).

Provenance Key: F felsic volcanics; M mafic volcanics; I intermediate volcanics; G granite-granite
gneiss; S recycled sedimentary; listed in decreasing importance with minor components in paren-
theses.

¢ Undifferentiated rock fragments

o
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Most Archaean sedimentary sequences contain abundant sedimentary rock
fragments and less commonly metamorphic fragments. A conventional interpre-
tation of these data would be that some basement recycling had taken place.
Again, caution is warranted since in some cases (e.g. Henderson 1975) there is
good evidence that the sedimentary rock fragments are of intraformational ori-
gin. An interesting feature is the predominance of felsic volcanic fragments over
intermediate (andesitic) fragments (McLennan 1984).

Feldspar is not normally an unequivocal indicator of provenance (Pettijohn
et al. 1973). Eriksson (1980b) suggested that the relatively high abundances of K-
feldspar (along with other petrographic evidence) indicated a significant granitic
source for the Fig Tree and Moodies Groups (Table 1, columns 6 and 8). Late Ar-
chaean sandstones contain abundant plagioclase feldspar, in excess of K-feld-
spar, and this is commonly cited as evidence for a volcanic source (Folk 1968).
Although this interpretation may be valid for young sedimentary rocks, some
care must be taken in interpreting Archaean sedimentary rocks. Unlike post-Ar-
chaean terrains, Na-rich granitic rocks (tonalites, trondhjemites) are very abun-
dant in the Archaean and form part of the Archaean bimodal igneous suite (Bar-
ker and Arth 1976). The production of K-rich granitic rocks generally occurred in
the later stages of greenstone belt development and commonly post-dates much
of the sedimentary sequences (e.g. Anhaeusser and Robb 1981; Condie 1981a).

In terms of provenance the most interesting feature of Archaean sandstones is
the high abundance of quartz. Excluding samples from the Vermilion District,
quartz comprises between about 35— 85% of the framework grains of the Ar-
chaean sandstones listed in Table 1. In their pioneering study of the North Spirit
Lake area Donaldson and Jackson (1965) pointed out that high quartz content in
Archaean clastic sedimentary rocks was inconsistent with a simple volcanic
source and that a recycled quartz-rich sedimentary provenance or quartz-rich
granitic provenance was called for. It is now almost universally accepted that vol-
canic rocks are not a significant source of quartz in extensive sandstone bodies
(e.g. Donaldson and Jackson 1965; Folk 1968; Walker and Pettijohn 1971; Petti-
john et al. 1973; Henderson 1975; Pettijohn 1975; Eriksson 1980a). Note that the
Jackson Lake Formation (Table 1, column S) with abundant sand-sized quartz is
not regionally extensive (Henderson 1975). Recently, Ayres (1983) has ques-
tioned this interpretation for greywackes from the Gamitagama Lake greenstone
belt (Table 1, column 2) and has argued for a dominant felsic volcanic proven-
ance in spite of the moderate quartz content. Thus, additional work is required to
constrain more rigorously the amount of sand-sized quartz grains that felsic
volcanics can supply to extensive Archaean sandstone bodies.

An overall view of the petrographic data would appear to indicate that Ar-
chaean clastic sedimentary rocks are derived from a multitude of igneous litholo-
gies and in some cases may have undergone some degree of sedimentary recy-
cling. In some cases, such as the Vermilion District (Table 1, column 1), Gamita-
gama Lake greenstone belt (column 2) and Jackson Lake Formation (column 5),
a major felsic volcanic component is indicated (Ojakangas 1972; Ayres 1983;
Henderson 1975). In others, such as the South Pass greenstone belt (column 3),
Minnitaki Basin (column 7), Moodies Group (column 8) and North Spirit Lake
(column 9), volcanogenic detritus is scarce or absent, and the provenance is dom-
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inated by sialic or recycled terrigenous debris (Condie 1967a; Walker and Petti-
john 1971; Eriksson 1980b; Donaldson and Jackson 1965). The remaining se-
quences, including the Burwash Formation (column 4) and Fig Tree Group (col-
umn 6), are derived from a mixed plutonic-volcanic provenance (Henderson
1975; Condie et al. 1970).

McLennan (1984) reviewed the major element geochemistry of Archaean
greywackes. He noted that Archaean quartz-intermediate greywackes had a more
mafic composition than Phanerozoic quartz-intermediate greywackes. Archaean
varieties typically had about 5% less SiO, and had FeO + MgO contents greater
than 8% and commonly greater than 10% which contrasts with the less than 7%
for Phanerozoic varieties. It was suggested that these differences were due to a
significant component of mafic volcanics in Archaean greywackes which has de-
graded into the chloritic matrix (thus explaining the scarcity of mafic volcanics
rock fragments).

3.3 Comparison of Archaean and Phanerozoic Greywackes

A general similarity exists between the major element chemical composition of
Archaean greywackes and some young greywackes and has led to suggestions
that they are indistinguishable (Condie 1967a, b, 1981b; Pettijohn 1972). This
was cited as evidence that there is no substantial difference in the composition of
the post-Archaean and Archaean upper crusts. Considerably more data are now
available on young greywackes and their modern equivalents (Crook 1974;
Schwab 1975; Maynard et al. 1982; Bhatia 1981), and the general picture emerg-
ing is that young greywackes and modern deep sea sands have extremely variable
compositions which are related to the tectonic environment (island arc, continen-
tal arc, passive margin, etc.). Accordingly, relating the composition of young
greywackes alone to that of the “average” exposed crust is not simple, and com-
parisons of Archaean greywackes with young greywackes are similarly compli-
cated.

In Table 2 petrographic data for some post-Archaean greywackes are listed.
Trace element data are available on a number of these sequences, so some com-
parisons with Archaean greywackes can be made. On the basis of framework
mineralogy and major element chemistry, Crook (1974) has divided greywackes
into quartz-poor (<s15% Q, K,0/Na,O <1), quartz-intermediate (15— 65% Q,
K,0/Na,O <1) and quartz-rich (>65% Q, K,0/Na,O >1) varieties, for which
there may be tectonic implications (e.g. Crook 1974; Schwab 1975; Bhatia 1981).
Comparison of Tables 1 and 2 show that Archaean greywackes appear to cover
the range from quartz-poor to quartz-rich greywackes, with quartz-intermediate
varieties being most common (see also McLennan 1984). The most striking
difference in the petrographic character of Archaean and Phanerozoic grey-
wackes is that volcanic rock fragments are dominated by felsic varieties in the
former and andesitic varieties in the latter. Some of the REE data for Phanerozo-
ic greywackes are displayed in Fig. 4. Where data are available associated argilla-
ceous rocks show similar REE patterns to greywackes, although absolute abun-
dances may vary slightly (Nathan 1976; Bhatia 1981). The important observation
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Table 2. Petrography of some Phanerozoic greywackes

59

12 2 3 4 5 6

Quartz 0.4 9.0 29.2 31.9 45.8 80.2
Plagioclase 12.7 10.4 2.9 8.4 4.6 1.0
K-feldspar - 7.1 2.1 2.9 - 9.4
Rock fragments

Felsic volcanic (including - 1.8 - - - -

porphyry)

Intermediate-mafic 63.6 23.3 - — 2.0 -

volcanic

Granitic - 2.7 - - - 1.0

Sedimentary and metamorphic - 20.4 30.6 8.9 4.9 1.0

(including chert)
Matrix 20.3 21.6 35.2 38.7 36.7 -
Other 3.0 3.8 - 7.4 6.0 7.3
Framework components:

Q 0.5 12.0 45.1 61.2 79.9 86.6

F 16.6 23.4 7.7 21.7 8.0 11.2

R 82.9 64.5 47.2 17.1 12.0 2.2

2 1) Average of 31 volcanogenic, quartz-poor greywackes, Baldwin Fm. (Devonian), Australia
(Chappell 1968). 2) Average of 7 quartz-poor greywackes, Gazelle Fm (Silurian) USA (Condie and
Snansieng 1971). 3) Average of 5 quartz-intermediate greywackes, Martinsburg Fm (Ordovician),
USA (McBride 1962). 4) Average of 5 quartz-intermediate greywackes, Duzel Fm. (Ordovician),
USA (Condie and Snansieng 1971). 5) Average of 12 quartz-rich greywackes, Greenland Gp.
(Ordovician), New Zealand (Laird 1972). 6) Average of 92 modern deep sea sands, North Atlantic

(Hubert and Neal 1967)
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Fig. 4. Chondrite-normalized REE dia-
gram for some typical Phanerozoic
greywackes. Note that only quartz-
poor greywackes show REE character-
istics similar to Archaean sedimentary
rocks. Petrographic evidence shows
that these rocks were derived almost
exclusively from calc-alkaline andes-
ites, in contrast to Archaean sedimen-
tary rocks. Other greywackes show
REE patterns more closely comparable
to other post-Archaean sedimentary
rocks (see Fig. 1). Data sources include
Condie and Snansieng (1971), Nathan
(1976), Nance and Taylor (1977)
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here is that Archaean-like REE patterns are restricted to quartz-poor volcano-
genic greywacke terrains in the Phanerozoic. As pointed out above, the dominant
volcanic lithology in such greywackes is andesitic.

3.4 Archaean Sedimentary Rocks as Crustal Samples

The available data indicate that many Archaean clastic sedimentary sequences
were deposited in intracratonic basins or at the edges of sialic blocks. In addition,
Archaean clastic sedimentary rocks were derived from a number of different
sources including felsic to mafic volcanic rocks, granitic rocks and lesser recycled
sedimentary and metamorphic rocks. First cycle volcanogenic sedimentary rocks
are not uncommon but, in contrast to Phanerozoic volcanogenic sediments, were
derived predominantly from highly differentiated felsic volcanic sources.
Typically, such felsic volcanics are geochemically indistinguishable from the
tonalite-trondhjemite plutonic suite and may be genetically related to it (see fol-
lowing sections). Certainly, the trace element composition of Archaean sedimen-
tary rocks derived from felsic volcanics is indistinguishable from those derived
from plutonic rocks (cf. Table 1 and Fig. 3). In Table 3 we list the provenance
characteristics of the Archaean sedimentary sequences which have been ex-
amined in some detail for their trace element characteristics. An important obser-
vation is the diverse and lithologically complex nature of the provenance among
the various sequences.

From this analysis we conclude that Archaean sedimentary rocks were de-
rived from a wide and varied provenance. Included as a major component are
geochemically highly differentiated igneous rocks comprising felsic volcanics or
plutonics. Thus, we consider such sedimentary rocks can be used as a sample of
the Archaean exposed crust. The highly variable nature of REE patterns in Ar-
chaean sedimentary rocks contrasts with the uniformity seen in most post-Ar-
chaean sedimentary REE patterns and, accordingly, considerably more uncer-
tainty is associated with formulating average compositions.

4 Mixing Models for Archaean Sedimentary Rocks

4.1 Archaean Bimodal Suite

Early Archaean igneous terrains are comprised of a bimodal suite of mafic vol-
canics and felsic volcanics (generally dacitic) or trondhjemite-tonalite with a dis-
tinct scarcity of intermediate rock types (Barker and Peterman 1974; Barker and
Arth 1976; Barker et al. 1981). For the purposes of geochemical modelling, the
trondhjemites-tonalites are indistinguishable from the felsic volcanics and are
generally considered to be their plutonic equivalent (Barker and Peterman 1974).
In some Archaean terrains a full range of igneous lithologies, including andes-
ites, are found (Baragar and Goodwin 1969; Jahn and Sun 1979). In some cases
Archaean andesites show geochemical characteristics indistinguishable from Ce-
nozoic calc-alkaline andesites (Taylor and Hallberg 1977), but the volumetric
abundance of such rocks in Archaean greenstone belts is not great.
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4.2 Rare Earth Elements

The rare earth element data for Archaean sedimentary rocks were summarized
above. Such data would be consistent with sediment derivation from calc-alka-
line andesitic volcanoes (e.g. Jakes and Taylor 1974), but this is inconsistent with
the petrographic nature of Archaean sediments and the general paucity of andes-
itic rocks in most Archaean terrains. The data can be explained equally well
through a mixture of the Archaean bimodal igneous suite (see above). In Fig. §
two typical REE patterns for Archaean Na-rich felsic igneous rocks (trond-
hjemite-tonalite, dacite) and mafic volcanics are shown. A great deal of variabili-
ty in REE characteristics are shown in both lithologies. For example, Archaean
felsic volcanics locally may have well developed negative Eu-anomalies where
plagioclase has been a fractionating phase (e.g. Condie 1976), or mafic volcanics
may show some LREE enrichment or depletion (e.g. Sun and Nesbitt 1978), but
the patterns shown here are typical. It can be seen that the entire range of sedi-

T T T 1 T 1 T 1 1 T T T
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w F e Trondhjemites, 1  Fig. 5. Chondrite-normalized REE dia-
e Tonalites, Dacites 1 gram showing typical patterns for the
12 - o Mafic volcanics b Archaean bimodal suite. Considerable
g 3 h variations are seen in both composi-
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Fig. 6. Chondrite-normalized REE diagram for some Archaean supracrustal rocks from Kambalda,
Yilgarn Block, Western Australia. The ‘Internal Sediments’ are found as thin, laterally restricted
lenses entirely within ultramafic volcanic rocks. REE patterns are characterized by considerable
LREE enrichment and no Eu-anomalies. Also shown are REE patterns of the enclosing ultramafic
volcanics and underlying basaltic rocks. It can be seen that the sedimentary rocks cannot have been
derived from the local environment and that a distal, LREE enriched component (probably Na-rich
granitic rocks) is called for. Data sources include Sun and Nesbitt (1978), Bavinton (1979), Bavinton
and Taylor (1980)
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mentary REE patterns displayed in Fig. 3 can be explained by variable mixtures
of these end member compositions.

A unique example where mixing can be shown to have occurred from geo-
chemical evidence is at Kambalda, Yilgarn Block, Western Australia. Here, a
sequence of metamorphosed sedimentary rocks termed the ‘Internal Sediments’
are found entirely within a succession of ultramafic volcanic rocks, at flow
boundaries (Bavinton 1979, 1981; Bavinton and Taylor 1980), which in turn lies
on a sequence of basaltic rocks (Footwall Basalts). The sedimentary rocks clearly
occur in localized lenses a few hundred metres in extent. The REE data, however,
are obviously inconsistent with an ultramafic or mafic volcanic provenance (Fig.
6), and there are no other lithologies within the volcanic sequence which could
act as a source to give the LREE-enriched patterns (younger ‘hanging wall ba-
salts’ which overlie the sediments do have LREE enriched patterns). According-
ly, felsic rocks not from the immediate vicinity must have also contributed
detritus to these sedimentary rocks, a conclusion also supported by major ele-
ment data (Bavinton 1979, 1981; Bavinton and Taylor 1980). The most likely
candidates are Na-rich granitic rocks (Bavinton 1979, 1981) which are found

Fig. 7. Ternary diagrams of Th-Hf-Co and La-Th-Sc for Archaean shales and metasedimentary rocks
(from Greenland). Abbreviations as follows: UC present-day upper continental crust (Taylor and
McLennan 1981); TC present-day total continental crust predicted by the andesite model (Taylor and
McLennan 1981); IAB typical island-arc basalt; OFB typical ocean floor basalt; 7T typical Archaean
felsic igneous rock (tonalite, trondhjemite, dacite); AMV typical Archaean mafic volcanic. Also
shown is the field of post-Archaean shales from Australia (Nance and Taylor 1976). Post-Archaean
shales show relatively low dispersion with respect to these parameters and plot around or near the pre-
sent-day upper crust composition. In contrast, Archaean sedimentary rocks form linear trends, indic-
ative of two component mixing. Archaean mafic volcanics and felsic igneous rocks are viable end
members. Data sources for Archaean sedimentary rocks include Nance and Taylor (1977), Bavinton
and Taylor (1980), McLennan (1981), McLennan et al. (1983a, b, 1984)
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around Kambalda and are of approximately equal ages to the volcanics (see
McCulloch and Compston 1981).

4.3 Mixing Models

Other trace element data strongly support a two component mixing model. In
Fig. 7 the Archaean shale data are plotted on two ternary diagrams of Th-Hf-Co
and La-Th-Sc. Post-Archaean shales from Australia (Nance and Taylor 1976)
tend to plot in fairly restricted fields around or near the present-day upper conti-
nental crust (UC; Taylor and McLennan 1981). The slight displacement of the
post-Archaean shales from the upper crust, away from the Hf apex, probably re-
sults from the concentration of zircon in sandstones. On the other hand, the Ar-
chaean data plot on linear arrays and the fact that such linear trends occur on
more than one ternary diagram is taken as good evidence for two component
mixing. The data are consistent with end members being Archaean felsic igneous
rocks (felsic volcanics, trondhjemites-tonalite; TT) and Archaean mafic volcan-
ics (AMYV). The present-day upper continental crust (UC) could also be an end

Fig. 8. Plot of Co/Th vs La/Sc for Archaean sedimentary rocks. Superimposed is a mixing line using
the extreme sedimentary compositions as end members as indicated by the arrows (sample with
highest La/Sc ratio could not be used in generating mixing line because Co is below detection limits,
and only a maximum Co/Th ratio can be calculated). The data correspond well to the mixing line.
Inset shows plot of Co/Th vs Sc/Th for these data. If two component mixing is involved, the data
should fall on a straight line on such a plot (Langmuir et al. 1978). The correlation coefficient for the
regression line plotted is statistically significant, and it is concluded that the source of these Archaean
sedimentary rocks is best explained by mixing of two components. The most likely candidates are
mafic volcanics (high Co/Th, low La/Sc) and felsic igneous rocks (low Co/Th, high La/Sc) of the
Archaean bimodal suite
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member on such a diagram, but this possibility is excluded by the general lack of
negative Eu-anomalies in Archaean sedimentary rocks.

Langmuir et al. (1978) have developed a general mixing equation for geo-
chemical data. When dealing with igneous rocks all interelement relations must
conform to the mixing model in an internally consistent manner, and the ‘fit’ to
the mixing equations should be close. However, application of such mixing
models to determine the source of sedimentary rocks require some allowances
which do not necessarily apply to igneous systems. For example, secondary pro-
cesses such as weathering, sedimentary transport and diagenesis can affect the
distribution of many elements. Also, end member compositions cannot be speci-
fied, but only characterized, since a great deal of compositional variation would
be expected in source rocks, related to the local igneous history (for example,
between plutons). In Fig. 8 the Archaean shale data are plotted on a ratio-ratio
plot of Co/Th vs La/Sc. Superimposed is a mixing line which uses two of the
extreme sedimentary compositions as end members. Considering the above
caveats, the agreement to the mixing line is excellent. It can be shown that such
agreement may be fortuitous, and a good test is to plot one of the ratios against
the ratio of the denominators; a distinct correlation should result if mixing is
involved (Langmuir et al. 1978). In Fig. 8 such a plot is also given (Co/Th vs
Sc/Th), and the correlation between these ratios is significant and adds consider-
able support to the mixing model. There is also a good correlation of these data
with the REE patterns. Thus, samples with high Co/Th and low La/Sc ratios
also have flat REE patterns, indicative of mafic volcanics. Samples with low
Co/Th and high La/Sc ratios have the steeper REE patterns characteristic of
felsic volcanics and Na-rich granitic rocks.

5 Composition and Nature of the Archaean Crust

Trace element relationships in Archaean sedimentary rocks provide persuasive
evidence for an origin through two component mixing of the Archaean bimodal
igneous suite. Thus the similarity in major element composition of Archaean
greywackes and Phanerozoic greywackes noted by several authors (e.g. Condie
1967b; Pettijohn 1972) is fortuitous and results from the inability of major ele-
ments to distinguish between mixtures of mafic and felsic igneous rocks and in-
termediate compositions such as andesites. Only when the full spectrum of
Archaean sedimentary compositions are considered is the evidence for mixing ap-
parent.

The overall conclusion, based on evidence from petrography, tectonic set-
tings and geochemistry, is that some trace element relationships in Archaean sed-
imentary rocks can be used to provide information about the nature of the ex-
posed Archaean crust, although the variability in composition calls for caution.
The best estimate for the average REE abundances in Archaean shales, based on
all of the available data from this laboratory, is listed in Table 4. The average
REE pattern has ¥ REE = 105 ppm, Lay/Yby = 6.8 and Eu/Eu* = 0.99. This
pattern is somewhat more enriched than the previously reported Archaean aver-
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Table 4. Rare earth elements in Archaean shales (in ppm)

Archaean AAS PAAS

shale
La 20 12.6 38
Ce 42 26.8 80
Pr 4.9 3.13 8.9
Nd 20 13.0 32
Sm 4.0 2.78 5.6
Eu 1.2 0.92 1.1
Gd 3.4 2.85 4.7
Tb 0.57 0.48 0.77
Dy 3.4 2.93 4.4
Ho 0.74 0.63 1.0
Er 2.1 1.81 2.9
Tm 0.30 0.26 0.40
Yb 2.0 1.79 2.8
Lu 0.31 0.27 0.43
Y REE 104.9 70.3 183.0
Eu/Eu*? 0.99 1.00 0.66
Lay/Yby 6.8 4.8 9.2

@ Eu* is the interpolated value for no chondrite-normalized anom-
aly

age (AAS; see Table 4) which was determined on the limited data base from the
Yilgarn Block, Western Australia. The new average differs from the post-
Archaean shales (PAAS; Table 4) in having lower ¥ REE, La/Yb and no Eu-
anomaly.

McLennan et al. (1980) documented the coherence of Th with the LREE and
showed how these systematics could be used to make estimates for other trace el-
ement abundances in the upper crust. Our best estimate of average La/Th in
Archaean shales is 3.5 = 0.3 (see above). If we assumed that the average REE
pattern of Archaean shales is equivalent to the Archaean exposed crust, then we
can derive an upper crustal Th value of 5.7 ppm. These are probably upper
limits, since Archaean sedimentary lithologies with lower REE abundances such
as quartzites and carbonates have not been considered. From the Th concentra-
tion we can also derive values for U = 1.5 ppm (Th/U = 3.8),K = 1.5% (K/U
= 10% and Rb = 50 ppm (K/Rb ~300). These values for incompatible elements
are about half the concentrations in the present-day upper continental crust
(Table 5) and indicate the exposed Archaean crust was considerably less differen-
tiated. In terms of the bimodal model such a composition is about equivalent to a
1:1 mixture of Archaean mafic volcanics and felsic igneous rocks.

Taylor and McLennan (1984) have attempted to model the bulk composition
of the total Archaean crust using the bimodal model. A reasonable model is a
2:1 mix of mafic and felsic end members (Table 5). This would indicate that the
Archaean upper crust was more silica-rich, due to a near-surface concentration
of felsic rocks. The composition obtained from this model is very similar to the
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Table 5. Abundances of some incompatible elements in the Archaean and present-day continental
crust

Archaean Present-day? Primitive?
—_—_— _— mantle
ucC TC? uct TC
Rb (ppm) 50 28 112 32 0.55
Th (ppm) 5.7 2.9 10.7 3.5 0.064
U (ppm) 1.5 0.75 2.8 0.91 0.18
K (%) 1.5 0.75 2.80 0.91 0.0180
La (ppm) 20 15 30 19 0.55
Yb (ppm) 2.0 2.2 2.2 2.2 0.37
Lay/Yby 6.8 4.6 9.2 4.9 -
Eu/Eu* 1.0 1.0 0.65 1.0 1.0

@ From Taylor and McLennan (1984).
b UC upper crust; TC total crust.

average composition of Archaean volcanic rocks from the Superior Province
(Goodwin 1977). Values for heat-producing elements (K = 0.75%, Th =
2.9 ppm, U = 0.75 ppm) provide a crustal contribution to heat flow of about
14 m Wm ™2 for a 30 km crust and about 19 m Wm 2 for a 40 km crust. These
values agree very well with the measured values for Archaean heat flow provinces
of 14 + 2 m Wm ™2 (Morgan 1984), which are derived from only a limited data
base. From Table 5 we can see that the bulk composition of the Archaean crust
is somewhat less depleted in incompatible elements than the present-day total
crust.

The sedimentary data clearly show that the mechanisms for differentiating
the post-Archaean and Archaean crust were fundamentally different. The post-
Archaean upper crust is characterized by a negative Eu-anomaly with fairly flat
HREE. This indicates that the major agent of crustal differentiation was partial
melting, probably of an upper amphibolite grade intermediate composition at
crustal depths (<40 km) where plagioclase is a dominant residual phase. Such
processes can be traced back to the late Archaean (earlier to about 3 Ga in South
Africa), when K-rich granitic rocks of intracrustal origin became widespread
(Taylor and McLennan 1981, 1984). In contrast, the earlier Archaean upper crust
did not have a Eu-anomaly on average, and the felsic end member of the bimodal
suite was characterized by steep REE patterns with HREE-depletion indicative of
garnet fractionation. The most important mechanism for forming the felsic part
of the crust during most of the Archaean probably was partial melting of am-
phibolite or eclogite grade mafic rocks at depths below plagioclase stability
(presently 40 km) and possibly at depths greater than 60 km (e.g. O’Nions and
Pankhurst 1978). Thus, in contrast to the differentiation of the late Archaean
and post-Archaean crust which is dominantly an intracrustal process, the dif-
ferentiation of the early Archaean crust took place dominantly in the upper
mantle.
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The present-day growth of the continental crust probably results from the ac-
cretion of island-arc material onto the edge of continents (Taylor 1967), and ac-
cordingly andesite has been used to characterize total continental crustal com-
positions (Taylor and McLennan 1981). Elsewhere (e.g. Taylor and McLennan
1981, 1984; McLennan and Taylor 1982) we have argued that most of the growth
of continents occurred during a relatively short interval during the late Archaean.
The mechanism of this growth is not certain, but there is no a priori reason to
assume that it was related to island-arc volcanism. The composition proposed in
the modelling presented above (see also Taylor and McLennan 1984) is somewhat
more mafic than average andesites and, accordingly, we would propose that the
overall composition of the present-day continental crust is best modelled by 75%
Archaean crust and 25% andesite in order to account for the large amount of
crustal growth during the late Archaean. This model is discussed fully elsewhere
(Taylor and McLennan 1984).
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Abstract

There is marked spatial and temporal heterogeneity in diversity and intensity of
metallogenic associations in Archaean greenstone belts. On the greenstone basin
scale, parameters such as intensity of faulting, rapidity of burial, water depth
and extent of irruption of komatiitic and felsic magma appear to have controlled
the nature and intensity of mineralization. These inter-related parameters appar-
ently depend on the degree of extension during basin development.

Initial development of both older (3.5 —3.3 Ga) and younger (3.0 to 2.7 Ga)
volcanic repositories appears to have occurred on platforms or in shallow basins
with zero or negative marginal relief, probably under conditions of low exten-
sion. Older platform-phase greenstones formed in very shallow water and the
metallogenic associations, including evaporative barite, small Pb-and sulphate-
rich volcanogenic massive sulphides and porphyry-style Mo-Cu deposits, reflect
the shallow marine to subaerial environments. Younger platform-phase green-
stones formed in deeper water basins and have more conventional metallogenic
associations, but the volcanogenic massive sulphides, komatiite-associated Ni-Cu

1 Geology Department, University of Western Australia, Nedlands, WA 6009, Australia

Archaean Geochemistry (ed. by A. Kroner et al.)
© Springer-Verlag Berlin Heidelberg 1984
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deposits and gold mineralization are normally spatially restricted, and the green-
stones have a relatively low intensity of mineralization.

Greenstone metallogenesis peaked in the late Archaean (2.8 —2.7 Ga) in as-
sociation with the development of major linear rift zones, probably related to in-
creased extension and crustal thinning. Overlap of magmatic, volcanogenic and
metamorphogenic mineralization resulted from the eruption of thick sequences
of volcanics, including komatiites and felsic rocks, into rapidly subsiding deep
water troughs and subsequent metamorphism and deformation of these se-
quences. The rift phase of greenstone basin development may be represented in
the older terrains by more limited, dominantly sediment-filled grabens which are
poorly mineralized relative to younger rift zones. This appears the major reason
for the temporal contrast in intensity of mineralization, whereas temporal con-
trasts in the nature of metallogenic associations relate largely to the anomalous,
very shallow-water environments at the platform stage in the older greenstone
basins.

1 Introduction

Variations in the secular and spatial distribution of Archaean metallogenic asso-
ciations reflect the tectonic evolution of Archaean terrains. However, these vari-
ations are generally poorly documented and seldom emphasized, despite the po-
tential role of mineral deposits in contributing to an understanding of tectonic
environments (Hutchinson 1981). Instead, discussion of Archaean metallogene-
sis and crustal evolution (e.g. Watson 1976; Anhaeusser 1981; Lambert and
Groves 1981) generally focuses attention on metallogenic associations character-
istic of Archaean granitoid-greenstone terrains and contrasts the volcanic-domi-
nated ‘greenstone-style’ of mineralization with that of the late Archaean/early
Proterozoic epicontinental basins.

The objectives of this paper are to draw attention to the markedly heteroge-
neous spatial distribution of Archaean mineralization and its peak development
in late Archaean times (ca. 2.8 —2.7 Ga), and to discuss these aspects in terms of
evolution of Archaean crust. There are four major types of Archaean terrain,
each with a distinctive suite of metallogenic associations (Table 1). However, at-
tention is focused on granitoid-greenstone terrains because (1) they provide a
1 Ga volcanic, sedimentary and tectonic record of the evolution of the early con-
tinental crust; (2) they are the most diversely mineralized terrains; and (3) they
are areally the most significant. In comparison, high-grade gneiss terrains con-
tain relatively insignificant mineralization and, although preserving an extended
tectonothermal history, they generally have a poor volcanic and sedimentary re-
cord. While intracratonic basins host some of the world’s most economically sig-
nificant mineral deposits (Table 1), the basins postdate the main craton-forming
events and probably herald a new tectonic cycle. Late Archaean basement com-
plexes to early Proterozoic geosynclinal sedimentation are generally poorly un-
derstood.

In this paper spatial and temporal variations in greenstone belts are initially
discussed to constrain evolutionary models. Length restrictions inhibit exhaus-
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tive discussion of critical evidence: Marston et al. (1981) provide additional use-
ful data and discussion. However, largely of the basis of our data from the West-
ern Australian Shield and correlation with information from other terrains, it is
suggested that two stages of evolution, an early platform phase and a late rift
phase, produced spatially discrete greenstone sequences of contrasting type in in-
dividual terrains. The distribution of metallogenic associations is discussed in
terms of this subdivision. Emphasis is placed both on contrasts between associa-
tions in platform- and rift-phase greenstones within terrains of similar age, and
on variations in associations related to each phase of evolution in terrains of con-
trasting age.

2 Granitoid-Greenstone Terrains

Most granitoid-greenstone terrains exhibit rather similar volcanic and sedimenta-
ry lithofacies, granitoid intrusion histories and deformation sequences extending
over a variable interval from <0.1 Ga to 0.5 Ga. These features have been ex-
haustively described (see Windley 1977), and much emphasis has been placed on
the uniformity of greenstone belts and the search for an all-embracing model of
their evolution. The common features do have important implications to gross
tectonic setting and nature of basement to greenstones. However, it is contrasts
between greenstone terrains that are critical to the recognition of evolutionary
processes. There is growing evidence for such differences, both between green-
stone belts within discrete cratons (Gee et al. 1981) and between greenstone belts
of contrasting age (Lowe 1982). These contrasts and their significance are em-
phasized below as a prelude to discussion of the distribution of Archaean metal-
logenic associations and formulation of a tectonic and metallogenic model.

It is first important to establish a temporal framework. Pre-3.5 Ga green-
stones appear confined to the essentially unmineralized Isua sequences in Green-
land and are not discussed further. All other greenstones can be broadly subdi-
vided into two major temporal groups (Windley 1977). Older greenstones with
supracrustals formed in the interval ca. 3.5 — 3.3 Ga are preserved in the east Pil-
bara Block, Barberton Mountain Land and restricted parts of Zimbabwe. More
widespread younger greenstones developed in the interval ca. 3.0—-2.7 Ga and
form much of the Yilgarn Block, Superior Province and Rhodesian Craton and
probably much of the Brazilian, Indian and Baltic Shields. There is little evidence
of superposition of younger belts on much older granitoid-greenstone terrains in
most cratons. It is emphasized that our nomenclature of older and younger
greenstones refers to gross differences in age between discrete granitoid-green-
stone terrains. They are not equivalent to the commonly used terms lower and
upper greenstones which refer to subdivisions within individual older and youn-
ger greenstone terrains.
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3 Spatial Variations in Greenstone Belts

In the following discussion, differences between greenstone belts within individu-
al cratons are identified. Subdivision into platform-phase and rift-phase green-
stones (Table 2) is justified. Considerable emphasis is placed on relationships
within the Western Australian Shield, where the authors have personal experi-
ence. The reconnaissance nature of much of the data essential to formulation of
tectonic and metallogenic models makes such models speculative, even in the
Western Australian Shield. They are even more speculative for other terrains, but
there are strong indications that similar relationships hold in well-documented
terrains such as the Canadian Shield.

3.1 Platform-Phase Greenstones

The gross tectonic pattern of many granitoid-greenstone terrains is dominated by
more or less equi-spaced, ovoid granitoid batholiths with intervening stellate,
grossly synformal greenstone belts (e.g. east Pilbara, Murchison and Southern
Cross Provinces of the Yilgarn Block in Western Australia).

The lower, normally volcanic-dominated parts of such sequences are very ex-
tensive and, despite evidence for early recumbent folding and thrusting (e.g.
Bickle et al. 1980), a coherent stratigraphy has been erected in most regional
studies of such terrains (Hickman 1981; Gee et al. 1981). There is commonly a
vertical transition from volcanic-dominated sequences to clastic-dominated sedi-
mentary sequences. Sediments within the volcanic sequences comprise largely
volcaniclastic sediments, derived almost exclusively from felsic volcanic centres,
or orthochemical sediments including BIF. Basement rocks and lower mafic-ul-
tramafic volcanics provided insignificant detritus to the basin. Felsic centres are
normally isolated and poorly represented in many terrains, and some vertical sec-
tions through lower sequences comprise almost entirely mafic-ultramafic se-
quences.

Extrusive komatiite sequences are poorly developed in most greenstone belts
of this type (e.g. east Pilbara; Murchison and Southern Cross Provinces, Yilgarn
Block), although significant sequences are developed in the Barberton Mountain
Land. Where present, they are normally the “aluminium-depleted” komatiite
type (Nesbit et al. 1979).

The nature of the lower volcanic sequences suggests that they developed in an
extensive shallow basin or platform with essentially zero or negative marginal re-
lief (cf. Lowe 1982). They are thus referred to as platform-phase greenstones. Al-
though the depository was volcanically active, and presumably formed in an ex-
tensional regime, there is no evidence for widespread fault control on basin de-
velopment. The resultant tectonic pattern of large equi-spaced granitoid batho-
liths is consistent with diapiric uprise of underlying granitoids through a green-
stone slab of more or less constant thickness. Initial uplift may have instigated
widespread clastic sedimentation and basin restriction in some instances, but the
major phase of vertical tectonics including granitoid diapirism post-dated at least
the early phase of major clastic sedimentation.
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3.2 Rift-Phase Greenstones

Within some granitoid-greenstone terrains, there are segments with more linear
tectonic patterns, characterized by elongate greenstone belts and intervening
granitoid domes; major regional faults commonly cut the greenstone sequences
into tectonic slices. They are commonly characterized by a complex stratigraphy
of mafic-ultramafic sequences, felsic volcanics and volcaniclastic sediments. Vol-
caniclastic sediments were deposited both in local terrestrial environments related
to volcanic vent construction and faulting and in large submarine fan systems.
Clasts include submarine mafic and ultramafic rocks, suggesting uplift and sub-
aerial exposure of these sequences: granitoid clasts may also be locally abundant.
Argillaceous sediments are widespread, and there are rapid facies changes across
and along depositional basins. The belts commonly have thicker and more exten-
sive extrusive komatiite (normally ‘aluminium-undepleted’ type) and/or felsic
volcanic sequences than the more widespread platform-phase greenstone belts.

Although linear segments of the Abitibi Belt almost certainly represent rift-
phase greenstones, the type example of such a terrain is taken here as the strati-
graphically complex Norseman-Wiluna Belt of the Yilgarn Block (Fig. 1). This
linear zone is characterized by an elongate western segment in which thick extru-
sive komatiite sequences, intrusive komatiitic dunites and sulphidic shales and
cherts are abundant. The presence of distal turbidites and extensive, thick, non-
vesicular basalt sequences containing only thin, very distal (Bavinton 1981) sul-
phidic shale horizons indicate deep water conditions in the central part of the
elongate basin, at least in the southern part. The eastern segment of the belt is
characterized by subaerial to shallow marine felsic volcanic centres and associat-
ed volcaniclastic sediment wedges. The flanking, more extensive greenstone belts
have a contrasting lithofacies dominated by basaltic lavas with only minor extru-
sive komatiites and isolated felsic volcanic centres (Fig. 1). BIF is abundant in
these greenstone sequences, but is generally absent from the Norseman-Wiluna
Belt.

These features suggest that the greenstones formed in tectonically more active
basins than the platform-phase greenstones. As in the latter, felsic volcanic cen-
tres formed significant relief, but submarine mafic-ultramafic sequences and
granitoids were exposed, presumably by faulting and/or isostatic readjustment.
Rapid facies changes support the concept of fault-bounded basins, and sedimen-
tary facies suggest that parts of these basins were deep troughs. The occurrence
of bimodal basalt-rhyolite volcanism in some belts provides supporting evidence
for a tensional tectonic setting (McGeehan and MacLean 1980). It is likely that
the greenstones formed in an actively extensional, fault-bounded basin. For this
reason, they are termed rift-phase greenstones. The present linear pattern of the
terrains is largely the result of imposed strike-slip faults, but evidence from such
diverse sources as gross lithofacies variation and orientation of mineral deposits
(e.g. Kambalda Ni-Cu ores) suggests an original linear aspect (Groves 1982).
The gross linear tectonic pattern can be explained in terms of vertical tectonics
with late diapiric uplift of granitoids controlled by edge effects related to the
boundary faults between greenstones and basement (Archibald and Bettenay
1977).
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The precise temporal relationship between platform-phase and rift-phase
greenstones within the same craton is not completely clear. There is normally in-
sufficient superior geochronological information (U-Pb in zircons, Sm-Nd
whole-rock isochrons) for greenstones to precisely define their ages. Available
data from the Norseman-Wiluna Belt, however, suggest that it may have evolved
over a much shorter period (ca 0.1 Ga) than many platform-phase greenstone
belts. In addition, available isotopic data firmly establishes an age of ca. 2.8 Ga
for this belt (e.g. McCulloch and Compston 1981; Cooper and Dong 1983),
whereas reconnaissance Sm-Nd isotopic studies suggest that at least some green-
stones were formed at ca 3.0 Ga in the adjacent Murchison and Southern Cross
Provinces (e.g. Fletcher et al. 1982). Possible stratigraphic confirmation that the
rifts are superimposed on earlier basins is provided by the distribution of BIFs.
These represent major lithostratigraphic units in the platform-phase greenstones,
commonly marking the boundary betwen early basalt-dominated sequences and
younger, commonly sediment-dominated sequences (e.g. Gee 1979). In the
Norseman-Wiluna Belt, however, they only occur at the lowest stratigraphic
levels at the southern end of the belt (e.g. Gemuts and Theron 1975), suggesting
that the bulk of rift-related volcanism and sedimentation may have post-dated
BIF development. Similarly, in the Pilbara Block there is a close temporal
relationship between widespread BIF deposition and the appearance of thick
trough sedimentary sequences (Eriksson 1981). It is possible that the appearance
of widespread BIF in the more stable portions of greenstone basins reflects an
increase in hydrothermal circulation of Fe-rich fluids related to the initial stages
of rifting.

4 Temporal Variations in Greenstone Belts

Recent sedimentological studies have highlighted important differences between
older (3.5—3.3 Ga) greenstone belts and younger (3.0—2.7 Ga) counterparts.
Before discussing these differences (summarized in Table 2), it must be empha-
sized that younger terrains are far more widespread and extensive than older ter-
rains, so that it is difficult to establish if the exposed segments of the latter are
truly representative of greenstone belts formed at that time. The close similarities
of the best-documented older greenstones in the east Pilbara and Barberton

Gold deposit > 50t Au ® Volcanogenic Cu-Zn deposit > 10,000t Cu+Zn

Gold deposit > 10t Au O Porphyry-style Cu-Mo deposit > 10,000t Cu+Mo
Pilbara gold deposits > 2t Au ®  Tin-tantalum or tungsten deposit >10,000t W or Sn-Ta
IDA nickel deposit > 10,000t Ni 4 Major barite deposit

VPA nickel deposit > 10,000t Ni +

Other nickel deposits > 10,000t Ni

Iron ore deposit > 1000Mt Fe

"I*OOA

Fig. 1. Regional map of the Western Australian Shield showing the major tectonic units and major
ore deposits of the Archaean Pilbara and Yilgarn Blocks. The distribution of platform-phase and rift-
phase greenstones is somewhat schematic, and the distribution of sequences with abundant felsic vol-
canics is generalized
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Mountain Land do, however, suggest a distinctive style for the older terrains: the
discussion below is drawn from these terrains.

4.1 Platform-Phase Greenstones

Platform-phase volcanic sequences in the older terrains developed under exten-
sive very shallow-water conditions (Barley et al. 1979; Lowe 1982). Vesicular ba-
salts are common in lower volcanic sequences suggesting shallow-water eruption
(Dunlop and Buick 1981): these have been subjected to intense synvolcanic silici-
fication and/or carbonation. Volcaniclastic sediment wedges surrounding largely
subaerial felsic volcanic centres comprise coarse debris flows reworked in fluvial
or shallow marine environments. Even distal sediments commonly represent vol-
canic ash reworked in shallow-water environments, and accretionary lapilli are
present in some instances (Lowe and Knauth 1978). Sediments derived from a ba-
saltic source are rare (Dunlop and Buick 1981), and turbidites (Stanistreet et al.
1981) and Fe-rich sediments are rare or absent. Interflow sediments are dominat-
ed by silicified, shallow-water, low energy orthochemical and biogenic sedi-
ments, including silicified carbonates and evaporites (Lowe and Knauth 1977;
Barley et al. 1979). Probable stromatolites are present in the east Pilbara (Walter
et al. 1980; Lowe 1980; Buick et al. 1981). Thin units of these silicified sediments
can be traced for tens of kilometres along strike.

In younger greenstone terrains, platform-phase greenstones formed under
generally deeper water conditions than older counterparts. Evaporites and bio-
genic sediments are very rare, as are other indicators of shallow-water deposition
such as accretionary lapilli, although stromatolites are recorded from the Slave
Province (Henderson 1975) and Zimbabwe (Bickle et al. 1975). Vesicular basalts
also appear to be rare. Although felsic volcaniclastic sediment wedges have been
reworked in shallow water, turbidites are also developed as a distal facies. Fe-rich
sediments are normally present. Available data on sediments indicate that depo-
sition occurred largely below wave base, and the dominance of non-vesicular ba-
salts suggests that it may have been considerably deeper.

4.2 Rift-Phase Greenstones

There also appear to be temporal differences in rift-phase greenstones. In youn-
ger greenstone terrains, such greenstones are dominated at low stratigraphic lev-
els by thick sequences of mafic and ultramafic volcanics that have been deposited
in fault-bounded basins several hundred kilometres in length and 200 km or
more in width (e.g. Norseman-Wiluna Belt). These features suggest major crustal
extension and thinning.

The limited exposed area of the older greenstone terrains imposes major con-
straints on the definition of rift-phase greenstones. However, in the west Pilbara
and possibly Mosquito Creek areas of the Pilbara Block (Fig. 1), there are linear
troughs that are probably younger than the platform-phase greenstones of the
east Pilbara (Fitton et al. 1975). If these are equivalent to the rift-phase green-
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stones in the younger terrains, their more restricted width and dominant sedi-
ment-fill suggest they formed under conditions of lower extension and crustal
thinning. Depositories are better termed grabens than rifts.

4.3 Summary

To summarize, older greenstone belts appear to have had a volcanic and tectono-
metamorphic history extending over ca. 0.5 Ga. The platform-phase involved
eruption of volcanics into extensive, very shallow-water basins. Evidence from
the areally extensive east Pilbara terrain suggests that extrusive komatiites and
felsic volcanics were not widespread. Superimposed grabens appear to have been
of limited extent and were dominantly depositories for trough sediments, al-
though felsic volcanics occur in the west Pilbara. Platform-phase greenstones of
younger terrains appear to have formed in deeper water basins than their older
counterparts, so that although volcanic components are similar, sediments de-
posited at this stage are markedly dissimilar. Late-stage rifting (ca. 2.8 —2.7 Ga)
appears to have involved considerable extension and crustal thinning with the de-
velopment of relatively short-lived, linear, fault-bounded basins that were rapid-
ly filled with volcanics including abundant extrusive komatiites and/or felsic vol-
canics.

5 Metallogenic Associations in Granitoid-Greenstone Terrains

Metallogenic associations are mostly concentrated in greenstone belts. Distribu-
tion is heterogeneous, and the object of the following section is to examine this in
terms of the spatial and temporal variations discussed above. Spatial variations
within greenstone belts of comparable age are discussed initially, and compari-
sons are then made between older and younger terrains. Emphasis is again placed
on the Yilgarn and Pilbara Blocks of Western Australia, although comparisons
are extended to those terrains where there are reasonable geological constraints
(e.g. Kaapvaal Craton, Canadian Shield). In other cratons (e.g. in Brazil and
India) age constraints are insufficient to detect secular variation. Important con-
clusions are that major metallogenic associations are preferentially developed
within the rift phase of greenstone basin evolution, and that metallogenesis
peaked during the development of the youngest greenstone belts (cf. Watson
1976).

5.1 Older Greenstone Terrains

The predominant platform-phase greenstones of older granitoid-greenstone ter-
rains are both generally poorly mineralized and have a most unusual suite of me-
tallogenic associations. These include sedimentary barite deposits that developed
in very shallow-water environments by direct precipitation of barite or replace-
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ment of evaporative gypsum and reworking of these deposits in shallow water
(Dunlop and Groves 1978; Reimer 1980). In addition, barite is an important
component of small, uneconomic base-metal deposits that have significant Pb
and Ag and low concentrations of Fe-sulphides (e.g. Big Stubby and Yandicoo-
gina, east Pilbara). In the east Pilbara there are several examples of stockwork
Cu-Mo and porphyry-style Mo-Cu deposits associated with probable subvolcanic
granitoid intrusives (Barley 1982). There are no significant komatiite-associated
Ni-Cu deposits in these terrains.

It is difficult to make generalizations concerning gold mineralization. There
has been very low gold production from the relatively extensive greenstone belts
of the east Pilbara. In contrast, the Barberton Mountain Land has a very high
gold production (Anhaeusser 1976a), but much of the gold is geographically re-
stricted, is associated spatially with early (now refolded) faults, and deposits are
largely hosted in the lower parts of the upper sedimentary sequences. This may
represent a unique style of mineralization in the older greenstone terrains and be
atypical of the Kaapvaal Craton in general; trace element studies of pyrites from
the younger Witwatersrand gold-bearing conglomerates (Hallbauer and Kable
1982), for example, suggest that mineralization of the Barberton type was not a
major contributor to these gold deposits.

The absence of economic komatiite-associated Ni-Cu or volcanogenic Cu-Zn
massive sulphide deposits reflects the relative lack of peridotitic komatiites and
the widespread shallow-water depositional environment characteristic of the ear-
ly platform phase.

The absence of komatiites may be a direct consequence of the low rate (and
total) extension in development of platform-phase greenstone basins. Under such
conditions, fractionation of komatiitic magmas in intra- or sub-crustal magma
chambers and the eruption of basaltic magmas rather than komatiites is probably
favoured (e.g. Nisbet 1982). The shallow deposits and environment also militat-
ed against the deposition of sulphidic sediments, the potential source of sulphur
for komatiite-associated deposits (e.g. Lesher et al. 1984).

Lack of synvolcanic deep water basins inhibited development of hot water
plumes at depths below which boiling would be prevalent, and massive sulphides
could be formed and preserved (cf. Solomon and Walshe 1979). The small, rela-
tively Cu-poor deposits that are present probably represent lower temperature,
epithermal-style mineralization formed in a shallow-water environment. The
widespread occurrence of evaporative sulphates, the more restricted occurrence
of stratiform barite and the association of barite with the small volcanogenic
massive sulphide deposits all point to a relatively oxidized shallow hydrosphere
(Lambert and Groves 1981). The relatively Fe-poor nature of all these deposit
types suggests that at the volcanic stage this hydrosphere was above the level of
available ferrous iron reservoirs or was isolated from deeper basins in which such
reservoirs were present.

The occurrence of porphyry-style Mo-Cu mineralization is consistent with the
subaerial nature of the felsic volcanism in the older terrains (Barley 1982). Stock-
work Cu-Mo mineralization possibly represents the subvolcanic equivalent of
massive sulphide deposits in shallow-water envionments, where boiling of ore
fluids took place below the water interface.
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Lack of large volcanic-hosted metamorphogenic gold deposits such as those
that typify the younger greenstone belts may be due to (1) the restricted occur-
rence of exposed rocks within the metamorphic window (greenschist to low am-
phibolite facies) for gold deposition (Groves et al. 1984), (2) the lack of high tem-
perature (high sulphur) komatiitic volcanics to act as suitable source rocks (Keays
1984); (3) volatilization of sulphur during shallow eruption and consequent lack
of extractable sulphide-hosted gold for subsequent metamorphic leaching; and/
or (4) early leaching of available gold from potential source rocks during exten-
sive synvolcanic alteration. Such intense alteration is characteristic of subaerial
to shallow-water volcanic sequences where multi-stage hydrothermal flushing
and horizontal channelling of fluids is common (e.g. Spooner and Fyfe 1973;
Henley and Ellis 1983).

Rift-phase greenstones are poorly developed in older terrains, where they are
perhaps more appropriately termed graben-phase supracrustals. A characteristic
association of Sb-, Bi-, and/or As-rich gold deposits occurs within trough sedi-
ments of the Mosquito Creek Beds in the east Pilbara, and more typical Ar-
chaean pyritic massive base-metal sulphides lacking sulphates are associated with
a felsic volcanic belt in the West Pilbara (Fig. 1), although there is some debate as
to the contemporaneity of the volcanics and trough sediments (Fitton et al. 1975;
Horwitz 1979; Hickman 1980). The deeper water environments are clearly impor-
tant for formation and preservation of volcanogenic sulphides and retention of
gold in potential source rocks. Despite this, the diversity and intensity of mineral-
ization is lower than that shown by rift-phase greenstones in younger terrains,
and the majority of deposits are uneconomic.

5.2 Younger Greenstone Terrains

As in the older terrains, younger platform-phase greenstones show a diversity of
metallogenic associations. Individual metallogenic associations may show geo-
graphic concentrations, for example, several gold provinces and the Forrestania
Ni-Cu deposits in the Yilgarn Block (Fig. 1), whereas volcanogenic base-metal
deposits tend to be scattered throughout the belts. There are few areas where
there is spatial overlap of two or more important associations.

In accord with their deeper water depositional basins than in older counter-
parts, the greenstones contain no significant sulphate-bearing deposits, and por-
phyry-style Mo-Cu deposits are rare. Small enriched iron ore deposits are asso-
ciated with BIFs towards the top of volcanic-dominated sequences.

The major mineralization developed is an epigenetic gold association. This is
widespread, but individual deposits cluster, commonly with one or two large de-
posits surrounded by a number of much smaller deposits. Both volcanic-hosted
and BIF-hosted gold deposits are well-developed, particularly in mafic volcanic-
dominated sequences. BIFs are commonly preferred host rocks; for example,
they provide almost half the gold production from the Murchison and Southern
Cross Provinces of the Yilgarn Block despite their low total volume. In the West-
ern Australian Shield gold concentration in the younger platform-phase green-
stones (ca. 16 kg Au/km?) is considerably higher than that of older counterparts
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in the east Pilbara (<1 kg Au/ km?). In both terrains preferred gold source-rocks
(komatiites — Keays 1984) are rare, and it is possibly the lower intensity of syn-
volcanic alteration of source rocks in the deeper water Yilgarn basins that is the
critical factor in their higher mineralization potential. Further generalizations on
the relative gold content of platform phases in younger and older terrains are re-
strained by the Barberton Mountain Land with an anomalously high concentra-
tion of ca. 50 kg Au/km?of greenstone. However, the limited extent of the ter-
rain and the uncertainty of the tectonic setting of the gold-hosting sedimentary
sequences make the significance of this value uncertain: selected equivalent areas
of younger terrains would have even higher concentrations. The Kaapvaal and
Rhodesian Cratons also appear to be particularly enriched in gold: Zimbabwe
greenstone belts in toto, dominated areally by younger sequences, have a concen-
tration in excess of 70 kg Au/km? of greenstone based on data provided by An-
haeusser (1976a).

Rift-phase greenstones in younger greenstone belts are intensively mineralized
and typified by an abundance of major volcanic-hosted gold deposits and either
volcanogenic massive Fe-Cu-Zn sulphide deposits or komatiite-associated Fe-Ni-
Cu deposits: there is an antipathetic relationship between base-metal deposit
types. For example, parts of the Abitibi Belt are typified by abundant volcano-
genic massive sulphide deposits, commonly related to specific stratigraphic inter-
vals within thick mafic-felsic volcanic piles (e.g. Franklin et al. 1981). Small por-
phyry-type Mo-Cu deposits are also present (e.g. Ayres et al. 1982). In these ter-
rains, komatiite-associated Ni-Cu deposits are generally small and/or low grade
(Green and Naldrett 1981). In contrast, the Norseman-Wiluna Belt contains
abundant high-grade komatiite-associated Ni-Cu deposits (Marston et al. 1981),
but rare and geographically discrete volcanogenic massive sulphide deposits.
Over 90% of pre-mining reserves of nickel in the Western Australian Shield are
concentrated in the Norseman-Wiluna Belt (Ross and Travis 1981). Contrasts be-
tween the Abitibi Belt and Norseman-Wiluna Belt may, at least in part, be due to
the stratigraphic level of greenstones exposed in the two belts, although the sub-
aerial nature of felsic centres in the Norseman-Wiluna Belt (Hallberg 1980) is
clearly a contributing factor.

Gold deposits are well-developed in rift-phase greenstones, and major gold
centres from such settings tend to be an order of magnitude more productive
than those in platform associations. Volcanic-hosted vein or lode deposits are
most widespread, and in many provinces metabasalt- or metadolerite-hosted de-
posits are dominant (Woodall 1979). On the regional scale gold deposits may be
concentrated at specific stratigraphic levels (Hodgson and McGeehan 1982),
and/or in zones of major faulting and uplift, commonly typified by extensive
carbonate alteration, in the axial region of the rifts (Fig. 1; Groves et al. 1984). In
the Yilgarn Block gold mineralization is more intense in the Norseman-Wiluna
Belt (ca. 32 kg Au/km? of greenstones) than in flanking zones (ca. 16 kg
Au/km?).

The spatial overlap of major ore deposits of different metallogenic associa-
tions and with markedly contrasting genesis provides important insights into the
regional tectonic controls of metallogenesis. In the Norseman-Wiluna Belt, for
example, the major volcanic komatiite-associated Ni deposits occupy the central
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part of the belt and appear related to extensive eruption of thick sequences of ko-
matiites in the more rapidly subsiding, deeper-water axial zone of the rift during
the major extensional stage of greenstone belt evolution (Groves 1982). This is
consistent with the models of Nisbet (1982). The presence of non-vesicular lavas
and sulphidic shales or chert with a very low clastic component in these zones is
consistent with a deep-water setting. The abundance of Fe-sulphides in these
zones and possible syn-early rifting oxide-facies BIF in flanking zones combined
with the general absence of sulphates suggests relatively reducing basins open to
the influx of ferrous iron during the formation of younger rift-phase greenstone
volcanic sequences. These would also be ideal conditions for the formation, and
importantly preservation, of volcanogenic massive sulphide deposits in areas
where there was coincident felsic volcanism (e.g. Abitibi Belt).

Several of the major gold producers of the Yilgarn Block occur in the same
axial zone along the same structural high occupied by the major nickel deposits
(Fig. 1). Their occurrence is probably related to generation of thick sequences of
relatively unaltered, sulphide-bearing mafic/ultramafic volcanic rocks, which
subsequently represented ideal source rocks (Keays 1984) for metamorphic gold-
bearing fluids (Groves 1982).

5.3 Summary of Spatial and Temporal Variations

1. Older platform-phase greenstones are poorly mineralized. Relatively small sul-
phate-rich sedimentary and volcanogenic deposits and porphyry-style Mo-Cu de-
posits reflect the subaerial to shallow water depositary and a relatively oxidized
shallow hydrosphere. Lack of Ni-Cu deposits reflects the general poor develop-
ment of komatiites (perhaps more specifically “aluminium-undepleted” types)
due to low total extension and/or low extension rate, and lack of very large gold
deposits may also reflect limited irruption of high temperature komatiitic mag-
mas and/or early intense alteration and removal of gold from the subaerial to
shallow-water volcanic pile.

2. Rift (graben)-phase greenstones are poorly expressed and poorly mineralized
in older greenstone terrains where they are sediment-dominated. However, if
flanking volcanic zones are co-genetic, as is possible in the West Pilbara Block,
they may contain a diversity of more typical Archaean metallogenic associations
due to the deeper water depositories. However, individual volcanogenic deposits
are generally relatively small.

3. Platform-phase greenstone in younger terrains are better mineralized than
their older equivalents due to the greater chance of formation and preservation in
deeper-water basins, but significant base-metal deposits are normally isolated
and generally poorly developed. Gold deposits are widespread, and BIF-hosted
deposits are particularly important.

4. Rift-phase greenstones in younger terrains contain the greatest concentration
and diversity of important metallogenic associations. The great majority of
greenstone-hosted, komatiite-associated Ni-Cu deposits are concentrated in such
sequences; data from Ross and Travis (1981) suggest that at least 85% of global
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resources of such deposits occur in these zones and that over 60% are confined to
the Norseman-Wiluna Belt alone. The majority of Cu-Zn resources in Archaean
volcanogenic massive sulphides are concentrated in the Abitibi Belt (e.g. Frank-
lin et al. 1981). Similarly, many of the large gold deposits occur in such belts. Six
of the ten largest deposits in the Western Australian Shield (including the four
largest) occur in the Norseman-Wiluna Belt and 26 of the 33 largest producers
(over 10° 0z Au) in the Canadian Shield occur in the Abitibi Belt (Hodgson and
McGeehan 1982). The most important, inter-related parameters that lead to the
high mineralization potential of the rift-phase greenstones appear to be:

a) high total extension (and extension rates?) that favour eruption of komatiites
rather than basalts only (Nisbet 1982): komatiites are the source of magmatic
Ni-Cu deposits and represent potentially enriched Au sources.

b) deeper water environments that favour formation and preservation of vol-
canogenic massive sulphide deposits, the deposition of sulphidic shales as po-
tential sulphur sources for komatiite-associated Ni-Cu deposits (Lesher et al.
1984) and less intensive hydrothermal alteration (Henley and Ellis 1983).

6 Evolution of Granitoid-Greenstone Terrains
and Their Metallogenic Associations

The two most important features of the heterogeneous time-space distribution of
metallogenic associations in Archaean granitoid-greenstone terrains are:

1. the existence of discrete zones or belts of mineralization with a preferential
concentration of a diverse range of mineral deposits (Fig. 1), and

2. the peak development of such restricted belts in the period 2.8 —2.7 Ga ago
(Fig. 2).

These features are further examined in terms of tectonic evolution of plat-
form- and rift-phase greenstones and implications for early crustal development.
The schematic model outlined in Fig. 3 is largely based on contrasts between, and
within, the Pilbara and Yilgarn Blocks of the Western Australian Shield. Avail-
able information suggests it has a wider application, although the relative impor-
tance of platform- versus rift-phase greenstones may vary widely between cra-
tons: for example, the Rhodesian craton appears dominated by platform-phase
greenstones in the period 3.0 —2.7 Ga, whereas the Superior Province appears to
have a higher proportion of 2.8 —2.7 Ga rift-phase greenstones.

6.1 Nature of the Basement

An initial constraint on any model is the nature of basement, if any, on which
greenstones formed, and this has been one of the major debates of Archaean ge-
ology. It has been argued that temporal differences in greenstones relate to
changes in tectonic setting from ensimatic to ensialic (Lowe 1982), but the overall
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similarity of lithofacies and history of the terrains suggest a common setting.
Features such as (1) multiple interlayering of volcanics and sediments; (2) lack of
constant vertical zonation of intrusive/volcanic lithologies and metamorphic
grade in lower mafic-ultramafic sequences; (3) presence of calc-alkaline volcan-
ics; and (4) abundance of granitoids, some of which are synchronous with early
greenstones (Bickle et al. 1983) are among several compelling arguments against

Fig. 3. History of development of greenstone basins through platform- and rift-phases illustrated by
reference to the Yilgarn Block. The sequence of events must be considered tentative due to the recon-
naissance nature of available geochronology. The vertical scale is exaggerated to allow illustration of
relationships within the greenstone belts
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greenstones representing oceanic crust. (For alternative view see Smith et al., this
Vol., eds.) Unequivocal evidence for sialic basement is provided for some
sequences by the occurrence of supracrustal sequences in younger greenstones
unconformably overlying older granitic gneisses (e.g. Bickle et al. 1975). In most
terrains, however, such evidence is lacking, and indirect evidence such as (1) the
rare occurrence of probable granitoid-derived basal sediments (Gee et al. 1981);
(2) the nature of crustal profiles (Archibald et al. 1981); (3) the presence of calc-
alkaline volcanics with geochemical characteristics similar to those erupted
through continental crust (Bickle et al. 1983); and (4) the hiatus between volca-
nism and metamorphism that is suggestive of a thermal buffer such as continen-
tal crust, provides equivocal evidence of sialic basement.

For these reasons it is assumed that greenstones formed on sialic crust in the
model outlined below (Fig. 3).

6.2 Greenstone Terrain Evolution

The apparent broad lateral continuity of basalt-dominated lower volcanic se-
quences and the lack of orogenic sediments suggest that platform-phase green-
stones evolved as extensive anorogenic basins or platforms with zero or negative
marginal relief (cf. Lowe 1982) in an extensional tectonic regime. A model in-
volving early regional arching and fracturing of a relatively rigid pre-existing sial-
ic crust over divergent zones of mantle convection cells is considered most appro-
priate (cf. Hargraves 1981). Basaltic volcanism and more restricted felsic volca-
nism produced volcanic sequences up to several kilometres thick (Fig. 3a); peri-
dotitic komatiites were generally poorly represented.

In older terrains (3.5 — 3.3 Ga) intervolcanic sediments indicate that deposi-
tion occurred more or less at base level (defined as the hydrosphere-atmosphere
interface) with rate of deposition maintaining pace with rate of subsidence. In
younger terrains (3.0—2.7 Ga) platform-phase greenstones are similar to their
older counterparts, except that deposition appears to have been at greater aver-
age water depths, suggesting either greater initial subsidence or subsidence rates
greater than those of deposition. The major tectonic implication is that the
amount of relative crustal thinning was greater under the younger terrains than
the older, which may reflect a secular change in the degree of fractionation and
thermal regime in the younger crust.

The difference in depositional environments has a major influence on the rel-
ative importance of certain metallogenic associations within the platform phases
of younger and older terrains; for example, volcanogenic Cu-Zn massive sul-
phides are preferentially developed and preserved in deeper-water environments
of the younger terrains, and high level subvolcanic Cu-Mo deposits are more
common in the subaerial to shallow-water environments of the older terrains.
Sulphate deposits are restricted to the older terrains.

Synvolcanic metallogenic associations are poorly developed in both older and
younger platform-phase terrains. Possible exceptions include the intrusive du-
nite-associated deposits at Forrestania in the Yilgarn Block (Fig. 1) which occur
within a narrow linear zone along the extension of which volcanic- and BIF-host-
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ed gold deposits also appear preferentially concentrated. The relationship of such
zones to the platform-phase greenstones is uncertain: they may be related to su-
perimposed rift-phase events. Similarly, in Zimbabwe low grade komatiite-asso-
ciated Ni-Cu deposits are preferentially developed in the youngest greenstone se-
quences (Williams 1979) stratigraphically above thick BIF units.

The end of the platform-phase in both younger and older terrains is marked
by widespread deposition of BIFs which may be due to increased hydrothermal
activity related to the initial stages of rifting, heralding the onset of a new phase
of greenstone evolution (Fig. 3c).

The rift-phase greenstones have a different expression in granitoid-greenstone
terrains of different ages (Fig. 4). However, in both cases evidence suggests de-

Fig. 4. Representation of the contrast between rift (graben)-phase greenstones in older and younger
granitoid-greenstone terrains illustrated with reference to the Pilbara and Yilgarn Blocks of the
Western Australian Shield. The vertical scale is exaggerated to allow illustration of relationships
within the greenstone belts
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velopment of linear basins or grabens and syntectonic volcanism and sedimenta-
tion in response to renewed or greater extension over an evolving crust already
modified by development of the platform-phase greenstones (Fig. 3c, d).

In older granitoid-greenstone terrains the depositories are graben-like and
dominated by trough sediments (turbidites and proximal submarine-fan
deposits). The volcanic component is small and restricted to the lower part of the
stratigraphy. The main metallogenic association is sediment-hosted Au+ Sb + As
lodes, the intensity of which may reflect the availability of appropriate source
rocks (komatiites, sulphidic interflow sediments) in the underlying pre-rift stra-
tigraphy and the subsequent tectono-thermal history.

In younger granitoid-greenstone terrains, rift-phase greenstones appear to re-
flect greater extension and crustal thinning than in older terrains. The thinned
crust and extensional faulting has been important in promoting irruption of thick
piles of komatiites (e.g. Nisbet 1982) with associated Ni-Cu mineralization in
lower parts of the stratigraphic sequence. Felsic volcanic centres may also have
developed along major fracture zones with rapid lateral facies changes into vol-
caniclastic turbidite sequences. Associated rapid subsidence produced deeper wa-
ter basins suitable for generation and preservation of volcanogenic massive sul-
phide deposits and conducive to rapid burial and retention of potentially extract-
able gold in volcanic rocks representing the source of metamorphic gold-bearing
ore fluids. At the time of rifting basins of deposition appear to have been open
with respect to reservoirs of ferrous iron such that discontinuous Fe-rich sulphid-
ic sediments were deposited in the more active, strongly mineralized rift zones.

Contemporaneous volcanism and sedimentation may have continued within
platform-phase greenstones outside the major rift zones, with increasing restric-
tion of basins high in the sequence, perhaps in part related to faulting in flanking
zones and in part to initiation of diapiric uplift of sialic basement. Significant
base-metal mineralization appears lacking from such sequences.

Narrow linear belts of clastic sediment appear to be superimposed on rift- and
platform-phase greenstones in both younger and older terrains. Such basins,
where well-studied, appear to develop in oblique-slip tectonic regimes (B. Kra-
pez, in prep.) and lack endogenous metallogenic associations.

6.3 Consideration of Tectonic Evolution

The broader questions of the precise tectonic setting of the greenstone belts and
whether there are modern analogues are beyond the scope of this paper. These
and related problems concerning whether deformation was due to internal pro-
cesses or was imposed from outside (e.g. by continental collision) do not affect
conclusions relating to the relationships between metallogenic associations and
recognized phases of greenstone evolution discussed above. A major enigma that
arises from our model is that the older greenstones apparently developed under
more stable conditions than younger greenstones, contrary to theoretical consid-
erations that tectonic activity would have been more vigorous in earlier times
(e.g. Burke et al. 1976). The observed evolutionary trend may, however, relate
more to changes in the thickness, degree of differentiation and thermal state of
the crust on which greenstones formed than to changes in tectonic regime.
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Irrespective of these considerations, the major conclusion of our paper is that
initiation of major extension and crustal thinning with the development of rapid-
ly subsiding, volcanically active, deep-water rift zones at ca. 2.8 Ga ago was the
major control on the marked peak in Archaean greenstone belt metallogenesis
(Fig. 2).
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Abstract

Komatiites at Munro Township, northeast Ontario, show greater LREE deple-
tion and have lower ratios of highly to moderately incompatible elements (e.g.
Ti/Sc) than associated komatiitic basalts. These differences indicate that the two
magma types are not related to one another by low pressure fractional crystalliza-
tion: they formed either from mantle sources with slightly different composi-
tions, or from the same source under different conditions of partial melting or
high pressure fractionation.

In some situations these two magma types have mixed together to form hy-
brid magmas. The best example is Fred’s Flow, a thick mafic-ultramafic layered
unit that has chemical characteristics intermediate between those of the komati-
ites and komatiitic basalts. Textural evidence for mixing is found in the flow top
breccia which contains two types of fragment, one with komatiitic composition
and the second with basaltic composition. Particularly significant are augite
phenocrysts in the breccia, which have compositions indicating that they could
not have crystallized from the liquid that formed the bulk of Fred’s Flow.

Magma mixing may also have played a role in the formation of komatiitic ba-
saltic flows with acicular pyroxene textures and komatiites which contain anoma-
lously Fo-rich olivine xenocrysts or unusually high concentrations of incompati-
ble trace elements.
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1 Introduction

The petrology and geochemistry of the komatiites and basalts of Munro Town-
ship, Ontario, have been described in detail by Pyke et al. (1973), Arndt et al.
(1977), Arndt (1977), Arth et al. (1977), Sun and Nesbitt (1978), Whitford and
Arndt (1977), Basaltic Volcanism Study Project (1981) and Arndt and Nesbitt
(1982). In the last paper, detailed analyses of the basalts allowed a preliminary in-
terpretation to be made the petrological processes that had influenced the com-
positions of these rocks. It was shown that there existed, within a relatively thin
(700 m) volcanic pile, representatives of magmas from at least three chemically
distinct mantle sources. The principal characteristics of these magmas are given
in Fig. 1 and Table 1. Two of the magma types, the Fe-rich tholeiites and olivine
porphyries, come from distinctive mantle sources, one very rich in FeO and in-
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Fig. 1. Principal characteristics of Munro lavas, plotted against stratigraphic position. ® Lavas re-
presentative of erupted liquid compositions; © cumulate and evolved lavas; A Fred’s Flow erupted
liquid; M erupted liquid of Theo’s Flow, a thick, layered Fe-rich tholeiite flow. Note that the strati-
graphic depth scale applies only to the komatiitic lavas, not to Fred’s Flow and underlying tholeiites.
Data from Arndt and Nesbitt (1982), this study, and Arndt (unpubl.)
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Table 1. Element and oxide ratios for the main magma types in Munro Township

Unit 1 Unit 2 Fred’s Unit 3 Unit 4 Unit 5 Chondrite

Fe-rich  Komatiitic Flow Komatiites Olivine Komatiites,

tholeiites basalts porphyries komatiitic

basalts

MgO 5—-14 7-15 16—19 22-28 7-15 7-28 -
Al,04/TiO, 7-9 20 20 20.5 17 16-22 20
Ti/Zr 95 120 125-130 120-125 87 95-125 120
Zr/Y 3-4 2 2 2 2.5 1.7-20 -
(Sc/Ti) x1000 3-4 10-11 11-12 12-14 7-8 10-12 1.3
(Sm/Ce)y 09-1.0 1.31-1.34 1.34-1.5 1.87-1.9409-1.1 2.09 1
(Yb/Gd)y 0.7-1.0 09-1.0 09-1.0 1.0 09-1.0 09-1.0 1

compatible elements, and the other with low FeO and high Ni, Cr and incompati-
bles (Table 1). These magmas are probably unrelated to the komatiites and ko-
matiitic basalts that are the main subject of this paper, and little further mention
will be made of them. The komatiites and komatiitic basalts share similar chemi-
cal characteristics and were believed to have come from a third source.

At the time the last paper was written (Arndt and Nesbitt 1982), few trace ele-
ment data for komatiites from the northern part of the Township were available,
and the relationship between komatiites and the analyzed basalts (all of which
came from the northern part of the Township) could only be inferred using previ-
ously published data from the komatiites of Pyke Hill in the centre of the Town-
ship. Because of lack of intervening outcrop, correlation between the two areas
was uncertain. On the basis of the available information it was suggested that the
komatiitic basalts were derived from komatiite parent magmas by low pressure
fractional crystallization.

In this paper we present new analyses of the komatiites from the north of the
Township and additional analyses of komatiitic basalts. We then discuss the pet-
rogenesis of these rock types, using field observations and textural data to deduce
the compositions that the liquids had at the time they were extruded before they
were affected by post-eruptive fractionation. Using this information, we then
show that two different magmas were erupted, an ultramafic magma with about
25% MgO and a basaltic magma with about 11% MgO. The data suggest that
these magmas were not related to one another by low pressure fractionation, and
that mixing between these magmas played a small but significant role in the for-
mation of these rocks.

2 Location of Samples

Figure 1 is a modified version of the stratigraphic profile that has appeared in a
number of earlier papers (e.g. Arth et al. 1977; Arndt and Nesbitt 1982). The
figure shows the relationship between the various units that make up the strati-
graphic sequence in the northern part of Munro Township and the main geo-
chemical characteristics of each.
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Table 2b. Trace elements in Munro lavas

N. T. Arndt and R. W. Nesbitt

Komatiites Komatiitic basalts

C68 C18 C17 C37 C9 C80 C126 C125
MgO 27.24 26.99 23.70 26.82 9.85 7.28 12.20 9.80
Rb 6.2 4.5 2.3 0.90 15.5 2.8 1.8 3.0
Sr 10.7 6.3 5.3 23.4 112 83.0 73.0 161
Ba 7.0 6.0 8.0 10.0 82.0 41.0 102 142
Zr 16.1 18.1 21.3 13.7 33.0 43.0 38.0 37.0
Nb 0.30 0.60 1.2 0.50 1.5 1.8 1.8 1.4
Y 8.1 7.3 9.6 7.8 16.0 20.0 17.0 18.0
Sc 25.1 28.0 34.0 26.1 43.0 41.0 38.0 41.0
\Y 147 154 190 141 259 270 237 269
Cr 2944 3210 2285 530 173 1089 595
Ni 1332 1200 909 1199 89.0 68.0 285 171
La 1.47 2.07 1.70 1.88
Ce 1.73 1.85 1.16 4.54 5.81 4.88 5.27
Nd 1.80 2.03 1.39 3.74 4.94 4.17 4.48
Sm 0.76 0.85 0.57 1.37 1.78 1.53 1.67
Eu 0.25 0.28 0.26 0.61 0.67 0.55 0.63
Gd 1.20 1.32 0.96 2.13 2.60 2.35 2.50
Dy 1.46 1.66 2.61 3.20 2.78 3.15
Er 1.12 0.84 1.67 2.07 1.79 2.03
Yb 0.94 1.08 0.78 1.63 2.04 1.73 1.94
Lu 0.14 0.24 0.31 0.26 0.29

Olivine porphyries Fred’s Flow
M612 C76 C31 C11 C123 C55 C6

MgO 17.70 13.01 7.50 19.26 14.71 16.35 7.27
Rb 1.0 2.7 2.5 2.0 3.0 6.5
Sr 43.0 98.0 4.4 16.0 53.0 98.0
Ba 12.0 72.0 13.0 11.0 24.0 63.0
Zr 48.0 63.0 22.7 20.0 26.0 41.0
Nb 1.1 3.8 1.5 1.5 0.20 2.7
Y 19.0 24.4 12.5 11.0 14.0 20.0
Sc 36.0 36.0 29.0 28.0 36.0 39.0
\Y 225 259 175 160.0 217 263
Cr 1746 294 3000 2058 3270 149
Ni 509 78.0 758 461 481 46.0
La 2.49 0.80
Ce 6.70 6.36 11.40 2.79 2.38 3.51 5.00
Nd 4.92 5.14 7.36 2.77 2.20 3.18 4.24
Sm 1.57 1.76 2.25 1.05 0.84 1.22 1.60
Eu 0.48 0.57 0.74 0.41 0.46 0.44 0.63
Gd 2.15 2.51 2.98 1.55 1.26 1.55 2.76
Dy 2.63 2.97 3.49 1.89 1.54 2.31 3.28
Er 1.69 1.90 2.22 1.20 0.99 1.48 2.05
Yb 1.64 1.86 2.32 1.13 0.95 1.42 1.94
Lu 0.25 0.28 0.40 0.143
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The composition of Fred’s Flow, a thick, layered komatiitic unit at the base
on Unit 2, is represented by the average composition of the flow top breccia and
uppermost spinifex rocks. The stratigraphic section had previously been divided
into a number of ‘cycles’ within which the chemical composition seemed to
change in a systematic manner, usually from more to less mafic. The results of
Arndt and Nesbitt (1982) showed, however, that some cycles contained more
than one magma type and that the apparently systematic compositional varia-
tion, from ultramafic to mafic, was largely fortuitous. In this paper we use the
term unit rather than cycle and divide the stratigraphic section into five units,
numbered from the base upward. In this system Unit 1 corresponds to the tholei-
itic unit of Arndt and Nesbitt (1982), Unit 2 to Cycle 1, Unit 3 to the lower part
of Cycle II, Unit 4 to the upper part of Cycle II, and Unit 5 to Cycle III.

Figure 1 contains analyses of 18 new samples, these being komatiites in Units
3 and 5 and basalts in Unit 5.

3 Analytical Methods

The major and trace element compositions of most samples were determined at
the University of Adelaide using XRF techniques described by Nesbitt and Stan-
ley (1980). Certain samples were also analyzed by XRF at the Australian Nation-
al University using the method of Norrish and Chappel (1967). The newly collect-
ed samples M610 — 625 were analyzed for major elements at the Max-Planck-In-
stitut fiir Chemie (MPI) in Mainz using the XRF method of Palme and Jagoutz
(1977). Rare earth elements were analyzed by isotope dilution at MPI with the
method described by White and Patchett (1984); other trace element concentra-
tions were measured using INAA with the method of Winke et al. (1977). The
new analyses and their sources are listed in Table 2.

4 Results

The new analytical data confirm many of the results of the earlier study (Arndt
and Nesbitt 1982). These results are summarized in the introduction and in Table
1; for more detailed information the reader is referred to the earlier publication.
Important observations that can be drawn from the new data are:

a) The komatiites of Units 3 and 5 have essentially the same geochemical charac-
teristics as the komatiites of Pyke Hill. Both have strongly depleted LREE
(Fig. 2a) and low concentrations of other incompatible elements, but roughly
chondritic ratios of elements such as Al, Ti, Zr, and HREE.

b) The komatiitic basalts of Units 2 and 5 have chemical characteristics that are
broadly similar to the komatiites, i.e. depleted LREE, Al,0;/TiO, = 20,
Ti/Zr = 120. However, the extent of LREE depletion in the basalts is
significantly less than that in the komatiites ((Sm/Ce)y = 0.7 cf. 0.5; Fig. 2b),
and Sc/Ti ratios are higher (90— 100 cf. 70 — 80).
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N. T. Arndt and R. W. Nesbitt

Fig. 2a—c. Rare earth element concen-
trations, normalized against chondritic
values, for three magma types: a komati-
ites of Unit 3 (CI7 and CI8) and Unit 5
(C37). A-2 is an analysis of a komatiite
from Pyke Hill (from Arth et al. 1977);
b komatiitic basalts of Unit 2 (C9 and
C80) and Unit 5 (C125 and C126); ¢ flow
top breccias and spinifex lavas from
Fred’s Flow. Analyses of CII and C55
are from Whitford and Arndt (1977);
(see Table 2 caption for further descrip-
tion of the samples)
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¢) The lava of Fred’s Flow has a composition intermediate between that of the
komatiites and komatiitic basalts ((Sm/Ce)y = 0.6; Sc/Ti = 90).

5 Compositions of Erupted Liquids

Much of the compositional variation within the lavas is probably caused by post-
eruption processes. These include crystal settling which forms cumulates in the
lower parts of flows, in situ crystal growth and accumulation which produces the
parallel spinifex textures that commonly contain a cumulus component, and
within-flow fractional crystallization which produces more evolved liquids in the
flow centres (Donaldson 1982; Lesher et al. 1983). These processes operate most
efficiently in the more magnesian, low viscosity liquids such as those that erupted
at the start of each magmatic pulse at Munro Township. The preferential forma-
tion of cumulate rocks enriched in mafic minerals in the lower part of each unit
has the effect of exaggerating the extent of compositional variation within each
unit.

40
a
= MUNRO ERUPTED LIQUIDS
32 | Basalts
24 +
16 Fred's Komatiites
3 Flow
| _l [_H
O ]— L i i 1 i L M L ! L 1 { 1
7 M 15 20 24 28 32 36 41
Mgo (wt %)
20
b ALL MUNRO KOMATITIC LAVAS
16 |
2 [ ]
8t
br Fig. 3a,b. Histogram showing fre-
- quency of (a) lavas representative of
0 . . . . A1 | L erupted liquids and (b) all Munro
6 13 20 28 35 42 lavas

MgO (wt%)
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If field data and textural criteria are used to eliminate both the cumulate
rocks formed by crystal settling or crystal growth and the locally differentiated
portions of lava flows, a far more restricted range of compositions is revealed.
The compositions, as shown in Figs. 1 and 3 and Table 1, fall into two relatively
narrow groups: komatiitic basalts with 7—12% MgO and komatiites with
23 —-27% MgO. These compositions probably represent the compositions that
the magmas had at the time they were erupted. The only major exception is
Fred’s Flow in which the initial liquid had 16 — 18% MgO, intermediate between
that of the komatiites and komatiitic basalts.

6 Main Problems in the Genesis of Munro Komatiitic Lavas

In the foregoing discussion two main problems were raised. The first is to explain
why the lavas should have erupted with relatively restricted compositions, and
particularly why there should be such a large gap between the compositions of
komatiites and basalts. The second is to explain what was the origin of the two
main lava types: whether the basalts were derived from parental komatiite mag-
mas or whether the two were independently derived primary magmas.

Part of the explanation may lie in the ideas proposed by Nisbet and Chinner
(1981) for komatiitic lavas of the Ruth Well area in Western Australia. These au-
thors suggest that komatiites (25 — 28% MgQO) are primary magmas which erupt-
ed essentially unmodified from their mantle source, whereas komatiitic basalts
(8 —11% MgO) are products of fractionation in high level magma chambers. Fol-
lowing the model of Sparks et al. (1980) and Stolper and Walker (1980), they sug-
gest that when a magma chamber exists, it traps the dense primary komatiite
magmas; only the fractionation products of the komatiites, which have basaltic
compositions, are likely to erupt. The primary komatiite magmas reach the sur-
face only when a magma chamber did not exist. Nisbet and Chinner (1981) show
that the most abundant basaltic composition at Ruth Well corresponds to the
minimum density for basaltic compositions, and propose this as a factor enhanc-
ing the probability of eruption of basalts with 8 — 10% MgO.

Much the same applies to the Munro lavas: the komatiites probably are pri-
mary, and the composition of the most commonly basalts coincides with the den-
sity minimum. Where the situation differs is in the relationship between the two
magma types. In Fig. 4 ratios of (Sm/Ce)y, (Sm/Nd)y, and Sc/Ti are plotted
against MgO contents. Each of the trace elements plotted is highly incompatible,
and the ratios should not be changed by olivine fractionation. Experimental stud-
ies of komatiitic magmas have shown that at 1 atm only olivine and minor chro-
mite crystallize in liquids with MgO contents between 30% and 9% (Arndt 1976).
Clinopyroxene fractionation, which could change the ratios, would be expected
only in less magnesian liquids. As can be seen from Figs. 4 and 5, the basalts have
ratios distinctly different from those of the komatiites, effectly eliminating the
possibility that the two magma types are related by low pressure fractionation.
The magmas could have been independently derived by melting of sources with
different compositions (differing degrees of initial depletion), or they could have
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formed from the same depleted source, with some pyroxene being left as a residu-
al phase or fractionating at high pressures, during the formation of the basalts.

The magma that erupted to form Fred’s Flow, as represented by the upper-
most breccia and random spinifex rocks, has (Sm/Ce)y, (Sm/Nd)y, and Sc/Ti
ratios intermediate between those of the komatiite and basalt. As mentioned be-
fore the bulk composition also lies between those of the two more common rock
types. This magma could have been produced from a source of intermediate
composition or by melting with somewhat less residual pyroxene than in the bas-
alt case; but a third explanation exists, namely that this magma is a mixture of
the two other types.

7 Textural and Chemical Features Consistent with Magma Mixing

All magmas at Munro are relatively magnesian and erupted at high temperatures.
They would have had low viscosities and, if brought into contact with one an-
other, would have mixed efficiently leaving no trace of their original composite
nature. Mixtures of glasses with contrasting compositions, which provide clear
evidence of mixing in more viscous magmas, would only be preserved under un-
usual conditions. Most of the textural and mineralogical evidence of mixing be-
tween komatiitic magmas is of a more subtle form, as is described below. Some
of these observations support mixing between comagmatic magmas with similar
compositions, but other data suggest mixing between unrelated magmas such as
the types that formed the Fred’s Flow lava. The relevant observations are:

a) Many komatiitic basalts with MgO contents between 10 and 7% have augite
porphyritic textures. According to Walker et al. (1979) this texture results from
mixing of liquids with compositions on the curved olivine-clinopyroxene cotectic
such that the resultant mixed liquid composition falls in the pyroxene field.

b) More magnesian basalts (10—12% MgO) contain randomly oriented or
aligned pyroxene needles (Arndt et al. 1977). This texture and mineralogy sug-
gests crystallization from nucleus-free, superheated liquids such as would be pro-
duced by mixing between liquids in the olivine field and liquids on the olivine-py-
roxene-plagioclase cotectic. This situation is illustrated in Fig. 6. It should be
pointed out at this stage that many samples with aligned pyroxenes and no olivine
(the string beef pyroxene spinifex textures) have MgO contents up to 16%. This
led Campbell and Arndt (1982) to suggest that these pyroxenes had crystallized
metastably from a liquid in the olivine primary phase field. It now seems more
likely that these rocks do not represent liquid compositions but form by accumu-
lation of pigeonite and augite during the growth of the spinifex textures, and that
the apparently premature pyroxene crystallization can be largely explained by the
pyroxene accumulation.

¢) The basal parts of many komatiite flows contain crystals of olivine that are too
forsteritic to have crystallized from the liquid that formed the bulk of the flow.
One example is given in Fig. 11 of Arndt et al. (1977). In the flow M2, olivines at
the base of the B4 zone have the composition Fog,_os, too magnesian to have
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formed from the liquid represented by the spinifex layer. This liquid had
25-26% MgO and would have crystallized olivine no more magnesian than
Fog;.s (assuming KDy g = 0.30 and no Fe** in the liquid). Other, clearer
examples are found in komatiitic basalt flows from Gilmour Island, Hudson
Bay, where the erupted liquids had no more than 16% MgO, and the olivine
xenocrysts have the composition Fog,_g; (Arndt unpubl. data). These
observations suggest mixing between komatiitic liquids with MgO contents
between 15 and 30%.

d) The flow top breccia of Fred’s Flow is made up of small fragments which have
a variety of textures: some are microspinifex, others are composed entirely of
chloritized glass, and others are porphyritic and contain small ( ~0.1 mm) pheno-
crysts of olivine and augite. The pyroxene phenocrysts have compositions similar
to cumulus augite grains in lower parts of the flow (Table 3), indicating that they
crystallized at low pressure and were not formed during an earlier episode of
high-pressure crystallization. Similar augite grains are found in the basal border
zone of the flow. Whole rock analyses of the flow top breccia show between 15
and 19% MgO (samples C123, and C11, Table 2), similar to that of the underly-
ing olivine spinifex-textured part of the flow. Individual fragments in the breccia,
as analyzed with defocussed-beam microprobe, have MgO contents between 16
and 20% (Table 3). In the case of the olivine spinifex-textured fragments the
MgO contents are consistent with their olivine-rich mineralogy. In the case of the
more glassy augite prophyritic fragments the glass is completely chloritized, a
process that leads to loss of SiO, and CaO and gain of MgO. The original MgO
content of glass in these fragments probably was lower, in the range of 8 — 10%
MgO, which would be consistent with the crystallization of augite (Arndt 1976;
Kinzler and Grove 1983).

As explained before, augite can crystallize at low pressures only in liquids
with less than about 9% MgO. The presence of augite phenocrysts in the breccia
therefore provides clear evidence that the lava that initially erupted in Fred’s
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Table 3. Compositions of phenocrysts and altered glasses in Fred’s Flow breccia and in underlying
cumulates

1 2 3 4
SiO, 53.4 51.9 52.5 48.8
TiO, nd 0.37 0.20 0.75
AL Oq 1.59 4.6 2.53 11.4
Cr,0; 0.44 0.23 0.81 nd
FeO(t) 6.7 7.7 5.91 13.1
MnO 0.18 0.25 0.15 nd
MgO 18.9 17.8 18.4 14.0
CaO 18.2 17.3 19.7 10.2
Na,O nd 0.14 0.11 1.89
K,O0 nd nd nd nd
(H,0) ©.8)

99.35 100.2 100.5 100.0
Mg/(Mg + Fe) 0.83 0.81 0.85 0.66

1 Augite phenocryst in basaltic fragment in flow top breccia.

2 Augite mantle of pyroxene needle in spinifex-textured lava.

3 Cumulus augite from cpx-opx cumulate in lower part of flow.

4 Defocussed beam microprobe analysis of relatively unaltered glassy portion of fragment. Analyses
4 and 5 are recalculated to 100% water-free.

Analyses 1 and 4 carried out with an ARL-SEMQ electron microprobe with KEVEX 5100 energy dis-

persive spectrometer at Max-Planck-Institute in Mainz under the following operating conditions:

15 KV accelerating voltage, 5.0 nanoamps sample current on pure copper, beam size between 5 and

100 pm. Calibration samples are a range of pure metals, simple oxides and silicates. Analyses 2 and 3

are from Arndt and Fleet (1979).

Flow consisted of two liquids, one with a composition approaching that of the
primary komatiite, and another with a composition similar to that of the basalts.

¢) Kinzler and Grove (1983) have suggested that mixing also took place at a later
stage in the crystallization of Fred’s Flow. They explain orthopyroxene cumu-
lates by mixing between a low density evolved liquid which accumulates beneath
the spinifex layer and a denser, less evolved liquid in the lower part of the flow.
Further evidence of internal mixing is found in the compositions of the most
evolved gabbroic-textured parts of the flow (e.g. sample C5). These have abun-
dances of incompatible elements and ratios of highly to moderately incompatible
elements (e.g. Sm/Nd) that are consistently too high to be explained by simple
fractional crystallization. Computer modelling of the crystallization indicates
that the amount of olivine, pyroxene and plagioclase fractionation necessary to
give the bulk composition of sample C5 would produce the following composi-
tions: Ti = 0.77%, Zr = 37 ppm and Sm/Nd = 0.375. These values compare with
TiO, = 0.82%, Zr = 44 ppm, and Sm/Nd = 0.368 in the rock itself. The discre-
pancy can be explained by repeated mixing in the lava flow between low density
evolved liquid and incoming less evolved liquid, in much the same way as is
advocated by O’Hara (1977) in the case of larger intrusive magma chambers.
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8 The Extent of Magma Mixing in the Munro Volcanic Succession

As stated earlier the Munro lavas erupted as a number of discrete magma types,
each with its own distinctive chemical characteristics. These magmas appear to
have been derived from different mantle sources and to have erupted largely in-
dependently of one another. Most of the evidence of magma mixing described
above applies to co-magmatic magmas of the same magma type within the same
unit, such as the komatiitic basalts of Unit 2 or the komatiites of Unit 3.
Throughout the entire volcanic succession there are only a few cases of mixing
between the different magma types.

These are as follows: (a) at the top of Unit 3 magma of the Ti-enriched, oliv-
ine porphyritic Unit 4 type appears to have mixed with the komatiite magma, re-
sulting in a slight but progressive decrease in Al,03/TiO, ratios in the uppermost
komatiites (Fig. 1). (b) In Unit 5 the lavas show a range of chemical characteris-
tics that spans the range between komatiite and Ti-enriched olivine porphyry, the
magmas in the underlying two units. In this unit magmas with compositions ap-
proaching those of the two end members, as well as lavas with intermediate com-
positions, erupted in a more or less sporadic manner. It appears that in this case
magmas from two sources erupted simultaneously, in some cases mixing to form
hybrid magmas. (c) As described above, Fred’s Flow was formed from a mixture
of komatiite like that of Unit 3 and komatiitic basalt of Unit 2.
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Abstract

Oxygen isotope, major and trace element data have been obtained on a suite of
rocks and minerals from the Barberton greenstone belt, South Africa. Analyses
of relict orthopyroxene grains separated from a cumulate ultramafic rock indi-
cate that 6'30 values of the komatiite magmas were ~5.7. This value is similar to
that of modern ocean floor basalts and indicates that source mantle material of
the Archaean komatiites had the same isotopic composition as mantle material
from which modern ocean ridge basalts are derived.

Oxygen isotope compositions of secondary minerals (antigorite and chryso-
tile) are similar to those of serpentine minerals from modern altered oceanic
rocks. Similarly, low magnesium komatiitic meta-basalts (8 — 10% MgO) from
Barberton have a similar range and mean of 680 values to those of greenschist
facies meta-basalts on the modern ocean floor.

Variations in the major and trace element contents between margins and
cores of komatiitic basalt pillows show that the elements analysed can be divided
into two groups. In the first group which includes Si, Ti, Al, Mg, P, Nb, Zr, Y,
Co, V, Sc, and probably Cr there are no variations within analytical error. In the
second group differences between margins and cores of pillows vary from barely
detectable up to a few hundred percent. This group consists of the following ele-
ments arranged in order of increasing variability: — Fe(II), Mn, Ca, Ni, Ga,
Fe(1II), Na, Sr, K, S, Rb, Ba, Zn, and Cu. The patterns of variation of Fe(II) and
S are particularly significant as they are similar to patterns observed in altered
pillow lavas from the ocean floor and indicate that the Barberton pillows were
subject to seawater alteration before being metamorphosed. The isotopic data
and alteration patterns in the pillows provide strong evidence that the processes
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that occurred in the Archaean rocks were similar to those occurring today during
alteration and metamorphism of submarine lavas.

Detailed modelling of 6'®0 variations in komatiite lava flows indicates that
magmatic or primitive waters (6'®0 = 5 to 7) could have been the major fluids re-
sponsible for the hydration of the lavas at temperatures of 240 —450°C. Such an
interpretation is consistent with the greenschist facies mineralogy of the Barber-
ton rocks. However, waters with 6'%0 values of around 0 (Archaean seawater?)
may have exchanged with the komatiites at temperatures as low as 100 °C. Mix-
tures of Archaean seawater and deep-seated water could have exchanged with the
komatiites at intermediate temperatures (100 — 450°C). Specifically a mixture of
75% seawater (6120 = 0) and 25% deep-seated water could have given rise to the
komatiite isotopic compositions if equilibration occurred at ~130°C. The avai-
lable evidence is consistent with the interpretation that Archaean seawater had a
620 of around zero, but further work is required to establish a reliable estimate
of this value. Oxygen isotope compositions of rocks and minerals from the Ko-
mati Formation and the chemical alteration patterns observed in the pillow lavas
are compatible with an ocean floor environment for extrusion, alteration and
metamorphism of these ancient volcanic rocks.

1 Introduction

The Barberton greenstone belt represents some of the oldest crustal material pre-
served on the Kaapvaal Craton, South Africa, and consists of volcanic and sedi-
mentary rocks that have been metamorphosed to greenschist facies grade (An-
haeusser et al. 1968). The lower ~15 km of the stratigraphy is known as the On-
verwacht Group and consists predominantly of metavolcanic rocks of komatiitic
and basaltic composition (Viljoen and Viljoen 1969a, b, c¢; Williams and Furnell
1979). These metavolcanic rocks have yielded a Sm-Nd isochron age of
3540 + 30 Ma (Hamilton et al. 1979) which is considered to be the age of forma-
tion of the Onverwacht Group. A Rb-Sr age of 3420 + 200 Ma has been deter-
mined on different density fractions of a komatiitic basalt (Jahn and Shih 1974;
Jahn et al. 1982) and is interpreted as the time of low grade metamorphism of the
Komati Formation. Barton (1981) reported a Rb-Sr age of 3430 + 135 Ma for
the intrusive Threespruit pluton. The errors of these age determinations are not
sufficiently small to resolve time differences between the events but do indicate
that extrusion and metamorphism of the Onverwacht lavas and their intrusion by
tonalitic magmas occurred over a relatively short time span.

The origin of this ancient greenstone belt remains enigmatic partly due to the
structural complexities of the belt (De Wit 1982) and to the controversial nature
of the granite-greenstone contacts (Anhaeusser 1973; Hunter 1974). Clearly, a
subaqueous environment existed during much of the volcanic activity that
formed Barberton and other Archaean greenstone belts to account for the com-
mon occurrence of thick pillow lava sequences throughout most of the volcanic
pile. Numerous origins have been proposed for the formation of greenstone belts
such as volcanism induced by meteorite impact (Green 1972), ocean floor
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volcanism similar to that occurring at modern ocean ridges (Anhaeusser 1973,
1975) and back arc basin volcanism (Weaver and Tarney 1979; Smith and Erlank
1982). (For alternative view see also Groves and Batt, this Vol., eds.)

In this work we have attempted to establish the source of the water that
caused the extensive development of hydrated minerals in the Onverwacht lavas
using oxygen isotope data from rocks and minerals and chemical alteration pat-
terns observed in the pillow lavas. The models proposed above for the origin of
the greenstone belt imply that Archaean seawater played a major role in the alter-
ation and metamorphism of the lavas. In addition, magmatic waters that proba-
bly emanated from the granitic magmas may have been involved during meta-
morphism of the lavas as the plutons were emplaced. With respect to the latter
possibility Viljoen and Viljoen (1969a) have shown that the metamorphic aureole
associated with granitic intrusions is limited to a narrow belt of amphibolite
facies rocks along the contacts of the intrusions.

The nomenclature for komatiitic lavas used here is from Smith and Erlank
(1982). Lavas are considered to be komatiites if they are non-cumulate rocks con-
taining >24% MgO (volatile free) and komatiitic basalts if they have lower MgO
contents of 8 —24% (volatile free) and are believed to have been derived from
komatiites by processes of differentiation. Only rocks that show good preserva-
tion of primary igneous textures or structures can be used for classification
purposes.

The chemical and isotopic composition of a series of komatiitic basalt pillow
lavas have been used to investigate the effects of alteration on different portions
of the pillow structures and for comparison with alteration trends observed in
modern submarine basalts. Most of the whole rock samples were obtained close
to the type section of the Komati Formation (Viljoen and Viljoen 1969b) and rep-
resent areas of typical greenschist facies metamorphism. The oxygen isotope data
are used to estimate the isotopic composition of the waters responsible for the
pervasive hydration of the volcanic rocks. Komatiite flows are particularly suited
to this type of investigation as the secondary mineral assemblage (amphibole,
antigorite, magnetite, and chlortie) is relatively simple and, consequently, the
isotopic compositions are more easily modelled than in the basaltic rock types.

2 Sample Selection and Analytical Methods

Three suites of samples were selected for analysis and are derived mainly from
the Komati Formation of the Onverwacht Group. The first suite consists of
coarse grained ultramafic rocks from the Stolzburg, Koedoe and Msauli ultra-
mafic bodies (Viljoen and Viljoen 1970) from which primary and secondary
minerals were separated and analysed for their oxygen isotopic compositions.
The second suite consists of a series of komatiitic basalt pillow lavas from a pil-
lowed horizon in the Komati Formation (Fig. 1). Oxygen isotope compositions as
well as major and trace element data were obtained on margin and core samples
of the pillows. Oxygen isotope compositions were also obtained for a third suite
of samples from komatiite lava flows in the Komati Formation for which major
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Fig. 1. Simplified geological map of the type area of the Komati Formation, Barberton greenstone
belt, taken from Viljoen and Viljoen (1969b). The location of the komatiitic basalt pillow lavas sam-
pled is shown
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and trace element data have been reported elsewhere (Smith and Erlank 1982;
Viljoen et al. 1983).

The major and trace element data were obtained at Cape Town using precise
X-ray fluorescence analysis as described in Willis et al. (1971, 1972). The esti-
mated analytical errors calculated from the counting strategy employed are given
in Table 2. Mineral separations were performed on — 80 to + 120 # powder using
standard magnetic and heavy liquid separation procedures. All mineral separates
were >95% pure. CO,and H,O* were determined by gas chromatography using
a Hewlet Packard 185B CHN Analyser and 20—30mg (—300#) of sample
powder pre-dried at 110 °C. The following standards were used for the H,O cali-
bration: PCC-1, T-1, AGV-1, BCR-1, DTS-1, NIM-L, NIM-G, NIM-N, NIM-D,
NIM-P and NIM-S with the concentrations given in Abbey (1975). For the CO,
calibration synthetic quartz-calcium carbonate mixes and the above NIM stan-
dards were used. Multiple runs of a metamorphosed basalt sample gave
2.82% + 0.03 (10) H,O and 1.10% =+ 0.07 (16) CO,. FeO was determined by
standard wet chemical methods.

Oxygen was extracted from the rocks and minerals for isotopic analysis using
the BrF; extraction method described by Clayton and Mayeda (1963) and reac-
tion temperatures of 600 to 650°C. All 80 analyses are reported in the standard
J notation relative to SMOW. Duplicate analyses were made on most samples,
and the average error was typically less than =+ 0.1% for the minerals and + 0.4%
for the whole rock samples. Seventeen analyses of the NBS-28 quartz standard
carried out during the isotopic analysis of the samples yielded an average 6'%0 of
9.63%p +=0.14 (10).

3 Isotopic Composition of Minerals

Of the relict igneous minerals that are preserved in the Barberton rocks only
orthopyroxene could be extracted in sufficient amounts for isotopic analysis. The
orthopyroxene comes from the Stolzburg Body in the Komati Formation. This
body and other similar differentiated ultramafic bodies are believed to represent
penecontemperaneous intrusions of komatiitic magma (Viljoen and Viljoen
1970) which had a bulk composition similar to the komatiite lava flows. The
lower sections of the Stolzburg body consists of alternating layers of dunite (now
altered to serpentinite) and pyroxenite. In places these pyroxenite layers are vir-
tually unaffected by alteration and fresh orthopyroxene and chromite crystals are
preserved.

The orthopyroxene (enstatite) was separated from one of the pyroxenite
layers (compositions reported in Smith and Erlank 1982) and the oxygen isotopic
composition is given in Table 1. From the mineral-melt data given in Kyser et al.
(1981) a crude estimate of the isotopic composition of the komatiitic magmas
from which these orthopyroxene layers crystallized can be obtained. The temper-
ature of crystallization of the orthopyroxene crystals is expected to be significant-
ly lower than the 1650 °C liquidus temperature of komatiite lava flows (Green et
al. 1975) as a thick (tens of metres) layer of dunite had already accumulated
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Table 1. Oxygen isotope compositions of primary and secondary minerals from the Onverwacht
Group rocks

Sample No. Mineral Rock type and location 8%0gpmow

SD-76 Enstatite Pyroxenite, 6.2
Stolzburg Body

HSS-777 Antigorite Serpentinized dunite, 3.6
Stolzburg Body

STOLZ-S Antigorite Serpentinite, 4.5
Stolzburg Body

MSAULI-S Antigorite Serpentinized dunite, 5.8
Msauli Asbestos Mine

HK-1 Antigorite Serpentinized dunite, 1.7
Koedoe Body

HK-8 Antigorite Serpentinized dunite, 4.3
Koedoe Body

20-J Antigorite Ultramafic rock, 7.1
Hooggenoeg Formation

SSV-1 Chrysotile Serpentine vein, 3.1
Stolzburg Body

STOLZ-C Chrysotile Serpentinite, 3.6

Sterkspruit Mine,
Stolzburg Body

MSAULI-S Chrysotile Serpentinized dunite, 6.0
Msauli Asbestos Mine

before the onset of pyroxene crystallization in the Stolzburg body. The
orthopyroxene crystallization temperature is somewhat arbitrarily assumed to be
1500 °C or lower, and from Ay, pyroxene Value of ~ —0.5 at 1450°C (Kyser et al.
1981) the magma is estimated to have had a 6'%0 of ~5.7. This value of 5.7 is
typical of mantle-derived materials such as peridotite xenoliths in kimberlite (e. g.
Sheppard and Dawson 1975; Kyser et al 1983) and fresh ocean floor basalts
(Muehlenbachs and Clayton 1972a; Kyser and O’Neil 1978) and indicates that
there has been no change in the oxygen isotopic composition of the upper mantle
over the last 3500 Ma.

Chromites were also extracted from the ultramafic bodies and lava flows, but
due to the resistant nature of this mineral to the BrF; oxidant, very poor oxygen
yields were obtained and thus the data are not reported.

The oxygen isotope data for the secondary minerals analysed are given in
Table 1 and consist of the serpentine minerals antigorite and chrysotile. The 6'%0
values of six antigorites and three chrysotiles range from 1.7 to 7.1 and 3.1 t0 6.1,
respectively. As no coexisting minerals could be analysed the temperature of ser-
pentinization is not known, but the large spread in the data indicates that a range
of temperatures and/or fluids of different isotopic compositions may have been
involved. Wenner and Taylor (1971) have estimated isotopic temperatures of ser-
pentinization and show that antigorite can form over the temperature range of
220 to 460°C. Even assuming that the Barberton material represents serpentine
formed over this temperature range in order to account for the spread in the anti-
gorite isotopic compositions they must have equilibrated with fluids which varied
in 6'®0 by at least ~2%p and possibly as much as 9%;.
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In Fig. 2 the 6'%0 values of the Barberton serpentines have been compared to
those of modern ocean floor serpentines. The Barberton data are very similar in
range and distribution to oceanic serpentines which suggests that similar proces-
ses operated in Archaean rocks to form serpentine as is occurring in the modern
ocean. Wenner and Taylor (1973) have shown that ocean floor serpentine miner-
als could have formed in equilibrium with a mixture of 25% magmatic water and
75% seawater at temperatures of 140 — 300 °C. The similarity of the processes of
formation of the Barberton and modern serpentine minerals implied by the dis-
tributions in Fig. 2 leads to the intriguing possibility that Archaean seawater had
an oxygen isotopic composition similar to that of modern seawater. Although no
D/H determinations were made on these minerals Wenner and Taylor (1974)
reported two values from Barberton serpentinites which have é Dgyow values of
—61 and — 64, at the light end of the range of values of —35 to — 68 given by
Wenner and Taylor (1971) for modern ocean floor serpentines. Detailed investi-
gation of the isotopic compositions of cherts from the Barberton greenstone belt
has led Knauth and Lowe (1978) and Perry (1978) to suggest that either the sea-
water from which the cherts were precipitated was hot (70 —100°C) and had a
0'%0 of ~0% or the temperature was lower and the isotopic composition was
different (—15 to —18%g) from modern seawater (Perry 1967; Perry and Tan
1972). These possibilities are considered in more detail in a later section, but
based on our serpentine data we note that waters with a range of isotopic com-
positions (2 to 9%o) must have been involved in the formation of the Barberton
antigorites.
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4 Komatiitic Basalt Pillow Lavas

Numerous well-exposed pillow horizons occur in the Onverwacht Group, and
one of these horizons consisting of low-Mg komatiitic basalt pillows was sampled
(Fig. 1). The pillows range in diameter from 70— 100 cm and are rimmed by a
~2 cm thick chilled margin. Thin cracks can be seen extending from the margins
up to 2 cm into the interior of the pillows, while a few large cracks penetrate into
the cores of the pillows. These fracture systems may represent relict radial
cooling cracks as described in younger pillow lavas by Moore et al. (1971) and
Moore (1975).

In thin section the chilled margins consist predominantly of brown crypto-
crystalline material (mainly tremolite-actinolite and chlorite as identified by X-
ray diffraction) and minor microphenocryst phases consisting of clinopyroxene,
plagioclase and glomeroporphyritic spinel octahedra. The interiors of the pillows
consist of a groundmass of fan-shaped spherulites of actinolite with occasional
phenocrysts of clinopyroxene. Chlorite, quartz, epidote and minor calcite are
also present in the groundmass of all the pillow cores along with glomeropor-
phyritic spinel microphenocrysts. The pyroxene and plagioclase micropheno-
crysts are generally altered with pyroxene being pseudomorphed by actinolite and
chlorite with variable amounts of epidote, quartz and calcite, while the
plagioclase crystals are usually altered to albite with minor quartz, clinozoisite,
sericite and calcite.

Major and trace element data for the pillow samples are given in Table 2
along with estimated analytical errors, and the oxygen isotope data are reported
in Table 3. Examination of the data in Table 2 shows that there are no variations
in the concentrations of Ti, P, Nb, Zr, Y, Co, V, and Sc within analytical error
(£20). As this group of elements is homogeneously distributed within and be-
tween pillows they are considered to have remained immobile during the altera-
tion processes. Ti, Nb, Zr, Y, Co, and P have previously been shown to remain
immobile during low grade metamorphic and seawater alteration processes
(Cann 1970; Pearce and Cann 1973; Hart et al. 1974; Humphris and Thompson
1978a, b; Floyd and Winchester 1975). Only small changes are observed in the
concentrations of Si, Al, and Mg between some of the pillow pairs, and in gener-
al these elements are also considered to have remained immobile. Small but sig-
nificant changes in the Cr content within pillows could be accounted for by
minor variations in the content of spinel microphenocrysts and need not be due
to alteration effects.

The most obvious indications of chemical alteration of these pillows are the
H,0" and CO, contents. No systematic trend can be seen in the H,O* content
between margins and cores of the pillows. However, based on thin section exami-
nation and the generally high H,O* values it is clear that none of the pillow sam-
ples is pristine unaltered material.

The CO; contents of the pillow pairs are low and generally very similar. From
this observation it follows that the large and inconsistent variations in the Ca
contents within pillows (see Table 2) cannot be related to formation of variable
amounts of calcite in the samples. Neither can the distribution of Ca be account-
ed for by fractionation of phenocryst phases (clinopyroxene or plagioclase) as
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Table 2. Major and trace element compositions and inter-element ratios of komatiitic basalt pillow
lavas from the Komati Formation

Western Pillows

SC-2 SD-82 SD-83 SD-84 SD-85

Margin Core Core Core Core Core
Sio, 49.50 51.26 52.14 50.72 51.40 52.27
TiO, 0.71 0.73 0.75 0.74 0.72 0.74
Al,O4 10.38 10.88 10.97 10.73 10.67 10.91
Fe,04 2.86 2.21 2.22 2.57 2.47 1.93
FeO 9.02 8.32 8.51 8.74 8.45 8.56
MnO 0.20 0.17 0.17 0.19 0.17 0.17
MgO 10.11 9.79 9.10 9.80 9.65 9.25
Ca0O 12.64 10.38 10.21 11.83 11.36 10.14
Na,O 1.23 217 2.90 1.70 1.93 2.73
K,0 0.41 0.37 0.10 0.12 0.24 0.25
P,05 0.10 0.10 0.11 0.11 0.10 0.10
H,0* 3.08 2.84 2.54 2.64 2.80 2.43
H,0~ 0.03 0.08 0.05 0.04 0.04 0.04
CO, 0.40 0.45 0.21 0.22 0.44 0.25
Total 100.47 99.75 99.97 100.14 100.45 99.77
S(ppm) 149 189 469 269 203 300
Nb 2.4 3.6 3.1 3.7 31 2.2
Zr 60 62 62 61 61 63
Y 18.5 18.2 17.3 17.6 17.4 171
Sr 265 232 156 203 220 175
Rb 9.4 7.9 <2 <2 5.0 5.2
Zn 102 92 139 384 81 77
Cu 67 172 217 559 115 149
Ni 209 220 155 184 179 197
Co 61 62 57 57 57 59
Cr 622 662 567 618 635 663
v 192 192 191 193 192 196
Ba 113 106 21 32 48 59
Ga 14.1 11.5 12.0 12.2 12.8 11.9
Sc 26.3 26.8 28.0 27.5 26.8 27.4
Ratios
Si/Al 4.2 4.2 4.2 4.2 4.3 4.2
Si/Ti 54 55 54 54 56 55
Al/Ti 13 13 13 13 13 13
Ca/Ti 21.2 16.9 16.2 19.2 18.8 16.3
Fel+/Ti 4.7 3.5 3.4 4.1 4.0 3.0

Ti/Zr ) 71 73 72 71 71
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Table 2 (continued)

Eastern pillows

SC-8 SC-3 SC-5 SC-11

Margin Core  Margin Inter. Core Margin Core  Margin Core  Error?
Sio, 52.43 52.06 52.55 53.01 5237 52.65 52.62 5323 5398 0.50
TiO, 0.77 0.76 0.76 0.78 0.77 0.77 0.79 0.76 0.76 0.02
ALO, 11.23  11.13  10.64 11.37 1184 11.63 11.65 11.65 11.61 0.25
Fe,04 1.55 1.51 1.67 1.51 1.67 1.81 1.72 1.67 1.72  0.20
FeO 9.54 9.06 9.66 9.35 8.90 9.50 9.39 8.77 8.10 0.05
MnO 0.18 0.18 0.22 0.18 0.17 0.18 0.17 0.18 0.17 0.01
MgO 8.69 9.52 8.95 9.37 9.18 9.31 8.87 8.76 8.36 0.25
CaO 10.64 10.76 11.00 9.84 9.83 9.67 10.18 10.35 11.08 0.10
Na,O 2.44 2.10 2.36 2.73 2.59 2.68 2.56 2.96 3.02 0.05
K,0 0.21 0.50 0.22 0.22 0.24 0.29 0.28 0.12  0.12 0.01
P,0; 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.10  0.10 0.006
H,0* 1.76 2.28 2.42 1.65 1.81 1.91 1.89 2.00 1.51 0.07
H,0~ 0.04 0.07 0.05 0.05 0.04 0.06 0.04 0.04 005 -
CO, 0.21 0.24 0.39 0.26 0.22 0.18 0.15 030 0.30 0.14
Total 99.79  99.82 100.98 100.41 99.73 100.74 100.41 100.89 100.87
S (ppm) 191 144 182 337 348 166 523 264 357 4.0
Nb 3.2 33 3.7 3.4 3.0 3.5 3.6 3.3 3.4 0.6
Zr 65 64 65 66 65 66 66 65 64 1.4
Y 17.8 18.3 17.6 17.9 18.2 18.5 18.8 18.0 181 1.2
Sr 203 211 149 141 158 159 137 149 129 1.8
Rb 4.0 13.6 5.1 4.5 7.0 7.5 6.9 1.7 1.9 05
Zn 108 127 89 80 102 89 82 116 77 1.0
Cu 160 135 88 121 199 100 170 162 126 1.4
Ni 194 196 178 190 201 174 160 178 167 2.0
Co 59 60 59 60 59 60 61 56 59 2.4
Cr 695 653 633 646 643 613 582 623 639 4.0
\Y 201 193 204 195 195 199 204 192 196 2.6
Ba 44 58 31 24 29 61 40 19 14 1.0
Ga 11.0 11.2 10.2 11.4 11.3 11.7 12.8 9.6 11.0 0.2
Sc 29.6 28.7 28.5 28.3 29.1 28.8 28.4 28.5 28.6 0.5
Ratios
Si/ZAl 4.1 4.1 4.4 4.1 3.9 4.0 4.0 4.0 4.1
Si/Ti 53 54 54 53 53 54 52 55 56
AVTi 13 13 12 13 14 13 13 14 14
Ca/Ti 16.5 17.0 17.3 15.1 15.3 15.0 15.3 16.3 17.4
Fe**/Ti 2.4 2.3 2.6 2.3 2.5 2.8 2.5 2.6 2.7
Ti/Zr 7 i 70 )| i 70 72 70 i

@ Analytical error given as 2 standard deviations
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Table 3. Oxygen isotope compositions of komatiitic
basalt pillow lavas from the Komati Formation

Sample No. Type % 0gmow
SC-13 Core 7.3
SC-11M Margin 6.5
SC-11C Core 6.6
SC-SM Margin 7.3
SC-5C Core 6.9
SC-3M Margin 6.7
SC-31 Intermediate 6.9
SC-3C Core 6.7
SC-8M Margin 6.8
SC-8C Core 6.8
SD-85 Core 6.4
SD-84 Core 6.0
SD-83 Core 6.2
SD-82 Core 6.3
SC-2M Margin 5.9
SC-2C Core 6.4

there are no similar changes in the Mg or Al contents. The high Fe(III), Ca, Sr,
and Ga contents in a sample such as SC-2M is probably related to the appearance
of epidote grains (clinozoisite) in the devitrified matrix of this sample. Epidote in
low grade metamorphic rocks has been shown to accumulate Ca, Sr, and to a
lesser extent Ga (Melson and van Andel 1966; Smith 1968; Smith and Smith
1976; Condie et al. 1977).

The effects of epidote formation on the composition of the pillows are illus-
trated (Fig. 3) by the variations of the Fe(III)/Ti and Ca/Ti ratios. The linear
trend obtained for most of the western pillows is interpreted as a mixing line and
shows that Fe(III) and Ca have been added to these samples in a constant ratio.
The average Ca/Fe(III) ratio computed for the five samples that plot along the
trend is 4.7 and is essentially identical to that of clinozoisite [4.5 assuming all Fe
as Fe(III)] analysed in the SC-11 pillow core (Smith 1980). The Ca and Fe(I1I)
added to the western pillows have therefore probably been incorporated into cli-
nozoisite during low grade metamorphism.

There is a regular decrease of Fe(II) in the cores of the pillows relative to the
margins, and a similar trend is observed for Mn. The loss of iron from the cores
of recent marine pillows has been recorded by Scott and Hajash (1976), and this
feature in the Barberton pillows may be a relict seawater alteration effect.

The K, Rb, and Ba contents of the pillows are also variable, but the distribu-
tion patterns of the three elements are similar in core-margin pairs. These
changes are considered to reflect the effects of low temperature alteration and/or
low grade metamorphism on the pillow lavas. For the remaining elements Na,
Zn, Cu, Ni, and S there are large and variable changes between cores and
margins of the Barberton pillows. S and Cu have similar distribution patterns in
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51 _~ Fig. 3. Plot of Fe(Il)/Ti against Ca/Ti for the
® komatiitic basalt pillow lavas. The western pillows
/ are plotted as dofs and the eastern pillows as
P circles. The linear array formed by the western
47 / b pillows is considered to be due to the addition of
° Fe(III) and Ca to form additional epidote in these
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the pillow pairs (see Table 2) and are lower in all the margins than cores except in
the SC-8 pillow. Consistently lower S contents in the margins of recent ocean
floor pillows have been recorded by Hart et al. (1974), and this similar trend in
the Barberton pillows may be a relict effect of seawater alteration. The chemical
alteration patterns observed in the Komati Formation pillow lavas are therefore
compatible with the interpretation that these lavas were altered and
metamorphosed in a submarine environment.

There are no systematic trends in the 6%0 values of the different portions of
the pillow lavas, and in fact margins and cores have similar isotopic compositions
indicating that the hydrothermal fluids equilibrated with the entire pillow. As
these komatiitic basalt magmas probably had isotopic compositions similar to
those of the komatiite magmas, the effects of alteration on the pillows has been
to increase the 6'%0 values from 5.7 to 6.6 + 0.6. These latter values are typical of
greenschist facies metabasalts from the ocean floor (e.g. Muehlenbachs and
Clayton 1972b; Stakes and O’Neil 1982), and in Fig. 4 the isotopic compositions
of ocean floor metabasalts are compared to the Barberton pillow values. Al-
though the submarine metabasalts show a greater spread than the Barberton pil-
lows the two distributions and modes are very similar. These data indicate that
similar processes may have occurred in the two environments.

The similarity of these two contrasted environments must also take into ac-
count the ranges of temperatures involved and the range of isotopic compositions
of the hydrothermal fluids that interacted with the lavas. As greenschist facies
rocks are being considered in both cases, the temperature requirement is hardly
surprising, but the similarity of the fluids leads to the same possibility that was
noted for the serpentine data, namely that the Archaean ocean water had a 6'30
value of around 0. The above chemical and isotopic data therefore show that at
least two distinguishable events have affected the pillow lavas, one being seawa-
ter alteration which gave rise to trends such as those observed for Fe(II) and S in
the pillow pairs, and the other being greenschist facies metamorphism. While ev-
ery effort has been made to sample only the freshest material available the effects
of more recent events such as interaction with modern groundwaters has not been
evaluated and for the purposes of the present interpretation will be assumed to
have been negligible. Nevertheless, if analogies with the modern ocean ridge
processes are valid as indicated by Fig. 4, the Archaean seawater probably con-
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Fig. 4. Histograms of the oxygen isotopic compositions of greenschist facies rocks from modern oce-
anic crust (data compiled in Sheppard 1980) and the komatiitic basalts from the Barberton greenstone
belt

tributed to a large extent to the hydrothermal fluids associated with metamor-
phism and, consequently, by analogy had a 620 value close to 0.

5 Komatiite Lava Flows

The 6'%0 values for the komatiites analysed are given in Table 4. Petrographic
descriptions and major and trace element data are given in Viljoen et al. (1983)
for Richard’s Flow and in Smith and Erlank (1982) for other komatiite samples.
Richard’s Flow is a thin (33 cm thick) komatiite flow occurring in the type section
of the Komati Formation. It has excellent textural preservation as well as all the
classical spinifex textured units observed in thicker komatiite flows (Pyke et al.
1973; Smith et al. 1980). Although all the primary olivine blades and phenocrysts
have been altered to serpentine and magnetite, detailed modelling of the chemical
variations in the flow section shows that the flow differentiated by olivine accu-
mulation towards the base (Viljoen et al. 1983).

Variations in 6'%0 with depth in Richard’s Flow (Fig. 5) show that the flow
has a relatively uniform isotopic composition regardless of chemical and mineral-
ogical variations that occur in this section. This is in contrast to the findings of
Beaty and Taylor (1982) who noted a close correspondence between mineralogy
and 6'%0 values in a section through a komatiite flow in Munro Township. Be-
cause the Munro Township rocks were subjected to a metamorphic grade (Arndt
et al. 1977) that was lower than that of the Barberton material, different second-
ary minerals have developed in these two flow sections, and this, combined with
the lower temperatures of metamorphism in the Munro Township rocks, could
account for the differences observed in the oxygen isotopic compositions from
the two flows.
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Table 4. Oxygen isotope compositions of komatiites (All samples
are from the Komati Formation unless otherwise indicated; samples
MDF-1 to MDF-10 are from Richard’s Flow)

Sample No. Rock type and location ¥0gmow
MDF-1 Flow top 5.5
MDF-2 Spinefex A,r zone 6.1
MDF-3 Spinefex Ayp zone 5.7
MDF-4 Spinifex A,p zone 5.9
MDF-5 Spinifex A,p zone 6.0
MDF-6 B1 zone 6.0
MDF-7 B2/B4 zone 5.8
MDF-8 B2/B4 zone 5.5
MDF-9 B2/B4 zone 6.3
MDF-10 Basal Chilled Margin 6.0
HSS-523 Pillow lava 5.7
MF-5 B2/B4 zone, Morris’s Flow 5.8
HSS-1 Porphyritic komatiite 4.9
HSS-31 Porphyritic komatiite 3.6
HSS-33 Porphyritic komatiite 4.8
VS-11/80 Porphyritic komatiite 5.2
R-13 Porphyritic komatiite 4.8
20-J Porphyritic komatiite

Hooggenoeg Formation 7.5
HSS-92 Porphyritic komatiite 4.8
HSS-93 Porphyritic komatiite 5.5
HSS-95 Spinifex textured komatiite 5.2
HSS-105 Serpentinite,

Sandspruit Formation 3.3

The komatiites from the Komati Formation are remarkably uniform in oxy-
gen isotopic composition with the majority of samples having 6'%0 values in the
range of 4.8 to 6.3. This is surprising in view of the wide range in chemical com-
positions (24 to 45% MgO on a volatile free basis) and associated range of miner-
al proportions.

Three samples 20-J, HSS-31 and HSS-105 (Table 4) do not fall in this range
of isotopic compositions. 20-J is from the lower portion of the Hooggenoeg For-
mation and in thin section consists almost entirely of antigorite with minor
amounts of chlorite and very minor amounts of magnetite and chromite. The rel-
ict igneous texture indicates that antigorite has replaced olivine although the indi-
vidual serpentine pseudomorphs lack the characteristic dusting of secondary
magnetite along their margins, and in fact this sample lacks the abundant magne-
tite that usually occurs in serpentinites from the Onverwacht Group. As magne-
tite usually has a relatively low 6'%0 value (Taylor and Epstein 1962) the low con-
tent of magnetite in this sample partly accounts for its heavier isotopic composi-
tion compared to the other serpentinized ultramafic samples. On the other hand,
sample HSS-31 contains occasional thin magnetite rich veins, and the lighter ¥0
composition of this sample is possibly related to the magnetite in these veins.

Sample HSS-105 is from the Sandspruit Formation and occurs very close to
a granite contact. The isotopic composition of this sample probably resulted
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Fig. 5. Polished slab of a section of Richard’s Flow (33 cm thick) (Viljoen et al. 1983). The designa-
tions of the different textural zones are from Smith et al. (1980). Variations in mineralogy, chemical
and isotopic composition with position in the flow section are illustrated

from higher temperature reactions than those of the typical greenschist facies
rocks in the Komati Formation because of its close proximity to the intrusive
contact. From the mineral proportions in Table 6 and using the mineral-water
fractionation equations discussed below it can be calculated that if this sample
equilibrated with a large amount of magmatic water (630 = 5 to 7) at ~470°C
near the upper limit of serpentine stability at 3 kb pressure (Scarfe and Wyllie
1967) it would have a 6'30 value between 2.9 and 4.9. The measured oxygen com-
position of HSS-105 is 3.3%o and suggests that this sample may in fact have equil-
ibrated with magmatic waters from the intrusive pluton.
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Table 5. Mineral compositions and example of mix calculation. Mineral data are from Smith (1980)

Input data

Oxide Antigorite Magnetite Actinolite Chlorite

SiO, 41.25 0.00 55.26 31.44

AlL,O, 0.54 0.00 2.23 17.62

FeO 1.42 100.00 6.82 0.00

MnO 0.07 0.00 0.31 0.00

MgO 41.84 0.00 20.41 37.64

CaO 0.02 0.00 12.07 0.01

H,0* 13.68 0.00 1.81 13.19

Output data

MDF-1 measured MDF-1 calculated

Oxide composition composition Difference

Sio, 44.70 44.68 -0.02

Al O, 3.86 3.87 0.01

FeO 11.87 11.87 0.00

MnO 0.17 0.19 0.02

MgO 25.66 25.82 0.16

CaO 6.99 6.88 -0.11

H,0* 6.23 5.80 -0.43
Sum of Squares of Differences= 0.23

Vector Coefficient Standard deviation

Antigorite 0.2122 0.0173

Magnetite 0.0768 0.0028

Actinolite 0.5697 0.0094

Chlorite 0.1412 0.0157

Totals 1.0000 0.0253

The mineralogy of the Barberton komatiites is now predominantly serpentine
(antigorite), chlorite (clinochlore), amphibole (actinolite-tremolite) and magne-
tite. The proportions of each of these minerals in the komatiites have been calcu-
lated using the least squares mixing method (Bryan et al. 1969) and the mineral
compositions given in Table 5. Only the major constituents SiO,, Al,O;, FeO,
MnO, MgO, CaO, and H,O* (or LOI) of the rocks and minerals have been used
in the mixing calculations to provide a semi-quantitative estimate of the meta-
morphic mineral proportions. The results of a typical mixing calculation are
given in Table 5. Mineral percentages calculated for the rocks are given in Table 6
along with the sum of squares of differences (SSD) obtained for each of the mix-
ing calculations. For the majority of the samples the SSD values are low (<2)
and indicate that the major element compositions of the rocks are adequately ac-
counted for by mixtures of these four minerals. For samples with SSD values >2
(not reported) this is not the case, and additional mineral phases should be con-
sidered. These latter samples are discounted from further discussion.

The magnetite contents calculated for all the komatiites do not vary much
(Table 6), and if the magnetites are all of similar isotopic composition they would
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Table 6. Mineral proportions calculated for the komatiites

Sample No. Antigorite Magnetite Actinolite Chlorite SSD
MDF-1 21 8 57 14 0.2
MDF-2 24 8 53 15 0.5
MDF-3 23 8 55 14 0.4
MDF-4 21 8 56 15 0.7
MDF-5 20 8 58 13 0.6
MDF-6 30 6 50 14 1.2
MDF-7 44 8 38 10 1.7
MDF-8 37 8 43 12 1.0
MDF-9 28 7 52 12 0.6
MF-5 13 7 64 15 0.7
HSS-523 29 8 49 14 1.2
HSS-33 49 9 26 15 1.9
HSS-1 49 6 31 14 0.9
HSS-95 13 9 60 18 1.1
HSS-93 37 7 40 17 1.0
HSS-92 31 8 45 17 1.0
20-) 82 S 0 12 0.1
HSS-105 46 6 37 12 0.1

not contribute to isotopic variations in the whole rock values. Wenner and Taylor
(1971) and Stakes and O’Neil (1982) have argued that the fractionation of %0 be-
tween fluid and chlorite is similar to that between fluid and serpentine, and as such
these minerals will have similar isotopic compositions if equilibrated with the same
fluid. In terms of isotopic variations they can be treated together. In Fig. 6 the 6°0
values of the komatiites have been plotted against their amphibole and serpentine
+ chlorite contents. As can be seen from this diagram there is no systematic change
in the 6'%0 values with large variations in the proportions of these silicate minerals.
This indicates that the amphibole (actinolite-tremolite) must have a similar isotopic
composition to serpentine and chlorite in the komatiites and that, in essence, all
three silicate minerals can be treated together when considering the isotopic com-
position of waters that may have equilibrated with them.

In order to determine the isotopic composition of the fluids that caused the
pervasive hydration using the equation given in Taylor (1978), the water/rock ra-
tio must be estimated. This ratio is assumed to be large because over the whole
areal extent of the Barberton greenstone belt and other greenstone remnants in
South Africa the volcanic rocks have been extensively hydrated. In addition, pil-
low lavas occur throughout the Onverwacht stratigraphy and are in turn overlain
by the Fig Tree Group which consists in part of deep water sediments (De Wit
1982). Consequently a water/rock ratio of >1 has been assumed. The isotopic
compositions of the komatiites in equilibrium with different waters have been
calculated over a range of temperatures using the mineral contents given in Table
6, the magnetite-water fractionation equation of Bottinga and Javoy (1973) and
the chlorite-water fractionation equation of Wenner and Taylor (1971). Based on
the interpretation of Fig. 6 as discussed above the chlorite-water equation has
been used for serpentine-water and amphibole-water as well.
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Three isotopically distinct waters have been considered. The first, with 30
values of 5 to 7, could represent magmatic water from the granitic intrusions or
deep-seated water from the mantle. The second, with 6'%0 value of 0, represents
our best estimate, although poorly constrained, of Archaean seawater as indicat-
ed by the serpentine, metabasalt and chert data. The third water has a 6'%0 value
of —15 and is the alternative isotopic composition suggested for Archaean sea-
water by Perry and Tan (1972). The range of possible isotopic compositions of
komatiites from the Komati Formation that would be in equilibrium with these
waters over the temperature range 0 to 500°C is shown in Fig. 7.

Clearly the isotopically light seawater suggested by Perry and Tan (1972) can
be disregarded as it could not have been responsible for the hydration of the ko-
matiites at any geologically reasonable temperature. The magmatic or deep-
seated waters could have caused the hydration of the komatiites at temperatures
of 240 to 450°C. These temperatures are consistent with the greenschist facies
mineral assemblage, and the implied source of the water from either the intrusive
plutons or mantle is geologically reasonable.

Alternatively, seawater with a 6'30 value of 0 could also have equilibrated
with the komatiites at ~100°C. This interpretation is consistent with the model
of hot Archaean seawater proposed by Knauth and Lowe (1978) and Perry
(1978). The lowest “isotopic’ temperature of formation for antigorite is 220°C
(Wenner and Taylor 1971), and the low equilibration temperatures implied by
this model therefore could not be the alteration event in which antigorite was
formed but could reflect the exchange of the hydrated rocks with hydrothermal
fluids after the peak of metamorphism.
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Fig. 7. Modelling of isotopic composition vs temperature for waters that may have equilibrated with
the komatiite rocks. OW ocean water 6180 = 0; PW primary water 6130 = 5 to 7; MW mixed water;
HOW field of altered komatiite compositions hydrated by OW; HPW field of altered komatiite
compositions hydrated by PW; HLOW field of altered komatiite compositions hydrated by
isotopically light water (6'80 = —15).

The isotopically light water could not have equilibrated with the komatiites at geologically reasonable
temperatures. The ocean water and primary water and mixtures of these waters could have equilibrat-
ed with the greenschist facies minerals in the komatiites. See text for further discussion

The participation of waters of mixed origin in the alteration of the lavas is
difficult to evaluate, as possible end member compositions are not yet well con-
strained. However, if Archaean seawater had §'%0 close to 0 then a 75/25 mix-
ture of seawater/magmatic water as suggest<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>